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The combination of one-dimensional and two-dimensional building blocks 
leads to the formation of hierarchical composites that can take full advan-
tages of each kind of material, which is an effective way for the preparation 
of multifunctional materials with extraordinary properties. Among various 
building blocks, nanocarbons (e.g., carbon nanotubes and graphene) and 
layered double hydroxides (LDHs) are two of the most powerful materials 
that have been widely used in human life. This Feature Article presents a 
state-of-the-art review of hierarchical nanocomposites derived from nano-
carbons and LDHs. The properties of nanocarbons, LDHs, as well as the 
combined nanocomposites, are described first. Then, efficient and effec-
tive fabrication methods for the hierarchical nanocomposites, including the 
reassembly of nanocarbons and LDHs, formation of LDHs on nanocarbons, 
and formation of nanocarbons on LDHs, are presented. The as-obtained 
nanocomposites derived form nanocarbons and LDHs exhibited excellent 
performance as multifunctional materials for their promising applications in 
energy storage, nanocomposites, catalysis, environmental protection, and 
drug delivery. The fabrication of LDH/carbon nanocomposites provides a 
novel method for the development of novel multifunctional nanocomposites 
based on the existing nanomaterials. However, knowledge of their assembly 
mechanism, robust and precise route for LDH/nanocarbon hybrid with well 
designed structure, and the relationship between structure, properties, and 
applications are still inadequate. A multidisciplinary approach from the scope 
of materials, physics, chemistry, engineering, and other application areas, is 
highly required for the development of this advanced functional composite 
materials.
1. Introduction

A good arrangement and construction of different low-dimen-
sional nanomaterials (e.g., zero-dimensional (0D) nanoparticles 
(NPs), one-dimensional (1D) nanotubes, nanowires, nanorods, 
and two-dimensional (2D) flakes) as building blocks with two 
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or more levels from the nanometer to the 
macroscopic scale leads to the formation 
of three-dimensional (3D) hierarchical 
nanocomposites. Hierarchical composites 
are widely observed in nature, e.g., in plant 
cell walls, bone, animal shells, and skele-
tons, showing that a high mechanical per-
formance can be obtained by structuring 
matter across a range of length scales. The 
combination of low-dimensional nanoma-
terials with distinct physical and chemical 
properties into a composite with hierar-
chical structures can usually inherit full 
advantages of the component materials, or 
even lead to the formation of multifunc-
tional materials with unexpected proper-
ties for unique applications. For instance, 
the combined clay/polymer,[1] carbon 
nanotube (CNT)/polymer,[2,3] or graphene/
polymer[4] nanocomposites show signifi-
cantly improved mechanical, electrical, 
and energy-absorbing properties. Clay/
CNT nanocomposites obtained by growing 
CNTs on clays were demonstrated to be 
much more excellent nanofillers for pol-
ymer reinforcement[5] and were with better 
oil adsorption properties[6,7] compared 
with either clay or CNTs separately. They 
can even serve as an advanced material for 
shock-absorbing applications.[8] Tailored 
assembly of 1D CNTs and 2D graphene 
into 3D architectures can further explore 
the utilization and improve the perform-
ance of graphitic carbon materials in nanoelectronics, sensors, 
and energy storage/conversion devices.[9,10]

Exploring hierarchical composites with multifunctional prop-
erties through combining various building blocks together into 
a well-designed structure has always been a hot topic for mate-
rial science. Among various building blocks, nanocarbons and 
layered double hydroxides (LDHs) were intensly investigated 
recently. On one hand, nanocarbon materials including fullerene, 
CNTs, and graphene, have been of great interest in the physics, 
chemistry, and materials communities since the first discovery 
of fullerene in 1985. Recently, the rapid progress of graphene 
and graphene-based materials has again triggered tremen-
dous interest in 2D nanomaterials. On the other hand, LDHs 
are amongst the most studied advanced functional materials 
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and have been widely applied in the field of material science, 
catalysis, environment protection, biology, and energy in recent 
years. Scheme 1 reveals the schematic structure of fullerene, 
CNT, graphene, and LDH. Fullerene resembles an association 
football of the type made of hexagonal and pentagonal carbon 
rings (Scheme 1a). According to their wall numbers, CNTs can 
be classified into single-walled CNTs (SWCNTs) and multi-
walled CNTs (MWCNTs). The former one can be considered 
as a cylindrical tube formed by the wrapping of a single-layer 
graphene sheet (Scheme 1b). The latter one can be considered 
as an array of such nanotubes that are concentrically nested. 
Graphene, a 2D monolayer sheet of sp2 hybridized carbon atoms 
(Scheme 1c), is believed to be the basic building block of various 
carbon allotropes. It is also an excellent building block for 3D 
hierarchical nanocomposites. LDHs have been known for more 
than 150 years since the discovery of the mineral hydrotalcite, 
and their main structure was understood by single X-ray dif-
fraction investigation.[11] Also known as hydrotalcite-like mate-
rials, LDHs are a class of synthetic 2D nanostructured anionic 
clays, whose structure is based on brucite (Mg(OH)2)-like layers 
(Scheme 1d). The general formula of LDHs can be represented 
as M2+

1-xM3+
x(OH)2An−

x/n·mH2O, where M2+ and M3+ are di- 
and trivalent metal cations, respectively; x is defined as the molar 
ratio of M3+/(M2++M3+) and generally has a value ranging from 
0.2 to 0.33; An− are the interlayer anions.[11] The nanocarbons 
and LDHs exhibit unique but distinguishing physical and chem-
ical properties, which are complementary to a certain extent. 
Therefore, many efforts have been devoted on the exploration of 
hierarchical nanocomposites with improved or extended proper-
ties from the combination of nanocarbon materials and LDHs 
based on their synergic effect.[12–14]

This Feature Article highlights the recent research progress and 
achievements on the hierarchical nanocomposites derived from 
nanocarbon and LDH materials. In the second part, the property of 
nanocarbons, LDHs, and their composites are briefly summarized. 
Then the synthesis routes are illustrated to give the basic materials 
chemistry for the fabrication of the hierarchical nanocomposites. 
The applications of the nanocomposites in the area of energy, 
materials science, catalysis, environments, and biology are intro-
duced. Current challenges and future strategies are discussed.

2. Properties of LDHs, Nanocarbons, and their 
Derived Composites

2.1. Properties of Nanocarbons

Nanocarbons, such as 0D fullerenes, 1D CNTs, and 2D graphene, 
are materials with excellent physical and chemical properties 
owing to their low-dimensional structure and sp2 hybridization 
© 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com

Scheme 1.  Schematic illustration showing the structures of a fullerene (a), a
of carbon atoms, as summarized in Table 1. For instance, CNTs 
exhibit excellent mechanical properties with Young’s moduli 
of 0.27–1.25 TPa[15,16] and a tensile strength of 11–63 GPa,[16,17] 
which make them high-performance nanofillers for nanocom-
posites.[2] CNTs also show a low band gap of 0–1.9 eV,[18] high 
electrical conductivity of 0.17–2 × 105 S cm−1,[19] and high thermal 
conductivity of 3000–6600 W m−1 K−1.[20] The excellent electrical 
and thermal properties of CNTs facilitate their applications in 
the field of electrical devices, energy conversion and storage, 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694

 CNT (b), graphene (c), and LDH (d).
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Table 1.  Properties of nanocarbons and LDHs.

Properties Fullerenes CNTs Graphene LDHs

Young’s modulus [GPa] 15.9[32] 0.27–1.25[15,16] ∼1.0[25] /

Tensile strength [GPa] / 11–63[16,17] 130[25] /

Band gap [eV] 1.5–2.0[33] 0–1.9[18] 0[24] /

Electrical conductivity [S cm−1] 10−14–6 × 10−8[33,34] 0.17–2 × 105[19] ∼106[26] unconductive

Thermal conductivity [W m−1 K−1] 0.4[35] 3000–6600[20] 3000–5000[27] /

Specific surface area [m2 g−1] / 150–1315[22] 2630[24] 20–120[36]

Chemical reactivity Inert Inert Inert Active
transparent conductive films, field emission displays, thermal 
interface materials, etc.[21] Besides, the high specific surface area 
(150–1315 m2 g−1)[22] and good thermal stability of CNTs[23] trig-
gered the researches about using CNTs as catalyst supports. As a 
kind of one-atomic graphitic carbon layer, graphene has attracted 
extensive attentions since its discovery.[24] It also has excellent 
mechanical, electrical, and thermal properties, such as a large 
theoretical specific surface area (2630 m2 g−1),[24] high Young’s 
modulus (∼1.0 TPa) and tensile strength (130 GPa),[25] much 
lower band gap (0 eV),[24] high electrical (∼106 S cm−1)[26] and 
thermal conductivity (3000–5000 Wm −1 K−1).[27] These properties 
stimulated the investigations on applying graphene in the field 
of electronic and energy devices, transparent conductive films, 
polymer nanocomposites, etc.[28]

Due to the chemical inertness of carbon atoms, nanocar-
bons show a lack of chemical reactivity. However, defects exist 
on the surface or at the edge of nanocarbons, such as CNTs 
and graphene, which are easy to be oxidized and functional-
ized.[9,28–30] The functionalization of CNTs or graphene either 
by covalent or noncovalent methods decorate these nanocar-
bons with functional groups, which not only improve the solu-
bility of these nanocarbons, but also gives rise to their chemical 
reactivity. Besides, some heterogeneous elements, such as N 
and B, can be doped into the lattice of the graphitic nanocar-
bons, which changes their band gap and improves their chem-
ical reactivity.[31] Functionalized CNTs and graphene have been 
widely investigated as great candidates for high-performance 
nanocomposites, catalyst, adsorption, drug delivery, etc.[4,21,28,30]

2.2. Properties of LDHs

Most metals, such as Mg, Al, Fe, Co, Ni, Cu, Zn, etc., can be dis-
persed on the atomic level in a lamellar LDH flake with control-
lable components. The substitution of divalent metal cations with 
trivalent cations leads to positively charged LDH layers, which 
are charge balanced by a wide variety of anions within their 
interlayer domains.[11] LDHs are usually composed of hexagonal 
flakes with a lateral size of tens of nanometers to several microm-
eters and a thickness of tens of nanometers. The specific surface 
area of as-obtained LDHs is ranging from 20 to 120 m2 g−1.[36] As 
a kind of 2D anionic clay, LDHs exhibit excellent performance 
on the polymer reinforcement as nanofillers.[37] Due to most 
kinds of metals can be well dispersed into the LDH layers in an 
ordered/well-defined arrangement, LDHs also play an important 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 675–694
role in the field of heterogeneous catalysis.[38,39] Calcination of 
LDHs leads to the formation of layered double oxides (LDOs) 
with mixed metal oxides or spinels as the main component. The 
LDOs also act as good catalysts for various chemical reactions.[38] 
Besides, due to the strong interaction between LDHs and the 
arranged metals, LDHs are widely explored as catalyst support.[40] 
Certain kind of LDHs, such as CoAl and NiAl LDHs, show a 
high activity for the faradic redox reaction, which facilitates their 
use for energy conversion and storage, such as electrode mate-
rials for supercapacitor.[41] Some of the possible compositions for 
unitary and binary LDHs are presented in Table 2. The colored 
cells reveal the possible association of metallic cations for the 
LDHs, among which the blue cells indicate the associated LDHs 
are with catalytic activity for nanocarbon growth.

One of the most important properties for LDHs is their 
excellent anion-exchange ability. Almost all kind of anions, 
including anionic inorganic micromoleculars and organic mac-
romoleculars, can be intercalated into the interlayer space of 
LDHs through co-precipitation or anion-exchange process.[11] 
The calcination of LDHs at high temperatures always results in 
the loss of their interlayer anions and destroys their hydrotal-
cite-like structure. However, when the as-obtained LDOs are 
immersed in anionic solutions, they exhibited a strong ten-
dency to reconstruct their hydrotalcite-like structure, accompa-
nied with the high intercalation capacity of the anions.[42] This 
triggered studies to use LDHs and LDOs for adsorption, storage 
and release of functional anions.[43] The interlayer anions also 
play an important role in the properties of LDHs. For instance, 
when organic anions with optical properties were intercalated 
into the interlayer space of LDHs, the as-obtained LDHs can 
be applied as good optical materials.[44] Furthermore, when 
LDHs were dispersed into polar solutions, such as formamide, 
the intercalation of the polar monomer can lead to the dela-
mination of LDH flakes into single-layer LDH nanosheets. As 
another kind of one-atomic-thick material, single-layer LDHs 
can further extend the utilities of LDHs.[45]

2.3. Properties of the LDH(LDO)/Carbon Nanocomposites

As mentioned above, nanocarbons and LDHs are all exciting 
materials with excellent properties. However, their applications 
are still limited due to their intrinsic shortages. For instance, 
the electrochemical performance of LDHs is seriously 
hindered by their low electrical conductivity though they are 
mbH & Co. KGaA, Weinheim 677wileyonlinelibrary.com
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Table 2.  Potential compositions of LDHs: The colored cells reveal the possible association of metallic cations for the LDHs, among which the blue 
cells indicate the associated LDHs are with catalytic activity for nanocarbon growth.

Mg2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ Ca2+ Mn2+ Li+

Al3+

Fe3+

Co3+

Ni3+

Cr3+

Mn3+

Ga3+

In3+

Ti4+
with high chemical reactivity. And for nanocarbons with high 
electrical conductivity, such as CNTs and graphene, the elec-
trochemical performance is mainly hindered by their chem-
ical inertness.[46,47] Besides, the intercalation properties for 
LDHs are mainly corresponding to anionic molecules, while 
the original and functionalized CNTs show strong interaction 
with neutral and cationic molecules. In addition, as nanoma-
terials, both nanocarbons and LDHs encounter the problems 
of aggregation during their application. It should be noticed 
that most of the properties of nanocarbons and LDHs are 
complementary. Therefore, the combination of nanocarbons 
and LDHs into hierarchical nanocomposites is a promising 
method to integrate their distinguishing properties together: 
nanocarbons can provide the good electrical conductivity and 
high mechanical strength, and LDHs can provide good chem-
ical reactivity. Thus, an electron pathway can be easily formed 
and a network of stress transfer can be also presented between 
the nanocarbons and LDHs, which is an important aspect as 
advanced functional materials. In another aspect, such struc-
tured nanocomposites are always with a porous structure. 
When they were employed as catalyst, the heat and mass 
transfers during a reaction can be greatly improved (nanocar-
bons were with a high thermal conductivity) and more active 
sites can be easily exposed to the reactant, which is helpful for 
the high rate conversion of the reactants. In some case, the 
as-obtained well-designed structure also presents unexpected 
property, such as unique porous structures for ion, molecular 
diffusion behavior modulation, and tailored micro-, meso- 
together with an appropriate macroporosity for catalysis and 
energy conversion and storage.

3. Synthesis of LDH(LDO)/Carbon 
Nanocomposites

Controllable synthesis of LDH(LDO)/nanocarbon hierarchical 
composites is the first step to explore their fascinating properties 
© 2012 WILEY-VCH Verlag G8 wileyonlinelibrary.com
and broad applications. Many types of hierarchical LDH(LDO)/
carbon nanocomposites derived from LDHs and fullerene 
(Scheme 2A), CNTs/CNFs (Scheme 2B), graphene (Scheme 2C), 
as well as mesoporous carbons could be fabricated to achieve a 
synergic combination of nanocarbons and LDHs.

Due to the complex interactions between nanocarbons 
and LDHs, the fabrication of the combined nanocomposite 
is just like an art to build 3D nanoarchitectures. The number 
of studies exploring a way of manipulating the interactions 
between nanocarbons and LDHs by materials chemistry and 
physics for the fabrication of LDH(LDO)/carbon nanocompos-
ites is increasing On one hand, based on the strong electrostatic 
force between the positively charged surface of LDHs and the 
negatively charged surface of nanocarbons, reassembly of nano-
carbons and LDHs is one of the most frequently used methods 
for the fabrication of LDH/carbon nanocomposites. On the 
other hand, if LDHs(LDOs) or nanocarbons were employed as 
the growth substrates, the other phase can be formed in situ 
on the substrates. For instance, the synthesis of LDHs always 
corresponds to a process of the coprecipitation of metal cations 
and the following crystal growth in solutions; thus, the fact that 
the negatively charged surface of nanocarbons exhibits strong 
adsorption ability for the metal cations in solution makes nano-
carbons suitable supports for in situ growth of various kinds 
of LDHs due to their large specific surface area. Furthermore, 
since various organic anions can be easily intercalated into the 
interlayer space of LDHs, the carbonization of these interlayer 
anions can lead to the formation of LDO/carbon nanocompos-
ites. In addition, LDHs with transition metals can be widely 
used as catalysts for the in situ growth of nanocarbons, and 
LDO/carbon nanocomposites with various kinds of hierarchical 
structures can be fabricated. In this section, we tried to briefly 
summarize the efficient and effective routes for the fabrication 
of LDH(LDO)/carbon nanocomposites by the reassembly of 
nanocarbons and LDHs, direct formation of LDHs on nanocar-
bons, and direct formation of nanocarbons on LDHs by carbon-
ization or chemical vapor deposition (CVD).
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694
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Scheme 2.  Schematic illustration showing: A) the possible structures of C60+LDH:C60 intercalated into the interlayer spaces of LDHs; B) CNT+LDH: 
a) CNTs uniformly attached on the surface of LDH flakes; b) intercalation of CNTs into the interlayer space of LDHs; c) LDHs in situ grown on the 
surface of CNTs; d) randomly entangled CNTs grown from LDHs; e) aligned CNT arrays grown from LDHs; f) CNT-array double helix grown form 
LDHs; and C) Graphene+LDH: a’) intercalation of graphene layers into the interlayer space of LDHs; b’) in situ grown LDHs parallel to the graphene 
layer; c’) in situ grown LDHs vertically to the graphene layer; d’) graphene in situ grown on the surface of LDHs.
3.1. Reassembly of Nanocarbons and LDHs

3.1.1. Directly Mixing LDHs and Nanocarbons

The simplest method to fabricate LDH/carbon nanocompos-
ites is to directly mix the nanocarbon material with an LDH 
dispersion. By mixing dodecyl sulfate intercalated MgAl LDH 
powders with toluene or hexane solutions of C60, the C60 
molecules can be dissolved into the interlayer hydrophobic 
phase of LDHs. The decomposition of dodecyl sulfate anions 
by heating the resultant compound under vacuum led to the 
formation of LDH/C60 nanocomposites with C60 molecules 
sandwiched between the LDH layers (Scheme 2A).[48] Besides, 
when the positively charged LDHs were mixed with negatively 
charged nanocarbons, the strong interaction attributed from 
electrostatic interaction leads to their reassembly into LDH/
carbon nanocomposites directly. When functionalized CNTs 
and LDHs were mixed ultrasonically in water,[47,49] the nega-
tively charged surface of the functionalized CNTs attributed 
from the existence of carboxyl groups exhibited strong interac-
tion with the LDH flakes, leading to the formation of LDH/
CNT nanocomposites with MWCNTs adhering to the surface 
of LDH flakes (Figure 1A). It should be noticed that LDHs 
can be easily delaminated to form single-layer nanosheets by 
using micrometer-sized hexagonal LDH flakes as a precursor 
and formamide as a delaminating reagent.[50] The delamina-
tion of LDHs allows to further explore the utility of LDHs, 
since single-layer LDHs usually have a diameter of about 
several micrometers and a thickness below 1 nm and shows 
a high aspect ratio of about 1000 or more. Therefore, exfoli-
ated LDH/carbon nanocomposites are of high interest. For 
example, when the CoAl LDH flakes was dispersed into for-
mamide by stirring, a colloidal suspension of single-layer LDH 
nanosheets can be formed. When mixed with CNT-COONa 
solution, the colloidal suspension was broken down, and the 
single-layer LDHs and CNTs coprecipitated in the formamide 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 675–694
after the introduction of CNTs.[51] Exfoliated LDH/CNT nano-
composites with CNTs randomly distributed on the surface of 
single-layer LDHs were obtained through this coassembling 
process of positively charged single-layer LDH nanosheets 
with negatively charged CNTs, as shown in Figure 1B. A 
similar phenomenon was also observed when a carboxylated 
graphene oxide (GO) dispersion was added into the LDH col-
loidal suspension.[52] The strong electrostatic force between 
the single-layer LDHs and GO facilitated the layered assem-
bling of the two one-atom-thick sheets, and the as-obtained 
exfoliated LDH/GO nanocomposites exhibited an ordered 
layer structure (Figure 1C).

Directly mixing is a facile and economic method to obtain 
LDH/nanocarbon nanocomposites on a large scale. However, it 
is still a great challenge to obtain well-designed architectures 
with homogenous structures for the reason that the interac-
tion between nanocarbons and LDHs is too complex. Finding 
a dominated interaction between nanocarbons and LDHs to 
manipulate their self assembly is quite necessary.

3.1.2. Layer-by-Layer Self-Assembly

Self-assembly is a process that occurs due to the spontaneous 
and uninstructed structural reorganization that forms from a 
disordered system. The layer-by-layer (LBL) self-assembly tech-
nique has emerged as a versatile and convenient method for 
the construction of ultrathin multilayer hybrid films due to 
their well-defined architecture at the nanometer scale and well-
controlled chemical composition.[53] Both LDHs[54] and nano-
carbons[55] have been demonstrated to be LBL self-assembled 
with other kind of materials. Recently, Chen et al.[56] reported 
the fabrication of multilayer LDH/graphene composites by uti-
lizing the hydrogen-bonding LBL self-assembly method. Quartz 
glass slides, cleaned by treatment in a bath of H2SO4/H2O2 and 
then thoroughly rinsed with deionized water and dried under 
nitrogen flow, were used as the substrate. The substrate was 
bH & Co. KGaA, Weinheim 679wileyonlinelibrary.com
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Figure 1.  Reassembly of nanocarbons and LDHs: A) Scanning electron microscopy (SEM) image of CoAl LDH/CNT nanocomposites. Reproduced with 
permission.[49] Copyright 2008. Springer. B) Transmission electron microscopy (TEM) image of single-layer CoAl LDH/CNT nanocomposites obtained 
by direct mixing. Reproduced with permission.[51] Copyright 2010, American Chemical Society. C) LDH/GO nanocomposites obtained by direct mixing: 
a) schematic illustration of the formation of CoAl LDH/GO nanocomposites, b) digital photographs of the aqueous dispersion of (left) single-layer 
CoAl LDHs, (middle) GO, and (right) a mixture of single-layer CoAl LDHs and GO. Reproduced with permission.[52] Copyright 2011, Royal Society of 
Chemistry. D) Schematic illustration of the formation of LDH/GO nanocomposites by layer-by-layer self-assembly. Reproduced with permission.[56] 
Copyright 2010, American Chemical Society.
cyclically dipped into the solution of exfoliated LDHs, poly(vinyl 
alcohol) (PVA), exfoliated GO, and PVA, with each step followed 
by water washing and nitrogen drying (Figure 1D). By a simple 
and effective in situ reduction process, multilayer nanocompos-
ites films containing monolayer dispersed LDHs and graphene 
can be obtained.

The LDH/carbon nanocomposites obtained by the reassembly 
of LDHs and nanocarbon materials can well retain the original 
structure of LDHs or exfoliated LDHs and nanocarbon mate-
rials and thus can fully inherit the intrinsic properties of both 
the LDHs and nanocarbons. In most cases, only electrostatic 
force was adopted for the reassemble process and the structure 
of the as-obtained nanocomposites is thus limited, which hin-
ders further applications of the LDH/carbon nanocomposites. 
However, with the assistance of other kind of materials, other 
driving forces, such as hydrophobic interaction and hydrogen 
bonding, can also be adopted for the reassembly of nanocar-
bons and LDHs, which is a promising method to extend the 
structure style of the LDH/carbon nanocomposites.

3.2. Direct LDH Formation on Nanocarbons

The most commonly used method for the preparation of LDHs 
is coprecipitation of the chosen divalent and trivalent cations 
from solution.[57] When materials with certain adsorption 
capacity of the cations were added into the solution during the 
coprecipitation process, precipitation will occur on the sur-
face of these materials, leading to the in situ growth of LDHs. 
Hsieh et al.[58] fabricated LDH/carbon fiber (CF) composites by 
© 2012 WILEY-VCH Verlag 80 wileyonlinelibrary.com
immersing carbon cloth in an aqueous alkaline Al3+– and Li+–
containing solution at room temperature (Figure 2a). Highly 
oriented LiAl LDH films were obtained on both the hydro-
phobic and hydrophilic carbon cloth surfaces, and the LDH 
film thickness increased with immersion time and/or solution 
temperature.

Functionalized nanocarbon materials, such as carbon 
nanofibers (CNFs) or CNTs, can also be used as the substrates 
for the in situ growth of LDHs. For instance, when CNFs were 
treated in concentrated nitric acid, a large amount of oxygen-
containing groups (e.g., hydroxyl and carboxyl groups) can be 
introduced. The functionalized CNFs were first impregnated 
with an aqueous solution containing both Mg(NO3)2 and 
Al(NO3)3 to adsorb Mg2+ and Al3+. After drying, the material 
was impregnated with another aqueous solution containing 
both NaOH and Na2CO3 for coprecipitation; hydrothermal 
treatment was carried out on the impregnated samples subse-
quently for crystal growth, and MgAl LDH loadings as high as 
16% were obtained.[59] The LDHs turned out to be presented as 
platelets with a lateral size of ca. 20 nm supported on the CNFs. 
A NiAl LDH/CNT nanocomposite can be synthesized through 
a similar procedure.[60] Compared with pure NiAl LDHs, the 
interlayer distance for LDHs in the composites became slightly 
larger, suggesting that the precipitation of LDH crystallites on 
CNTs probably involved the formation of interactions between 
LDH and the CNT surfaces. The mass ratio of LDHs in the as-
prepared LDH/CNT nanocomposites was controllable and can 
be as high as 79.3%. The surface coverage of LDH particles with 
a lateral size of 10–15 nm in composites decreased progressively 
with the decreasing mass ratio of LDHs to CNTs. Besides, the 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694
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Figure 2.  Growth of LDHs on nanocarbons: a) SEM image of LiAl LDHs grown on carbon 
fibers. Reproduced with permission.[58] Copyright 2011, Royal Society of Chemistry; b) TEM 
image of NiAl LDHs grown on MWCNTs. Reproduced with permission.[14] Copyright 2011, IOP 
Publishing; c) Schematic of the formation process of NiFe LDH/graphene nanocomposites 
from in situ growth of LDHs on graphene layers. d) TEM image of NiFe LDH flake (the hex-
agonal particle) grown on graphene; e) XRD patterns of the precursor GO, exfoliated GO and 
the as-grown NiFe LDH/graphene nanocomposites. Reproduced with permission.[12] Copyright 
2010, Elsevier.
functionalization degree of CNTs also played an important role 
in the surface coverage of LDHs.[14] The size of the LDH parti-
cles can be controlled by the temperature and the hydrothermal 
reaction duration. CNTs wrapped by NiAl LDHs with a size of 
30–100 nm were prepared with the hydrothermal reaction at 
100 °C for 24 h (Figure 2b).[14] 2D GO was also found to be an 
effective substrate for the in situ growth of LDHs.[12,61] By dis-
persing delaminated GO into a mixture of Ni(NO3)2, Fe(NO3)3, 
urea, and trisodium citrate followed by hydrothermal treatment, 
LDH/graphene nanocomposites of NiFe LDH particles with a 
mean lateral size of 350 nm homogeneously grown on the sur-
face of graphene nanosheets were prepared (Figure 2c–e). The 
GO nanosheets were simultaneously reduced into graphene 
during the coprecipitation of the LDHs.[12] NiAl LDH/graphene 
nanocomposites were also fabricated by a similar process.[61] 
During the in situ growth of LDHs on the functionalized nano-
carbon materials, the functional groups give rise to the nega-
tively charged surface of these materials, which exhibit strong 
electrostatic force with the cations in the solution, and lead to 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 675–694
the precipitation of LDHs on the surface of 
the nanocarbon materials.

The in situ growth of LDHs on the sur-
face of nanocarbon materials gives rise to 
the strong interaction between the posi-
tively charged LDH flakes and the negatively 
charged carbon materials. The as-obtained 
LDH/carbon nanocomposites also can well 
retain both the intrinsic structures and prop-
erties of the LDHs and carbon materials. 
This provides another effective method for 
the combination of the two kinds of material. 
However, for the growth of LDHs on nano-
carbon materials, the size of LDH flakes is 
always limited due to the nanometric size of 
the substrate, which may hinder their further 
applications.

3.3. Direct Nanocarbon Formation on LDHs

3.3.1. Carbonization of interlayer anions of 
LDHs

One of the main advantages of LDHs is their 
unusual anion intercalation property. Various 
anions can be intercalated into the interlayers 
of LDHs, which makes the LDHs to “nanore-
actors” and extends the application fields of 
LDHs as supported catalysts,[62] multifunc-
tional materials,[63] and compatible inor-
ganic fillers.[64] In particular, organic anions, 
including polymer macromolecules, can also 
be intercalated into the interlayer space of 
LDHs. Carbonization under inert conditions 
of these interlayer anions can give access to 
a variety of interesting carbonaceous nano-
composites. This provides another effective 
method for the fabrication of hierarchical 
nanocomposites based on LDHs and nano-
carbon materials.
Anion exchange and direct coprecipitation are two of the 

mainly used processes for the intercalation of organic anions 
into LDH interlayer spaces. Early in 1995, Putyera et al.[65] 
calcined MgAl-CO3 LDHs at 450 °C for 3.0 h to remove the 
CO3

2− anion. Then the calcined MgAl-CO3 LDHs were treated 
with a solution of styrene(4-sulfonate) anion under an inert 
atmosphere to obtain 4-styrenesulfonate anion-intercalated 
MgAl LDHs by structural regeneration. After subsequent in 
situ polymerization, the as-obtained LDH/poly(4-styrenesul-
fonate) was heat treated in a flow of nitrogen at 600 °C for 
3.0 h to induce the carbonization of the interlayer poly(4-sty-
renesulfonate). The carbonization process performed at high 
temperature induced the decarboxylation and dehydroxylation 
of LDHs and led to the formation of LDOs. It was found that 
the carbonization between the layers of LDHs gave rise to the 
formation of highly microporous carbons without additional 
activation process. As a result, hierarchical nanocomposites 
composed of LDOs and mesoporous carbons were obtained. 
eim 681wileyonlinelibrary.com
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Figure 3.  Carbonization of the interlayer anions of LDHs: SEM images of a) 3-DOM MgAl LDH/VBS composites, b) 3-DOM LDO/porous carbon 
nanocomposites after carbonization under N2 atmosphere, and c) the corresponding 3-DOM meso-porous carbon after acid-leaching step. Reproduced 
with permission.[70] Copyright 2010, Royal Society of Chemistry. d) Schematic illustration of LDO/CNP nanocomposites obtained by the carbonization 
of organic anions intercalated and transition metal-containing LDHs. Reproduced with permission.[73] Copyright 2001, American Chemical Society. 
e) High-resolution TEM images showing the CNPs obtained from the carbonization of TA2− intercalated CoMgAl LDHs. Reproduced with permission.[72] 
Copyright 2000, American Chemical Society.
Similar result was also reported with 1,5-naphthalene disul-
fonate dianion as the intercalated organic anion.[66] Hibino 
et al.[67] directly precipitated MgAl LDHs in an organic anion 
solution (malonate, glutarate, pimelate, and phthalate) to 
prepare organic anion-intercalated LDHs. LDO/mesoporous-
carbon nanocomposites were also obtained after the carboni-
zation of the interlayer anions. Recently, Leroux and Dubois 
reported a series of excellent progresses on the fabrication of 
LDO/mesoporous carbon nanocomposites through the car-
bonization of the interlayer anions of LDHs. Various kinds 
of organic anions, such as poly(vinylbenzene-4-sulfonate) 
(VBS),[68] poly(styrene sulfonate),[69] 3-sulfopropylmethacrylic 
acid[70] and 2-acrylamido-2-methyl-1-propanesulfonate acid,[71] 
were all demonstrated to be effective interlayer anions for car-
bonization. Especially, a 3D ordered macroporous (3-DOM) 
LDO/mesoporous carbon nanocomposite was also fabri-
cated.[70] MgAl LDH coprecipitation was conducted around 
the 3D ordered polystyrene beads to form a 3-DOM LDH 
structure. VBS monomer was intercalated into the interlayer 
of such 3-DOM LDHs through anion exchange by calcination 
and a subsequent regeneration process. Successive steps of 
VBS in situ polymerization and carbonization were conducted 
to yield to the 3-DOM LDO/mesoporous carbon nanocompos-
ites (Figure 3a and b). When acid-etching is carried out on the 
above-mentioned LDO/carbon nanocomposites to remove the 
LDOs, porous carbon with a large quantity of micro/mesopo-
rous structures can be obtained that are of promising proper-
ties for applications (Figure 3c).

The existence of transition metal, such as cobalt, in the 
cation layer can induce graphitization of carbon in the LDO/
carbon composites during the carbonization process to form 
graphitic carbon nanomaterials (Figure 3d). For instance, a 
LDO/carbon nanoparticles (CNPs) composite can be easily 
© 2012 WILEY-VCH Verlag G2 wileyonlinelibrary.com
fabricated through the carbonization of terephthalate anions 
(TA2−) intercalated CoMgAl LDHs.[72] Multiwalled, close-ended 
CNPs with a diameter of 10–35 nm and a length of 20–200 nm 
were formed from the intercalated TA2− anions (Figure 3e). 
The in situ generated low-valence-state cobalt oxides acted as 
catalyst in the carbonization process, while the intercalated TA2- 
anions were the solid-state carbon source for the formation of 
CNPs. Poly(vinyl sulfonate) intercalated CoAl LDHs were also 
reported to be effective for the fabrication of the LDO/CNPs 
nanocomposites.[73] The chemical composition and structure 
of the nanocomposites can be controlled by selecting chemical 
functional groups in the intercalated polymetric anions and var-
ying processing conditions.

The structures and applications of the composites from LDHs 
and nanocarbon materials were extended by LDO/mesoporous 
carbon nanocomposites obtained through the carbonization of 
interlayer anions of LDHs. The carbonization is always carried 
out at high temperatures, which can destroy the hydrotalcite-
like structure of LDHs, leaving metal oxides as the main prod-
ucts. However, LDHs are the kind of material in which the 
hydrotalcite-like structure can be reconstructed by rehydration 
after calcination.[42] It has been found that the reconstruction 
can be complete even if the LDH samples have been calcined at 
a temperature as high as 750 °C.[42] Hibino et al.[67] immersed 
the MgAl LDO/mesoporous carbon nanocomposites previ-
ously in a Na2CO3 aqueous solution for rehydration, and the 
well-ground calcined material was successfully regenerated to 
MgAl LDH/mesoporous carbon nanocomposites. Since most of 
the carbonization of interlayer anions of LDHs was conducted 
at a temperature of 400–600 °C, it provides the possibility for 
most of the as-obtained LDO/mesoporous carbon nanocompos-
ites to be regenerated to their corresponding LDH/mesoporous 
carbon nanocomposites.
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694
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Figure 4.  Growth of nanocarbon on LDHs: a) Schematic image of the formation of LDO/CNT nanocomposites from the in situ growth of S/DWCNTs 
with LDHs; b,c) SEM images of the LDH precursor (b) and the as-obtained LDO/CNT nanocomposites (c); d) TEM image of the as-grown S/DWCNTs 
in the LDO/CNT nanocomposites. Reproduced with permission.[13]
3.3.2. In Situ Growth of Nanocarbons with LDHs

Most transition metals, especially Fe, Co, and Ni, can be well 
arranged in lamellar LDH flakes on the atomic level. Calcina-
tion and reduction of LDHs give rise to their corresponding 
metal oxides or metal NPs with good dispersion, which can be 
used as excellent catalysts for the growth of nanocarbon mate-
rials. The physicochemical properties of such metal oxides or 
metal NPs (such as size, surface reactivity, and composition) 
can be well tuned through controllable calcination and reduc-
tion of LDHs and selection of the metal cation combination. 
Thus, various kinds of carbon materials, such as CNFs and 
CNTs, can be synthesized with LDHs as the catalyst precursor 
(Figure 4a). Furthermore, the lamellar structure of LDHs may 
also be preserved after the calcination and reduction processes, 
which facilitates the self-assembly of the as-grown nanocarbon 
materials with LDOs. As a result, hierarchical LDO/carbon 
material nanocomposites with various fascinating structures 
can be fabricated through the in situ growth of nanocarbons 
with LDHs.

As early as 1997, NiAl LDHs have been used as the catalyst 
for the growth of CNFs with a diameter of 15–69 nm from the 
decomposition of methane.[74] The irreducible domains such 
as Al2O3 were thought to be the primary reason for the high 
activity of the NiAl LDH catalyst due to their ability to enhance 
the dispersion of Ni NPs. When the CVD process was carried 
out in the absence of H2, NiAl2O4 spinel particles will be formed 
from the NiAl LDHs, which were found to be catalytically active 
for the growth of novel submicrometer-scale flat CNFs.[75] CNFs 
can also grow in situ from LDHs with multiple transition 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 675–694
metals, such as NiFeAl LDHs.[76] The content, nanostructure, 
and quality of the CNFs in the as-fabricated LDO/CNF nano-
composites were greatly influenced as a function of various 
parameters (such as hydrogen content, gas space velocity, and 
temperature).[77] In addition to the growth condition, the com-
position of LDHs also plays an important role in the structure 
of the as-fabricated LDO/carbon nanocomposites. The doping 
of a small amount of Cu into the NiAl LDH catalyst was found 
to be able to promote the activity, and more than 36 wt% of 
CNFs was produced when 2 mol% Cu was added into the NiAl 
LDHs with a Ni/Al molar ratio of 3:1. However, too much Cu 
was found to decrease the activity of the catalyst toward solid 
carbon formation.[78] Similar results were also reported when 
Cu was added into NiMgAl LDHs, which were also used as the 
catalyst for the growth of CNFs.[79] This can be attributed to the 
fact that the existence of Cu can enhance the hydrogen mobility 
and inhibit the formation of graphite layers on Ni surface.

With a better control of the reaction condition or the com-
position of the LDH precursor, CNTs, instead of CNFs, can 
be successfully synthesized from LDHs. For instance, by sup-
porting NiAl LDHs on MWCNTs, Li et al.[80] successfully 
synthesized MWCNTs from NiAl LDHs with a diameter of 
20–30 nm, which can be attributed to the fact that the inter-
action between the CNTs and NiAl LDOs kept the Ni particles 
from aggregating. Duan et al. successfully fabricated the CoAl 
LDO/MWCNT nanocomposites by the catalytic decomposition 
of acetylene over CoAl LDHs.[81] Further study indicated that 
the MWCNTs in the nanocomposites can evolve into caterpillar-
like carbon fibers and carbon spheres with increasing growth 
mbH & Co. KGaA, Weinheim 683wileyonlinelibrary.com
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duration, leading to the formation of other kind of LDO/carbon 
nanocomposites.[82] LDHs with multiple transition metals, such 
as NiCr,[83] CoFeAl,[84] CoZnAl LDHs,[85] etc., were also used for 
the growth of MWCNTs to prepare LDO/MWCNT nanocompos-
ites, indicating that the composition of LDOs in the as-obtained 
nanocomposites was controllable over a wide range. The change 
of the composition of LDHs also played an important role in 
the quality and yield of the as-grown CNTs. Hima et al.[86] found 
that the Co content in the CoAl LDH catalyst showed a signifi-
cant influence on the structure of calcined LDHs and thus the 
growth of MWCNTs. The Co/Al molar ratio of 2.0 gave rise to 
much more uniform MWCNTs with higher graphitization due 
to a more uniform dispersion of active metallic Co NPs were 
obtained by reduction of the calcined products. Zhang et al. 
reported that, under the same growth condition, the incorpora-
tion of Mg into NiAl LDHs resulted in the growth of MWCNTs 
with a diameter of 15–25 nm, while CNFs with a diameter of 
200–700 nm were obtained when NiAl LDHs were used as the 
catalyst.[75] With the increasing Mg/Al molar ratio in the LDH 
samples, the carbon content in the as-obtained LDO/MWCNT 
nanocomposites decreased and the specific surface areas of the 
composites increased remarkably. However, when the Mg/Ni 
molar ratio was too high, the specific surface area decreased 
strongly.[87]

Exploring efficient ways to robustly grow CNTs with fewer 
walls and smaller diameter, such as SWCNTs or double-walled 
CNTs (DWCNTs), requires very small metal NPs (less than 
5 nm).[88] Fortunately, LDHs with low active phase (such as 
Fe, Co, Ni) were good precursors for S/DWCNT growth. Very 
recently, in situ growth of S/DWCNTs was achieved when Mg 
was incorporated into the LDH layers to stabilize the catalyst 
NPs and the growth condition was delicately controlled to pre-
vent the small catalyst nanoparticles from sintering into larger 
ones due to the strong interaction between MgO and catalyst 
nanoparticles. Zhao et al.[89] reported the influence of different 
incorporated cations into FeMAl LDHs on the structure of the 
as-grown carbon nanomaterials, where M was divalent metal 
cation. It was found that with the same Fe content, SWCNTs 
were synthesized using a FeMgAl LDH catalyst, while MWCNTs 
and CNFs were obtained when FeZnAl and FeCuAl LDHs 
served as the catalysts, respectively. Note that most studies on 
the growth of nanocarbon materials with LDHs, focused on the 
yield and quality of the as-obtained nanocarbon materials. The 
structure of LDOs after the growth of nanocarbon materials was 
little concerned, and their content in the as-obtained products 
was too small to be noticed. Thus, nanocarbon materials, rather 
than LDO/carbon nanocomposites are much more representa-
tive for the products. Recently, we successfully fabricated the 
so-called LDO/CNT nanocomposites by growing S/DWCNTs 
using FeMgAl LDHs with different Fe contents as the catalyst 
precursor (Figure 4).[13] Both the wall number and diameter of 
the CNTs and the composition of the LDO flakes can be easily 
tuned by changing the proportion of Fe in the LDH flakes. 
It should be noted that the platelet-like structure of the LDH 
flakes were well preserved after the growth of CNTs. Thus, the 
as-obtained FeMgAl LDO/CNT nanocomposites exhibited a 
structure of S/DWCNTs interlinked with 2D flakes. CoMgAl, 
NiMgAl, as well as CoFeMgAl LDHs were also demonstrated 
to be excellent catalysts for the fabrication of LDO/SWCNT 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
nanocomposites with similar structure. Compared with FeMgAl 
LDHs, CoMgAl, and NiMgAl LDHs showed a better selectivity 
to SWCNTs, but with lower content. The highest selectivity for 
metallic SWCNTs was obtained using CoMgAl LDHs as the cat-
alyst. Furthermore, the growth of SWCNTs on Fe(Co, Ni)MgAl 
LDHs can also be carried out in a fluidized bed reactor, which 
significantly promoted the large scale production of the LDO/
SWCNT nanocomposites.[90]

N-doped CNTs (NCNTs), which is a promising advanced 
functional material for catalysis and energy storage, can also be 
derived from the LDHs when nitrogen source was introduced 
during the CVD growth. NCNTs can be easily fabricated by pyrol-
ysis of ethylenediamine with NiMgAl LDHs as the catalysts.[91] 
The N content and proportion of graphitic-like N structures 
increased with the increasing content of Ni in the LDH precur-
sors. Large scale production of NCNTs with CoAl LDH catalyst 
by CVD at 850 °C under a mixture of methane and acetonitrile 
was reported.[92] CNTs with different N content were prepared by 
changing flow rates of methane and acetonitrile. Other kind of 
LDHs, such as MgFe[93–95] and CoMgAL LDHs,[95] were also used 
for the fabrication of LDO/NCNT nanocomposites.

If the pentagonal and heptagonal carbon rings can be peri-
odically incorporated into the perfect hexagonal network of the 
graphitic sheet along the tube axis, coiled CNTs with helical struc-
ture can be grown. Zhang et al.[96] first reported that the addition 
of Mg can induce the formation of helical structured CNTs with 
an outer diameter of ca. 20 nm and that higher Mg content gives 
rise to the more helical CNTs. Later, the same group reported 
that single-helical CNFs with uniform coil diameter and coil 
pitches of about 80 nm were formed from NiCuAl LDHs, while 
double-helical CNFs with coil diameter of about 1–2 μm were 
observed over NiCuMgAl LDHs.[97] The double-helical CNFs 
were composed of two closely entwined fibers with equal helix 
pitch and an outer diameter of 200–300 nm, which were several 
micrometers to tens of micrometers in length. The formation 
of two types of helical CNFs were proposed to result from the 
diffusion of carbon species on different crystal planes of two dif-
ferent active metals (Ni and Cu), thus giving rise to two distin-
guishing deposition of graphitic layers.

When the catalyst NPs distributed on the LDO flakes were 
in high density, aligned CNTs, not randomly entangled CNTs, 
can be synchronously grown. For LDHs with large diameter 
and uniform size distribution, high-density Fe NPs (larger 
than 1015 m−2) were embedded on both sides of FeMgAl LDO 
flakes by simple reduction of CO3

2− intercalated FeMgAl LDH 
flakes. Aligned DWCNTs can synchronously grow and extend 
perpendicularly from both sides of the LDO flakes (Figure 5a 
and b).[98] Usually, thousands of LDH flakes were laid into the 
CVD reactor for aligned CNT growth. With continuous growth 
of the CNT arrays, the array tips met space resistance attrib-
uted from the neighboring flakes or CNT arrays. In order to 
minimize the stresses associated with the growth of CNTs, the 
arrays started to twist and coil on themselves around the ultra-
light LDO flakes (∼0.2 ng), leading to the further assembly of 
CNT double helices with a length of tens of micrometers and 
a diameter of several micrometers. LDHs with a composition 
of FeCoMgAl–CO3

2- were demonstrated to be effective for the 
growth of MWCNT double helices. To get CNTs with smaller 
diameter in double helix, we proposed a chemical precursor 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694
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Figure 5.  LDO/CNT double helices: a) Schematic image of the formation process of the double helical LDO/CNT array nanocomposites; b) SEM 
images of the double helical LDO/DWCNT array nanocomposites. Reproduced with permission.[98] c) Schematic image of the formation double helical 
LDO/SWCNT array nanocomposites by a chemical-precursor-mediated process, during which the intercalated CO3

2− anions in FeMgAl LDHs were 
exchanged by MoO4

2− anions. Reproduced with permission.[40] Copyright 2010, American Chemical Society.
mediated process based on the guest–host chemistry to form 
catalyst NPs with an extremely high density (1014 to 1016 m−2), 
controllable size distribution (1–14 nm), and good thermal sta-
bility at high temperature (900 °C) from MoO4

2− intercalated 
FeMgAl LDHs (Figure 5c).[40] A pinning effect of Mo around 
the Fe NPs was adopted to obtain a high density of small Fe 
NPs (over 1015 m−2). The MoO4

2− intercalated LDHs can also 
be easily prepared during the direct coprecipitation process.[99] 
These Fe NPs were active for the formation of SWCNT-array 
double helices on the as-obtained FeMoMgAl LDO flakes.

Table 3 summarized the synthesis methods and structure of 
the LDO/carbon nanocomposites mentioned above. Growth 
of nanocarbon materials from LDHs also demands for high 
temperatures that result in the damage of the hydrotalcite-like 
structure of the LDHs. Although in some cases, the platelet-like 
structure could be preserved, most parts of the as-obtained LDO 
flakes (such as metal NPs) was surrounded by graphene layers 
after the CVD growth. As a result, it is impossible for the LDO/
carbon nanocomposites fabricated by this method to be regener-
ated into the corresponding LDH/carbon nanocomposites, which 
may hinder their applications in the field where the crystallinity 
of LDHs is necessary. However, this method shows the ability for 
the formation of various interesting structures based on LDOs 
and carbon materials. It should be highlighted that the forma-
tion of the double helical LDO/carbon nanostructures provides 
a new method of fabricating inorganic materials with double-
helix structures by simple CVD.[100] This is an easy route to 
build 3D nanoarchitectures by bottom-up self-assembly strategy 
between 1D CNTs or CNFs and 2D flakes. Following studies on 
the chirality selectivity and alignment of such double helical/
intercalated LDO/carbon nanocomposites are still to be carried 
out for further applications. Recently, other 2D clay, such as ver-
miculite,[8,101] montmorillonite,[5,102] as well as 3D sepiolite,[103] 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 675–694
wallastonites,[104] and inorganic spheres,[105] can be used as sub-
strate for nanocarbon deposition for 3D nanoarchitecture fabrica-
tion. Especially vertically aligned CNTs can be easily intercalated 
grown among vermiculite for alternate CNT/inorganic layer mac-
rostructures by a facile CVD,[8,101] which is an efficient method 
for larger-scale integration of 1D and 2D materials. However, 
this kind of intercalated deposition does not take place if LDHs 
were employed as catalysts, because LDHs are hard to be exfo-
liated at high temperature. Pre-exfoliation of LDH flakes into 
single/double/multi-layered LDH nanosheets is a promising 
route to fully demonstrate the possibilities of 3D macrostructure 
assembly by in situ nanocarbon deposition, and the as-obtained 
nanocomposites show excellent material and physical properties, 
interesting for morphology-related applications, for instance, in 
micromechanics or nanoelectrodynamics.

In summary, many types of hierarchical LDH(LDO)/carbon 
nanocomposites derived from LDHs and various nanocarbons 
have been successfully fabricated to achieve a synergic combina-
tion of nanocarbons and LDHs. However, more efforts are still to 
be devoted towards the development of efficient structures, such 
as intercalation of CNTs into the interlayer space of LDHs, LDHs 
grown vertically to the graphene layer in situ, and graphene 
grown in situ on the surface of LDHs, etc., to maximally explore 
the combining properties of LDH(LDO)/carbon nanocomposites.

4. Application of LDH(LDO)/Carbon 
Nanocomposites

4.1. Energy Storage

Electricity, which is generated by various routes (such as 
thermal or hydraulic powered turbines, wind, and photovoltaic 
bH & Co. KGaA, Weinheim 685wileyonlinelibrary.com
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Table 3.  LDO/carbon nanocomposites obtained by the in situ growth of nanocarbon materials with LDHs.

Composition of LDHs CVD Temperature  
[°C]

Carbon source Type of deposited carbon Carbon content  
[%]

Diameter  
[nm]

Ref.

NiAl 450–700 CH4 CNFs <98.8 15–69 [74]

NiAl 700 C2H2 CNFs / 200–700 [75]

NiAl 650 C3H6 MWCNTs / 20–30 [80]

CoAl 700 C2H2 MWCNTs 65.3–77.8 10–50 [81]

CoAl
700 C2H2 MWCNTs/CNFs/Carbon 

spheres
<99.2 30–40/100–130/150–180 [82]

NiCr 700 C2H2 MWCNTs 56.9 30–40 [83]

NiFeAl 600 C2H4/CO CNFs <98.8 19–45 [76]

NiFeAl 550–650 CO/C2H4 CNFs <99.2 37–70 [77]

CoFeAl 700 C2H2 MWCNTs 55.6–77.8 10–18 [84]

CoZnAl 625 CH4 MWCNTs / 14–30 [85]

CoAl 700 C2H2 MWCNTs 65.3–77.8 10–50 [86]

NiCuAl 500–840 CH4 CNFs <98.7 10–60 [78]

NiCuMgAl 848–973 CH4 CNFs 73.5 20–100 [79]

NiMgAl 700 C2H2 MWCNTs 77.8–87.0 15–25

NiMgAl 650 C3H8 MWCNTs 73.8–93.7 36 [87]

FeMgAl 910 CH4 SWCNTs / 1.0–1.1 [89]

FeZnAl 910 CH4 MWCNTs / 15–50 [89]

FeCuAl 910 CH4 CNFs / 50–200 [89]

FeMgAl 900 CH4 S/DWCNTs 15–36 1.0–6.0 [13]

CoMgAl 900 CH4 SWCNTs / 1.0–3.0 [90]

NiMgAl 900 CH4 SWCNTs / 1.0–6.0 [90]

NiMgAl 650 ethylenediamine N-MWCNTs / 15–80 [91]

CoAl 850 CH4/acetonitrile N-MWCNTs 84.8–86.2 20–60 [92]

MgFe 550-750 ethylenediamine N-MWCNTs / 20–50 [93]

MgFe
650 Hexane/

ethylenediamine

N-MWCNTs / 20–70 [94]

CoMgAl/NiMgAl/MgFe 650 ethylenediamine N-MWCNTs / 20–50 [95]

NiMgAl 700 C2H2 MWCNTs 52.2–72.0 30–50 [96]

NiCuAl 700 C2H2 Helical CNFs / 80 [97]

NiCuMgAl 700 C2H2 Double helical CNFs / 200–300 [97]

FeMgAl 750 C2H4 Double helical DWCNTs >95 5–7 [98]

(Fe)CoMgAl 750 C2H4 Double helical MWCNTs / / [98]

FeMoMgAl 850/900 C2H4/C3H6 Double helical SWCNTs >94 1–3 [40,99]
system), cannot be stored cheaply in large quantities, and more 
convenient and efficient ways for energy storage (such as elec-
trochemical, electromagnetic, mechanical, thermal, and chem-
ical route) are highly required. Among them, electrochemical 
energy storage, such as supercapacitors and Li–ion batteries, 
provides high energy or power density, good portability, and 
long cycling life for facile energy storage. Exploring advanced 
carbon-based energy materials is a good route to improve their 
performance and impetus their commercial applications.[106] 
Here, we take supercapacitor and Li-ion battery as examples to 
demonstrate the application of LDH(LDO)/carbon nanocom-
posites for energy storage.
© 2012 WILEY-VCH Verlag G86 wileyonlinelibrary.com
4.1.1. Supercapactiors

Among various promising routes for energy storage, super-
capacitors, also known as electrochemical supercapacitors or 
ultracapacitors, are gaining increasing attention for comple-
menting batteries in hybrid electric vehicles, portable elec-
tronics, and industrial power management because of their 
large power density, moderate energy density, and longer cycle 
life. Due to the higher power capability and relatively larger 
energy density compared with conventional capacitors, super-
capacitors offer a promising potential to meet the increasing 
power demands of energy storage systems. Exploring new 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694
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active electrode materials with good electrochemical perform-
ance has always been a major research topic for the develop-
ment of supercapacitors. Carbon is the representative electrode 
material for the electric double-layered capacitor, the capaci-
tance of which mainly arises from charges/ions stored in the 
electrode/electrolyte interface that is limited by the specific sur-
face area of the electrode material and porosity accessible for 
ions transport.[107] Electrode materials with pseudo capacitive 
properties, such as metal hydroxides,[108] metal oxides,[109] and 
polymers,[110] are very promising for enhancing the perform-
ance of supercapacitors. Nanostructured carbon and their com-
posites were good routes to take full use of the advantages of 
the double-layer capacitance and pseudo-capacitance. Further, 
some metal ions, such as Mn, Co, Ni, etc., can be well arranged 
into the LDH layers at an atomic level, which gives rise to their 
high activity for the faradic redox reaction. Therefore, LDH/
carbon nanocomposites are considered as one of the most 
promising electrode materials for developing high-performance 
supercapacitors.

Various kinds of nanocarbons, such as CNTs, graphene, 
and activated carbon, were used with LDHs to fabricate hybrid 
supercapacitors with high performance. For instance, a CoAl 
LDH with an average particle size of 60–70 nm was used as a 
positive electrode for the asymmetric hybrid supercapacitor in 
combination with an active carbon negative electrode in KOH 
electrolyte solution. A specific capacitance of 77 F g−1 with a 
specific energy density of 15.5 Wh kg−1 was obtained for the 
hybrid supercapacitor within the voltage range of 0.9–1.5 V.[111] 
A concept of symmetric self-hybrid supercapacitors with com-
posites consisting of CoAl LDHs mixed with MWCNTs as the 
electrode materials was proposed.[47] The two materials with dis-
tinct charge–storage mechanisms matched well as a composite. 
The work voltage for this new electrode material was prolonged 
in aqueous solution compared with either CoAl LDHs or 
MWCNTs, and the CV curves approached a rectangular shape. 
The LDH/MWCNTs nanocomposite electrodes exhibited better 
electrochemical performance and long-life cyclic stability at 
high current density than those with LDHs only. When 10 wt% 
MWCNTs were added, the specific capacitance increased from 
192.0 F g−1 of pure CoAl LDHs to 342.4 F g−1 and the capacity 
retained 304 F g−1 after 400 cycles at a constant current of 
2 A g−1.[49] The better behavior of the composites can be attrib-
uted to the large surface area of MWCNTs and their good elec-
tronic conductivity, which consequently facilitated the access of 
ions in the electrolyte and electrons to the electrode/electrolyte 
interface.

When graphene was used as one of the building block for 
NiAl LDH/carbon nanocomposite,[61] a maximum specific 
capacitance of 781.5 F g−1 was observed, which is more than 
two folds than that of pure NiAl LDHs. The nanocomposites 
also exhibited an excellent cycle life with an increase of the 
specific capacitance of 22.6% compared with the initial capaci-
tance. The enhancement was attributed to the combination 
of reversible electrochemical redox reaction from NiAl LDHs, 
the improved conductivity from graphene nanosheets, as well 
as the improved dispersion of graphene nanosheets from the 
incorporation of NiAl LDHs. To achieve a better combination 
of the properties for LDHs and nanocarbon materials, single-
layer LDH/GO nanocomposites composed of face-to-face 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 675–694
assembled single-layer CoAl LDHs and GO nanosheets were 
fabricated and used as the active electrode material for super-
capacitors.[52] In the single-layer CoAl LDHs, all Co atoms were 
exposed on the surface, which maximized the activity for LDHs 
in a pseudocapacitive process. Furthermore, the face-to-face 
assembly of single-layer LDHs and GO nanosheets ensured a 
maximum contact of Co atoms and the graphene sheet, leading 
to a fast electron transport through graphene during the faradic 
redox reaction. Electrochemical studies performed on a three-
electrode system showed that the single-layer LDH/GO nano-
composite electrode exhibited a high performance with specific 
capacitance of 1031 F g−1 at a current density of 1 A g−1 and 
could deliver an energy density of 7.7 Wh kg−1 at power den-
sity of 4.8 kW kg−1. In addition, no obvious decrease of spe-
cific capacitance at a high current density of 20 A g−1 after more 
than 6000 cycles was observed in the galvanostatic charge and 
discharge curves (Figure 6).

Up to now, researches on the electrochemical properties 
of the LDH/carbon nanocomposites are still limited. In most 
cases, only CoAl LDHs were studied. It was found that only 
cobalt hydroxide component of CoAl LDHs could contribute 
to faradic redox reaction during electrochemical processes.[52] 
Recently, it has been reported that monometallic LDHs, such 
as Co2+Co3+ LDHs, can also be easily prepared and dela-
minated.[112] Such LDHs are speculated to be of much better 
pseudo capacitive properties than the CoAl LDHs. Besides, 
effective structures for the LDH/carbon nanocomposites that 
can maximize the combining electrochemical performance of 
the pseudo capacitive LDHs and double-layer capacitive nano-
carbon materials, aiming at the development of next-generation 
supercapacitors which require light-weight, long cycle life, and 
high energy performance towards the level of ion batteries, are 
still to be explored.

4.1.2. Li-Ion Batteries

Li-ion batteries (LIBs), which consist of two electrodes that are 
capable of reversibly hosting Li in ionic form, have been widely 
accepted by industry for portable system. LIBs show advantages 
of high energy density, high operating voltage, long cycling 
life, good environment compatibility, and low self-discharge 
compared with traditional lead-acid and Ni-based batteries.[113] 
However, for the development of the newly emerging electronic 
devices, especially for electric vehicles or hybrid electric vehicles, 
there are still continuous demands for batteries with higher 
power and energy density and longer cycling life. The electrode 
material is one of the key issues for the high performance of 
LIBs. Carbon is the mostly used anode material for LIBs, and 
graphite-based anodes are the most commonly used commer-
cial LIB anodes with a theoretical capacity of 372 mAh g−1.[114] 
To improve the energy and power densities of LIBs, nanocar-
bons, such as 1D CNT/CNF, 2D graphene, and porous carbon, 
have been extensively explored as anode materials stimulated by 
their high specific surface area and excellent surface activities, 
which can create more active spaces or sites for Li storage.[115] 
Furthermore, various metals or metal oxides were integrated 
with nanocarbons to fabricate hierarchical nanocomposites to 
further improve their performance for LIBs.[113,115] This can be 
attributed to the factors that the as-fabricated nanocomposites 
bH & Co. KGaA, Weinheim 687wileyonlinelibrary.com
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Figure 6.  Application in energy conversion and storage: Electrochemical properties of LDH/GO nanocomposite: a) CV curves at various scan rates; 
b) specific capacitance of the composite at various discharge current densities; c) Galvanostatic charge and discharge curves and specific capacitance 
versus cycle number at a current density of 20 Ag−1; d) Ragone plot based on the total mass of the composite. The energy and power densities were 
calculated from the galvanostatic discharge curves at various discharge current densities. Reproduced with permission.[52] Copyright 2011, Royal Society 
of Chemistry.
possess both the large Li-storage abilities of metal or metal 
oxide nanoparticles and nanocarbons, and the confinement of 
metal or metal oxide nanoparticles with nanocarbons can pro-
mote the dispersion of each other so as to improve the energy 
and power densities.[115] However, the effective connection of 
metal or metal nanoparticles with nanocarbons has always been 
a key issue for the fabrication of such nanocomposites.

In respect with the fact that most metal atoms (e.g., Mn, Co, 
Ni) can be well arranged into the LDH layers, and the calcina-
tion of these LDHs can lead to the formation of their corre-
sponding metal oxides, which are high active anode materials 
for LIBs. Besides, the positively charged LDH flakes always 
exhibit strong interaction with the nanocarbons, which are 
usually with a negatively charged surface. Therefore, the LDH/
nanocarbon composites are expected to be an excellent pre-
cursor to provide a strong interaction between metal oxides and 
nanocarbons, and thus can be used for the fabrication of high-
performance metal oxide/nanocarbon composite LIB electrode 
materials. NiMn LDH/GO nanocomposites were obtained by 
co-precipitation method through mixing of colloidal suspen-
sions of GO and exfoliated NiMn LDH nanosheets. Calcination 
of this kind of nanocomposites led to the reduction of GO into 
graphene by NiMn LDH, which was converted into the corre-
sponding mixed oxides at the same time. It was noted that the 
as-obtained NiMn mixed oxide NPs were covered and wrapped 
by graphene layers, indicating the strong interaction between 
the graphene and metal oxides. This nanocomposite took 
advantages of the high conductivity from graphene as well as 
the good electrochemical response attributed from NiMn mixed 
© 2012 WILEY-VCH Verlag 8 wileyonlinelibrary.com
oxides. Meanwhile, the aggregation of NiMn mixed oxides and 
the stacking of graphene layers were also effectively prevented 
the hierarchical structure of the NiMn mixed oxide/graphene 
nanocomposites. When this material was applied as the anode 
material for LIB, a maximum capacity of 1030 mAh g−1 was 
observed during the first discharge, and the capacity values 
were kept higher than 400 mAh g−1 after 10 cycles.[116] The fab-
rication of this material provides a way for the preparation of 
similar LDH/carbon nanocomposite-derived electrode materials 
with strong connection between metal oxides and nanocarbons, 
whose structure and composition can also be optimal for their 
performance in LIBs.

4.2. Material Science

Exploring high-performance polymer composites has always 
been a great challenge for material science. One of the most 
promising routes to prepare high-performance polymers is to 
add low-dimensional and nanoscale materials as nanofillers 
to improve their mechanical, electrical, and thermal proper-
ties. The 1D carbon nanomaterials, such as CNTs, are one of 
the mostly explored nanoscale fillers for fabrication of polymer 
nanocomposites due to their outstanding mechanical, electrical, 
and chemical properties.[2,117] As a subgroup of 2D nanostruc-
tured materials, LDHs with similar structure to clay minerals 
have also been widely used as nanofillers for the reinforcement 
of polymer composites.[37] However, the applications of both 
LDHs and CNTs are limited by their intrinsic properties, such 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 675–694
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Figure 7.  Application in materials science: a) TEM image of PA6/(LDH/
CNT) nanocomposites; b) Typical stress-strain curves of neat PA6 and 
its nanocomposites. Reproduced with permission.[51] Copyright 2010, 
American Chemical Society.
as forming bundles or layered stacks when the surface is not 
modified due to the strong van der Waals interaction between 
the nanomaterials. The addition of 2D clay or LDH flakes into 
CNT suspension has been reported to be one of the most effi-
cient methods that can significantly enhance both the disper-
sion of CNTs and flakes in the polymer matrix.[118] In addition, 
the combination of 1D nanotubes and 2D lamellar flakes leads 
to 3D hierarchical nanocomposites, which are with excellent 
performance far beyond those of the individual materials.[13] 
Therefore, the LDH(LDO)/CNT nanocomposites are promising 
in polymer reinforcement.

Du et al.[14] fabricated NiAl LDH/CNT nanocomposites 
through in situ growth of LDHs on CNTs, which were then 
used as a flame retardant for polypropylene (PP). The deposi-
tion of LDHs onto the surface of CNTs efficiently prevented 
CNTs from aggregating, and LDH itself also had a flame retar-
dation effect. The LDH/CNT nanocomposites were proved to 
confer more excellent flame retardancy on PP composites with 
respect to LDHs and CNTs due to synergism of the barrier 
effect and the free radical trapping effect of the CNTs network. 
When single-layer LDH/CNT nanocomposites were employed 
as reinforcing nanofillers, both the LDHs and CNTs can be 
homogeneously dispersed in the polyamide 6 (PA6) matrix 
even at a high LDH/CNT content (2.0 wt%) due to the synergic 
effect of the LDH platelets and CNTs.[51] Compared to neat PA6, 
the tensile modulus of the PA6/(LDH/CNT) nanocomposites is 
increased by 210% from 1.0 to 3.1 GPa and the tensile strength 
is increased by 35% from 55.0 to 74.3 MPa, both of which 
are much higher than that of PA6/LDH or PA6/CNT system 
(Figure 7). Recently, we directly grew high-quality S/DWCNTs 
from LDHs while preserved their platelet-like morphology. 
The roots of the synthesized S/DWCNTs were fixed at certain 
spots of the LDO flakes, which thus prevented the aggrega-
tion of CNTs due to the orientating function. Furthermore, the 
interlinked S/DWCNTs also promoted the dispersion of LDO 
flakes. Therefore, the as-obtained LDO/CNT nanocomposites 
were demonstrated to be excellent fillers for strong polyimide 
(PI) films. It was found that the incorporation of only 0.40 wt% 
of such LDH/CNT nanocomposites significantly improved the 
mechanical properties of the PI film.[13] The elastic modulus of 
PI was improved by 18.4% from 651.3 to 770.9 MPa, and the 
tensile strength was improved by 39.7% from 78.1 to 109.1 MPa. 
The elongation-at-break of the composite film increased signifi-
cantly by 124% from 26.6% to 59.6%, which is quite different 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 675–694
from the decreasing trend for that of polymer/LDH or polymer/
CNT nanocomposites.

Note that the size and composition of the LDH flakes can be 
easily controlled and the combination of LDHs and CNTs can 
be achieved in various hierarchical structures. The LDH(LDO)/
CNT nanocomposites combining the synergic effect of LDH 
platelets and CNTs in material science can find promising 
applications for fabrication of high-performance and multifunc-
tional polymer nanocomposites due to fine dispersion of the 
functional nanofillers and strong interactions with the matrix.

4.3. Catalysis

LDHs have been intensively investigated as the catalysts and 
catalyst supports for various kinds of chemical reactions due to 
the fact that a wide range of divalent, trivalent, even some univa-
lent and tetravalent metal cations and almost all kinds of anions 
can be homogeneously arranged in their hydrotalcite-like layers 
or the interlayer spaces.[38,119] However, the catalytic activity of 
LDHs or the derived LDOs is always limited by their tendency 
to aggregate and poor mechanical properties. Various methods 
have been explored to overcome these problems, during which 
the combination with nanocarbon materials to form LDH(LDO)/
carbon nanocomposites is one of the most concerned.

For the LDH/carbon nanocomposites that are obtained by 
reassembly of LDHs and carbon materials or in situ growth 
of LDHs on carbon, the intrinsic structure of LDHs is well 
retained. The carbon materials serve as the support for LDH 
catalysts to enhance their dispersion, heat, and mass transfer 
during the reaction, and offer the mechanical strength for the 
whole composites. Thus, the catalytic activity of LDHs in the 
LDH/carbon nanocomposites can be fully inherited or even 
improved. For instance, when NiAl LDH were in situ grown 
on MWCNTs, the as-obtained LDH/CNT nanocomposites were 
found to be an efficient catalyst for the further growth of large 
quantity of MWCNTs.[80] Winter et al.[59] investigated the activity 
of MgAl LDH/CNF nanocomposites from in situ growth of 
MgAl LDHs on the surface of CNFs for the catalytic synthesis 
of methyl isobutyl ketene from acetone. It was found that the 
specific activity of the as-obtained LDH/CNF nanocomposites 
in the self-condensation of acetone was more than four times 
higher than that of unsupported MgAl LDHs, leading to a 
great improvement in catalytic efficiency. Furthermore, when 
Pd NPs were deposited on the LDH/CNF nanocomposites, the 
initial activity of Pd-LDH/CNF in the condensation of acetone 
appeared to be five times higher than that measured with the 
physical mixture of MgAl LDHs and Pd-CNF. The activity in the 
dehydration reaction for the synthesis of methyl isobutyl ketone 
was also considerably higher, and the selectivity to desired prod-
ucts was improved from 95% for the physical mixture to more 
than 99%. Similar result was also reported for the electrocata-
lytic performance of NiAl LDH/CNT nanocomposites. Wang et 
al.[60] grew NiAl LDHs on MWCNTs in situ, and the electrode 
modified by the LDH/CNT nanocomposites exhibited eight 
times higher electrocatalytic activity for glucose electrooxidation 
than those modified by either pristine LDHs or CNTs (Figure 8). 
The enhanced electrocatalytic activity of the LDH/CNT nano-
composites was attributed to the facts that CNTs can efficiently 
bH & Co. KGaA, Weinheim 689wileyonlinelibrary.com
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Figure 8.  Application in catalysis: a,b) TEM (a) and high-resolution TEM (b) images of NiAl 
LDH/CNT nanocomposites; c) Peak current as a function of the square root of scan rate 
showing the electroactivity of NiAl LDH/CNT composites with different mass ratio of CNTs 
to LDHs for glucose electrooxidation. Reproduced with permission.[60] Copyright 2010, Royal 
Society of Chemistry.
promote the charge transport between the active Ni centers and 
the electrode and the CNTs also constructed a porous network-
like structure to enhance the diffusion of the reactant.

For LDO/carbon nanocomposites obtained by the carboniza-
tion of interlayer anions of LDHs and direct growth of carbon 
materials from LDHs, the catalytic active metal particles or metal 
oxides are always surrounded with carbon layers which seriously 
inhibited their activity. However, the carbon materials derived 
from the LDHs with interesting structures can be used as excel-
lent catalyst supports. For instance, Zhang et al.[75] synthesized 
CNFs with submicrometer-scale flat structure or with coiled struc-
ture, and they were used as effective catalyst supports for electro-
oxidation of methanol. After the loading of Pt, such electrocatalyst 
exhibited much higher activity and better anti-poisoning ability 
than the commercial Pt/carbon black catalyst, which was believed 
to be the combined beneficial effects of the novel microstructure 
and composition of the as-obtained LDO/CNF nanocomposites. 
CNFs with special microstructure greatly facilitated the deposi-
tion and dispersion of Pt NPs and promoted the diffusion of the 
reactant. The LDOs in the composites can absorb oxygen-con-
taining species, which reacted with carbonyl-containing species of 
methanol products on the Pt surface to produce CO2 and release 
the active sites of Pt for further methanol oxidation.

The exploration of hierarchical architecture of LDH/nano-
carbon in heterogeneous and electrochemical catalysis is under 
progress. Compared with traditional catalyst prepared by co-
precipitation or loading method, the metal phase in the LDHs 
is an atomic dispersion. The as-obtained hierarchical nano-
composites exhibit mediated macro-, meso-, and micropores, 
and the required active sites are expected to be distributed on 
the internal surface to effectively catalyze the reaction. With 
the novel understanding on carbon and metal oxide catalysis, 
potential catalysts based on LDH/nanocarbon for dehydrogena-
tion, oxidation, and C–H activation will be developed.

4.4. Environment Protection

The pollution of water resources due to the indiscriminate 
disposal of numerous inorganic (e.g., heavy metal cations or 
anions) and organic (e.g., dyes, oils) contaminants from indus-
tries and human life has been causing worldwide concern. It is 
necessary to remove these contaminants from the waters before 
release into the environment. There are various methods that 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weiwileyonlinelibrary.com
are being employed to remove these con-
taminants including oxidation, reduction, 
precipitation, membrane filtration, ion/anion 
exchange, and adsorption, among which 
adsorption is the most promising process 
for the removal of contaminants from waste-
water due to its effectiveness and low cost. 
Nanocarbons, especially for CNTs, are con-
sidered to be one of the most promising can-
didates for oil and metal cations adsorption. 
There is a high degree of π-electron delocali-
zation in the conjugated system on the sur-
face of CNTs due to the sp2 hybridization of 
carbon atoms, which gives rise to the strong 
interaction between CNTs and aromatic com-
pounds by π–π electron coupling/stacking effect. Besides, the 
existence of large quantities of pore structures makes CNTs a 
great absorber with high adsorption capacity for neutral organic 
or oil pollutants.[7,120,121] Furthermore, it has been reported that 
CNTs with designed structures, such as aligned CNTs or CNT 
sponge, can be repeatedly compressed and recovered in thou-
sands of cycles.[8,120,122] The compression of CNTs can lead to 
the release of the adsorbed pollutants, indicating the excellent 
recycling performance of CNTs for oil adsorption. The func-
tionalized CNTs exhibit high adsorption capacity for various 
kinds of metal cations attributed from their negatively charged 
surface.[123]

Owing to their large surface area, positively charged layers, 
and extraordinary anion-exchange properties, LDHs have been 
widely explored as adsorbent materials for the removal of ani-
onic contaminants for aqueous solutions. LDHs exhibit high 
adsorption capacities for both inorganic (e.g., F−, SO4

2−, AsO4
3−, 

Cr2O7
2−) and organic (e.g., aromatic carboxylic acids, phenols, 

pesticides) anions.[119] LDHs can take up anion contaminants 
from solution mainly by three different mechanisms: surface 
adsorption, interlayer anion exchange, and reconstruction of 
their hydrotalcite-like structure of calcined LDHs. Anions can 
be easily adsorbed on the positively charged surface of LDHs. 
The anion exchange capacity of LDHs is affected by the nature 
of initial interlayer anions and the layer charge density. LDHs 
exhibit greater affinities for multivalent anions compared with 
monovalent anions. The anion-exchange capacity decreases with 
the higher layer charge density of LDHs due to the stronger 
interaction between the initial interlayer anions and the posi-
tively charged layers.[124] Calcination can lead to the decomposi-
tion of interlayer anions of LDHs, and the as-obtained LDOs 
are usually with much higher adsorption capacity for anionic 
contaminants during the reconstruction.[125] Therefore, calci-
nation and reconstruction processes provide a great potential 
to reuse and recycle the adsorbent. Great efforts have been 
devoted to improve the adsorption properties for cations and 
neutral organic molecules. Surface modifications to add nega-
tively charged functional groups or chelating agents were car-
ried out to provide the adsorption capacity of metal cations for 
LDHs.[126] By intercalating large organic anions, such as sur-
factants, into the interlayer of LDHs, the LDH surface proper-
ties of LDHs were changed from hydrophilic to hydrophobic, 
resulting in the enhanced adsorption capacity of LDHs for a 
diverse range of organic pollutants and even non-ionic organic 
nheim Adv. Funct. Mater. 2012, 22, 675–694
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materials.[127] However, the adsorption capacities of the modi-
fied LDHs for cations and neutral organic molecules are still 
limited, and the modification processes are complicated.

Contaminants that need to be treated are always complex. For 
instance, waste waters from human life and many industries 
such as metallurgical, chemical manufacturing, mining, battery 
manufacturing, etc., contain not only the cationic heavy metals, 
but also various kinds of anionic molecules, neutral organic, or 
oil pollutants. All of these contaminants have to be removed 
before the sewage can be discharged. In sewage treatment 
process, there always several steps to remove these contami-
nants one by one, sequentially. Here, the LDH/carbon nano-
composites, especially for those fabricated by in situ growth 
of LDHs on CNTs, can not only inherit the anion-exchange 
properties of LDHs, but also preserve the hydrophobic and 
porosity of nanocarbons. Therefore, the LDH/carbon nanocom-
posites are promising materials with excellent performance for 
the removal of all the cationic, anionic, neutral, inorganic, and 
organic contaminants in a single-batch system by adsorption. 
However, few reports on the adsorption of LDH/carbon nano-
composites have been reported, and relative studies are still to 
be carried out.

4.5. Drug Delivery

Since their discovery, nanocarbons such as CNTs and graphene 
have been considered to be advanced nanovectors for the highly 
efficient delivery of drugs owing to their large surface and 
unique optical and electrical properties.[128,129] Pristine nanocar-
bons cannot be employed directly for drug delivery, and func-
tionalization must be adopted to improve their biocompatibility 
and solubility, which also allows further modification of the 
nanocarbon material with drugs. Drugs containing aromatic 
groups can be easily bonded to nanocarbon non-covalently by 
strong π–π interactions. The negatively charged surface of func-
tionalized nanocarbons could improve their conjugation with 
positively charged drug molecules and the binding to a single 
cell by interacting through multiple binding sites due to their 
flexibility. The nanocarbon cellular uptake mechanism may 
differ depending on the functionalization and size of the nano-
carbons, including endocytosis,[130] and passive diffusion.[131] 
The intrinsic optical and electrical properties of nanocarbon 
can be specially utilized in imaging and therapeutic applica-
tions to reveal the details of cellular delivery process.[129] Due 
to a large specific surface area, nanocarbon allows multi-conju-
gation of various molecules on the sidewalls, including drugs, 
targeting moieties, and fluorescein.[132] Thus, the targeting-spe-
cific delivery of drugs can be conducted under in situ detection. 
However, the drug-delivery efficiency of nanocarbons is still 
limited by their toxicity and tendency to aggregation and the 
difficulty to control the drug release process.

Taking advantages of their biocompatibility, anion-exchange 
ability, and low cytotoxicity, LDHs are also endowed with great 
potential as inorganic NPs for drug delivery.[119,133] Various ani-
onic pharmaceutically active compounds can be intercalated into 
the interlayer space of LDHs by anion-exchange. The interlayer 
region of LDHs can be considered as a microvessel, where the 
drug is stored while maintaining its integrity and is protected 
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from the reaction of light and oxygen. After the cellular uptake 
of LDH-drug particles by clathrin-mediated endocytosis, the 
drug may be released through a deintercalation process because 
of anion exchange or displacement reactions. The release of 
drug is controllable by the strength of the host–guest interac-
tion, the rigidity of LDH layers and the diffusion path length, 
which is of paramount importance to maintain pharmacologi-
cally active drug levels for long periods and avoiding repeated 
drug administration. After surface modification with targeting 
moieties, targeting-specific drug delivery by LDHs can also be 
achieved.[134] However, the tendency to aggregation of LDH par-
ticles may limit the cellular uptake process, and may also lead 
to the loss of the target delivery. Besides, it is still a challenge 
to fully understand the cellular delivery process, including the 
approach and adhesion to cell membrane, LDH particle endo-
cytosis, and the release of drugs, etc.

Considering the synergic effect, LDH/carbon nanocompos-
ites are also expected to be a promising drug-delivery vector 
with high performance. The kinds of drug that are delivered 
can be extended, and the cytotoxicity of nanocarbons may be 
lowered by the modification of LDHs. The nanocomposites are 
also expected to combine the controllable drug release of LDHs 
and the advantage of nanocarbon to allow for imaging. Since 
the combination of nanocarbon and LDHs is able to enhance 
the dispersion of each other, the drug-delivery efficiency of the 
LDH/carbon nanocomposites is also expected to be improved.

5. Conclusions

Various kinds of hierarchical LDH(LDO)/carbon nanocom-
posites have been successfully fabricated from the combina-
tion of LDHs and different kinds of nanocarbons. The LDH/
carbon nanocomposites obtained by reassembly of LDHs 
and carbon materials or by the in situ growth of LDH flakes 
on carbon materials can fully inherit the properties of both 
LDHs and carbon materials. They may even exhibit improved 
or unexpected properties due to their unique structures. The 
carbonization of interlayer anions of LDHs or CVD growth of 
nanocarbon materials from LDHs always lead to the formation 
of LDO/carbon nanocomposites, in which the hydrotalcite-like 
structure of LDHs has been destroyed, leaving metal oxides 
or some spinel phase as the main component. However, very 
interesting structures, such as micro/mesoporous structure 
and single/double helical structure, can be derived through 
these two methods. Note that the LDO/carbon nanocomposites 
from the carbonization of interlayer anions of LDHs exhibit the 
possibility to be regenerated into their corresponding LDH/
carbon nanocomposites due to the intermediate temperature 
demanded for the carbonization.

The carbon materials in the LDH(LDO)/carbon nanocom-
posites can serve as the support for the dispersion of LDH 
flakes and provide the conductivity for the composites, while 
the existence of LDHs or LDOs provide the chemical activity 
and can also enhance the dispersion of nanocarbon materials. 
Therefore, compared to either LDHs or nanocarbon materials, 
the combined LDH(LDO)/carbon nanocomposites are with 
much better performance when they were used as electrode 
materials, nanofillers for polymer reinforcement, and catalysts 
bH & Co. KGaA, Weinheim 691wileyonlinelibrary.com
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or catalyst supports. The LDH(LDO)/carbon nanocomposites 
are also promising towards applications in adsorption and drug 
delivery with high performance.

6. Outlook

Reassembly of nanocarbons and LDHs, formation of LDHs 
on nanocarbons, and formation of nanocarbons on LDHs by 
carbonization of the interlayer anions of LDHs or in situ CVD 
growth of nanocarbons with LDHs were efficient and effective 
routes for LDH(LDO)/carbon nanocomposite fabrication. How-
ever, none of them can precisely manipulate the LDH/LDO 
flakes or nanocarbons into arbitrary nanoarchitectures. The 
multiobject interactions between the complex building blocks 
are still too complex, and nonlinear behavior maybe presented. 
The materials and physical chemistry during nanocomposite 
fabrication, such as the interactions between nanocarbons and 
LDH/LDO flakes, the electron transfer, and its response to light, 
electric, or magnetic field, is still an open question. Recently, 
integrating 1D nanotube growth on 2D LDH flaks lead to the 
formation of a 3D double helix, similar to that of natural DNA 
and proteins, providing a novel structural platform as the pro-
totype for nanoeletronmagnetic Faraday coils for nano-elec-
tromechanical systems. It also opens great opportunities for 
novel hierarchical nanoarchitectures fabrication via bottom-up 
self-organization. However, new insights on these materials 
chemistry and physics are quite important to provide a general 
understanding for controllable atomic-by-atomic self-assembly 
or chemical reaction for nanoarchitecture building and the rela-
tionship between the structure and their properties.

Up to now, many kinds of metals (e.g., Li, Mg, Al, Ca, Ti, Mn, 
Fe, Co, Ni, Zn, Ga, In) can be dispersed on the atomic level in 
a lamellar LDH flake with controllable components. However, 
for most of the investigated LDH/carbon nanocomposites, only 
MgAl, CoAl, and NiAl LDHs were used. Further investigations 
on using LDHs with unique composition and properties to fab-
ricate LDH/carbon nanocomposites for the development of mul-
tifunctional materials with excellent properties and promising 
applications are still to be carried out. The current studies on the 
LDO/carbon nanocomposites fabricated by the direct formation 
of nanocarbons on LDHs mostly focused on the yield and quality 
of the as-obtained carbon materials, rather than the structure to 
maximize the properties of the composites. Besides, note that the 
LDH flakes can be easily delaminated into single-layer LDHs. 
With the recent rise attention of graphene, as another kind of 
one-atomic-thick material, the as-obtained single-layer LDHs 
have undoubtedly become one of the hottest topics for material 
science. More researches on the fabrication and application of 
single-layer LDH/carbon nanocomposites to maximize the prop-
erties of different kinds of single-layer LDHs and carbon mate-
rials are still to be carried out in the near future.

Furthermore, the combination of CNTs, graphene, and 
LDH(LDO) is expected to be able to provide more opportuni-
ties for advanced hierarchical macrostructures, however, the 
interaction among them will be more complex, and precise 
structure modulation is still a great challenge. The hierar-
chical designs, as well as other LDH/nanocarbon hybrids 
illustrated in Scheme 2, are promising advanced functional 
© 2012 WILEY-VCH Verlag 2 wileyonlinelibrary.com
materials that can be used in areas such as nanoelectronic, 
magnetic devices, catalysis, separation, materials science, 
energy conversion and storage, catalysis, environmental, 
biology, and human health. To realize this goal, new insights 
on relationship between the structure, property, and applica-
tions are always required. If some bulk application can be 
visualized, more efforts should be devoted on their delicate 
structural modulation and mass production at a low cost, 
such as hierarchical nanocomposite electrode for superca-
pacitor and Li-ion battery.
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