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Hierarchical Composites of Single/Double-Walled
Carbon Nanotubes Interlinked Flakes from Direct
Carbon Deposition on Layered Double Hydroxides
By Meng-Qiang Zhao, Qiang Zhang, Xi-Lai Jia, Jia-Qi Huang,

Ying-Hao Zhang, and Fei Wei*
Three-dimensional hierarchical nanocomposites consisting of one-

dimensional carbon nanotubes (CNTs) and two-dimensional lamellar flakes

(such as clay, layered double hydroxides) show unexpected properties for

unique applications. To achieve a well-designed structure with a specific

function, the uniform distribution of CNTs into the used matrix is a key issue.

Here, it is shown that a hierarchical composite of single/double-walled CNTs

interlinked with two-dimensional flakes can be constructed via in-situ CNT

growth onto layered double hydroxide (LDH) flakes. Both the wall number

and diameter of the CNTs and the composition of the flakes can be easily

tuned by changing the proportion of the transition metal in the LDH flakes.

Furthermore, a structure with continuously interlinked CNT layers alternating

with lamellar flakes is obtained after compression. The hierarchical composite

is demonstrated to be an excellent filler for strong polyimide films. This study

indicates that LDH is an extraordinary catalyst for the fabrication of

hierarchical composites with high-quality single/double-walled CNTs. The as-

obtained CNTs/calcined LDHs nanocomposite is a novel structural platform

for the design of mechanically robust materials, catalysts, ion-transportation,

energy-conversion, and other applications.
1. Introduction

Combining materials with 1D nanowires/nanotubes and 2D
lamellar flakes leads to 3D hierarchical nanocomposites with
unexpected properties for unique applications.[1–6] For instance,
the combined 3D clay–polymer composites and clay–carbon
nanotube (CNT) nanocomposites show extraordinary mechanical
and energy-absorbing properties.[2–6] The key issue for the
successful application of nanocomposites lies in the ability to
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manipulate the arrangement of the two
phases (filler and matrix) into a well-
designed structure.[3,5,7] For example, when
the CNTs (filler) are well dispersed as an
enhanced network into a polymer (matrix),
the mechanical, electrical, and energy-
absorbing properties can be significantly
improved.[4,5,8–10] Good dispersion of CNTs
in thematrix or other solvents is believed to
be a key issue to obtain nanocomposites
with extraordinary performance. Thus,
surfactants, biomacromolecules, copoly-
mers, DNA, and clays have widely been
used for CNTdispersion through shearing
or sonication processes.[11] Ionic liquids
have also been selected as a solvent to
achieve good dispersion of CNTs.[12]

However, those procedures are usually
complicated. Furthermore, the CNTsmight
be flocculated into CNT bundles or CNT
agglomerates because of strong van der
Waals interactions during the further
mixing and casting procedures. Up to
now, the uniform distribution of CNTs into
certain matrices with a well-designed structure and certain
function has been a challenge.

Recently, it has been shown that CNTs can be directly
synthesized on various kinds of matrices to controllably fabricate
nanocomposites. Cao et al. grew CNTs on a SiC fiber and the
obtained multifunctional brush could be used for several unique
tasks such as cleaning nanoparticles from narrow spaces, coating
the internal spaces of holes, and functioning as movable
electromechanical brush contacts and switches.[13] Woven SiC
fiber/CNT composites via in-situ growth showed remarkable
improvements in the interlaminar fracture toughness, hardness,
delamination resistance, damping, and electrical conductivities.[6]

CNT(Ni)/Al composites with homogeneously dispersed CNTs
within the Al powders have been obtained by the in-situ growth of
CNTs on an Al matrix with low Ni content.[14] The hardness and
tensile strength of theCNT(Ni)/Almatrix compositeswere 2.0 and
1.8 times higher than those of the same composites obtained by
dispersion/mixingmethods.[14] Zhang et al. directly grewCNTson
clays and found that the as-obtained products could be directly
filled into a nylon-6 matrix to significantly improve its tensile
strength.[15] These results all indicate that the in-situ synthesis of
eim 677
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CNTs on certainmatrices achieved very good dispersion[13–16] and
the as-obtained composites generally showed excellent perfor-
mances. Compared to traditional procedures, in-situ nanocom-
posite fabrication strategies are quite easy to achieve and cost less.
However, in these studies onlymultiwalledCNTs (MWCNTs)were
used for the in-situ fabrication of nanocomposites on certain
matrices.[6,13–16] It shouldbenoted that single/doublewalledCNTs
(S/DWCNTs) have a much more ideal structure in terms of
their smaller diameter, larger aspect ratio, and lower defect
density.[17–20] Compared to MWCNTs, S/DWCNTs exhibit better
mechanical, thermal, and electrical properties, and canbe found in
a wide range of applications, such as, in high-performance
nanocomposites, high electronmobility components for electron-
ics, and field-emission displays.[21] If 1D S/DWCNTs can be
controllably synthesized on 2D flakes to fabricate a hierarchical
composite, novel advanced functional materials with well-
dispersed S/DWCNTs could be obtained.

However, the direct growth of S/DWCNTs on the matrices
mentioned above (such as SiC fibers, carbon fibers, Al metal, or
clays) is not so easy. The reason lies in the difficulty of obtaining a
uniformdistributionof small catalyst particles (0.5–5 nm)on those
matrices at high temperature (750–1300 8C).[18,22] MgO, Al2O3,
and SiO2 have previously been studied as supports for the growth
of S/DWCNTs,[19,20] however, they were found to cause random
nanoparticle agglomeration when being used as catalyst supports
for S/DWCNTgrowth.[19,20,22] Thus, they cannot be used as the 2D
material to promote the dispersion of S/DWCNTs. Recently,
layered double hydroxides (LDHs), also known as hydrotalcite-like
materials, which are a class of 2D nanostructured anionic clays
whose structure is based on brucite (Mg(OH)2)-like layers, can be
easily and controllably synthesized on a large scale.[23,24] Most
metals, such as Fe, Co, Ni, Cu, Zn, Mg, Al, Ca, and Li, can be
arranged on the atomic level in a lamellar LDH flake with
controllable components. This is attributed to the substitution of
divalentmetal cations by trivalent cationswithin their hydrotalcite-
like layers, which leads the LDH layer to be positively charged and
balanced by a wide variety of anions within their interlayer
domains. Compared to natural clay, the composition of LDHs is
much simpler and can be anticipated, which is very important for
their use in actual catalysts, catalyst precursors, or catalyst
supports.[24] After calcination and reductionmetal particles can be
produced that are uniformly distributed on the flakes and that
function as good catalysts for CNT growth. A few reports have
described the in-situ growth of CNTs on LDHs.[25] However, only
randomMWCNTswith a diameter ranging from10 to 50 nmand a
specified surface area of less than 50 m2 g�1 were synthesized in
most cases.[25] Compared to MWCNTgrowth, high temperatures
and small catalyst particles areneeded for S/DWCNTgrowth.Thus
Scheme 1. Schematic illustration showing the procedure for constructing hie

LDHs and the incorporation of CNT/c-LDHs hybrid fillers into a PI matrix to

� 2010 WILEY-VCH Verlag GmbH &
the composition of the LDHflakes and the growthwindowneed to
be explored carefully.Moreover, themorphology of the LDHs after
growth has rarely been mentioned and the performance of the
composites of CNTs and calcined LDH (c-LDH) flakes has
seldomly been investigated.

For this report, we used Fe/Mg/Al LDHs, as well as Co/Mg/Al,
Ni/Mg/Al, and Co/Fe/Mg/Al LDHs as the catalyst precursor, and
we explored the idea of the in-situ fabrication of S/DWCNTs
interlinked with lamellar flakes that directly formed a 3D
hierarchical nanocomposite. As shown in Scheme 1, the LDHs
were used as the 2D lamellar flakes for CNT growth. After
calcination and reduction,metal particleswith small sizes could be
produced. By introducing a carbon source a well-controlled CNT
interlinked hierarchical nanocomposite was obtained. After
characterization by Raman spectroscopy and transmission
electron microscopy (TEM), we found that the CNTs mainly
consisted of S/DWCNTs. Moreover, the hierarchical composites
could be further pressed into a continuous CNT layer alternating
with lamellar c-LDH flakes to form a layered structure. A high-
performance CNTs/c-LDHs/polyimide (PI) film was fabricated
from the as-grown products to show the extraordinary perfor-
mance of the hierarchical composite of S/DWCNTs interlinked
with c-LDH flakes.
2. Results and Discussion

2.1. Hierarchical Composites of CNTs Interlinked with

c-LDH Flakes

A series of Fe/Mg/Al LDH flakes with different iron content were
preparedusingaco-precipitation reaction, andnamedasLDHA–E
as shown in Table 1. As illustrated in Figure 1a, the as-obtained
LDH-C samples show the typical morphology of LDH flakes. One
can see clearly that theLDHs areplate-like hexagonal particleswith
lateral sizes ranging from 1 to 2mm. A typical powder X-ray
diffraction (XRD) pattern for the as-synthesized LDH-C is shown
in Figure 1b. The sharp and symmetric features of the diffraction
peaks strongly suggest that the produced Fe/Mg/Al LDH flakes
were highly crystallized, possessing a 3D order. In addition, all the
diffraction peaks could be indexed as a rhombohedral structure
with the refined lattice parameters of a¼ 0.2994 nm and
c¼ 2.2125 nm. The chemical composition of the prepared LDH
A–E samples obtained by elemental analysis is shown in Table 1.

The hierarchical composites A–E were obtained after direct
growth of CNTs on LDHA–E by a facile chemical vapor deposition
(CVD) process (Table 1). Typical scanning electron microscopy
rarchical composites of single/double-walled carbon nanotubes interlinked

make a CNTs/c-LDHs/PI film.

Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 677–685
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Table 1. The properties of hierarchical composites of S/DWCNTs interlinked flakes obtained from direct carbon deposition on Fe/Mg/Al layered double
hydroxides.

Samples LDHs Composition of as-prepared LDHs (n(Fe)/n(Mg)/n(Al)) SSACNTs [m
2 g�1] CNTs content ID/IG

Composite-A LDH-A 0.05: 1.85: 1 1289.0 15% 0.06

Composite-B LDH-B 0.10: 1.53: 1 1017.1 30% 0.04

Composite-C LDH-C 0.20: 1.99: 1 941.6 36% 0.03

Composite-D LDH-D 0.36: 1.87: 1 770.9 32% 0.04

Composite-E LDH-E 0.83: 1.61: 1 498.1 25% 0.11
(SEM) images of the composites B and C are shown in Figure 2a
and b, respectively. It can be observed that the use of a short growth
duration results in the formation of a large amount of CNTs
interlinked in the c-LDHs. Powder XRD analysis showed that the
hydrotalcite-like structure of the LDHs was lost after the
calcination, leaving metal oxides and spinellites as the major
elements (Fig. S1). However, the plate-like hexagonal morphology
was well preserved and the size was hardly changed after
calcination. The fine CNTs intercrossed among the architecture
showed a lamellar structure. The CNT content in the as-grown
composite C was 36%, indicating that about 0.56 g of CNTs were
grown on 1.0 g of c-LDH flakes. Figure 2c shows a typical TEM
image of the CNTs in composite C. High-resolution TEM
(HRTEM) (Fig. 2d) indicated that the CNTs, which are interlinked
among the lamellar particles, mainly consisted of S/DWCNTs.
Figure 1. a) SEM image and b) XRD pattern of LDH-C.

Adv. Funct. Mater. 2010, 20, 677–685 � 2010 WILEY-VCH Verl
They have a small and uniform diameter ranging from 1.5 to
5.0 nm, which is to be discussed further in detail in the following
section. Moreover, it can be seen from both the SEM and TEM
images that the obtained S/DWCNTs are not strongly entangled.
This may be attributed to the orientating function of the c-LDH
flakes. It is clear that the roots of the synthesized CNTs are fixed at
certain spots of the c-LDH flakes thus preventing aggregation. In
this way hierarchical nanocomposites composed of S/DWCNTs
interlinked flakes were obtained. The flakes were individually
distributed among the entangled S/DWCNTs. This led to a
hierarchical structure with the advantage of being able to change
the morphology of an ordered material with a layered structure
consisting of interlinked S/DWCNT layers alternating with
lamellar particles. Moreover, the existence of flakes effectively
promoted the homogeneous dispersion of the S/DWCNTs.

A few other reports have described the growth of MWCNTs on
Co/Al, Co/Fe/Al, Ni/Mg/Al, and Fe/Zn/Al LDHs.[25] There were
also some reports on carbon nanofibers or MWCNTs grown on
natural clay[15,26] or lava.[27] However, very few S/DWCNTs were
synthesized in these reports. Here, the production of uniform,
hierarchical composites of S/DWCNTs interlinkedwith flakes was
Figure 2. SEM and TEM images of the obtained hierarchical composites

from CH4 over Fe/Mg/Al LDHs at 900 8C. a) SEM image of composite B;

b) SEM image of composite C; c) TEM image of CNTs in composite C;

d) HRTEM image of CNTs in composite C.

ag GmbH & Co. KGaA, Weinheim 679
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realized by an in-situ growth via a facile CVD process. A family of
LDHflakes, such as Fe/Mg/Al, Co/Mg/Al, Ni/Mg/Al, and Co/Fe/
Mg/Al LDHflakes, was selected as catalyst precursor to synthesize
theS/DWCNTs. Themetal content (Fe,Co, and/orNi) in theLDHs
ranged from 0.2 to 15%. Furthermore, high temperatures (900 8C)
were used to form small catalyst particles (0.5–5 nm) for SWCNT
and/or DWCNTgrowth without the need for a H2 reduction step.
Both the catalyst composition and the growth parameter selection
were important for theS/DWCNTgrowth.All LDHflakes (Co/Mg/
Al, Ni/Mg/Al, and Co/Fe/Mg/Al) were demonstrated to be
effective catalysts for the construction of hierarchical composites
as is shown in the Supporting information (Figs. S2–S4). For
example, with Fe/Mg/Al LDHs serving as the catalyst, about 40%
of single-walled and 60% of double-walled CNTs were obtained
when the Fe content was 3.0wt % and a mean surface area of 942
m2 g�1 was found. The intensity ratio of the Raman D-band over
the G-band (ID/IG) was just 0.03, which was obviously lower than
that of CNTs grown on Fe/Mg/O,[28] Fe/Mo/Mg/O,[17] or Fe/Mo/
Al/O[20] catalysts. These indicated that the as grownCNTswere of a
high quality containing few defects. A novel general strategy using
Figure 3. TEM and HRTEM images of CNTs in a,b) composite A; c,d) compo

S/D/FWCNTs in composites A–E.

� 2010 WILEY-VCH Verlag GmbH &
LDH flakes serving as a catalyst for the growth of high-quality S/
DWCNTs was thus realized.
2.2. Tuning of the Diameter and Wall Number Distribution of

CNTs in the Hierarchical Nanocomposites

Apart from the interesting structures obtained above, it should be
noted that not only the composition of the c-LDHs, but also the
structure of the CNTs in the hierarchical composites can be
adjusted. Here we discuss the facile strategy to modulate the wall
number, diameter, and content of the CNTs in the hierarchical
composites by simply changing the iron proportion in the LDH
flakes.

A series of Fe/Mg/Al LDH with different Fe content were used
for S/DWCNT growth (Table 1), and similar hierarchical
composites were obtained, see before. The TEM and HRTEM
images for the CNTs in composites A, C, and E are presented in
Figure 3a to f. The distributions of the wall number and the outer
site C; e,f) composite E. g) Distribution of the outer diameter for obtained

Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 677–685
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Figure 4. a) Catalyst particles on LDH-C after calcination and reduction.

b) SWCNT grown from a catalyst particle smaller than 3 nm on LDH-A.

c) DWCNT grown from a catalyst particle with a size of 4 nm on LDH-C.

d) Carbon spheres encapsulated catalyst particles with a size of 7 nm on

LDH-E.
diameter of the CNTs were obtained by measuring around 200
individualCNTs in theHRTEMimages, as shown inFigure 3g. For
composite A, only SWCNTs and DWCNTs were found, and the
amount of SWCNTs could be up to about 77% according to the
statistical results. The specific surface area (SSA) of CNTs in
composite A was around 1289.0 m2 g�1 (Table 1). This is close to
the theoretical value of individual SWCNTs (1315 m2 g�1), and
it is higher than that of DWCNTs (700–850 m2 g�1), MWCNTs
(200–600m2 g�1), and SWCNTbundles (100–700m2 g�1).[29] This
indicates that Fe/Mg/Al LDHflakeswith a low iron content show a
good selectivity for SWCNT growth, whereby the SWCNTs were
also well dispersed. The CNT content in composite A was about
15%.With increasing iron content,moreDWCNTs andMWCNTs
were found (composites B–E (Fig. 3g)), while the SSA of the CNTs
showedanobviousdecreasing trend (Table1).TheCNTcontents in
composites B and C increased to 30% and 36%, indicating that
more carbon was deposited on the catalysts. However, the SSA
of the CNTs decreased to 1017.1 m2 g�1 and 941.6 m2 g�1,
respectively. The statistical proportionof SWCNTs in compositesB
and C is shown to be 52% and 43%, respectively (Fig. 3g). With
further increasing Fe content in the LDH flakes, the SSA of the
CNTs further decreased (Table 1), and more and more MWCNTs
were found in the as-grown products (Fig. 3g). It should be noted
that thewall numbers of these observedMWCNTswere not higher
than 5, the reason for which we call them few-walled CNTs
(FWCNTs).[30] For composite D, the proportions of DWCNTs and
FWCNTs were shown to be 56% and 17%, respectively, whereas
those for composite E were statistically calculated to be 43% and
24%, respectively. The CNT content in composites C and D
decreased a little (Table 1), which can be attributed to a catalyst
deactivation caused by the formation of catalyst particles with
larger sizes. An obvious characteristic of the outer-diameter
distributions of the CNTs can be seen in Figure 3g. The outer
diameter of the CNTs has a distinct dividing line for all samples.
The distribution of the outer diameter of the SWCNTs wasmainly
concentratedon1.5 to3.0 nm,while forDWCNTs, itmostly ranged
from 3.0 to 5.0 nm. For FWCNTs, outer diameters above 5.0 nm
were commonly seen.

The diameter of the CNTs depended heavily on the diameter
distribution of the catalyst particles at the growth temperature.[31]

In the LDHflakes, the iron ion is inserted into the hydrotalcite-like
layers by isomorphous substitution of Mg2þ.[23] Thus, they are
distributed uniformly in the layers at an atomic level. After
calcination and reduction, the Fe3þ will be reduced into Fe
nanoparticles. As shown in Figure 4a, there are large amount of
catalyst particles with a size smaller than 5 nm distributed on
the flakes. During the CVD process, the carbon source will
decompose at the surface of these nanoparticles and the
dominating surface diffusion of the carbon atoms on the catalyst
particles results in the formation of SWCNTs.[32] With increasing
size of the catalyst particles, both surface and bulk diffusion,which
correspond to the formation of the outer and inner layer of
DWCNTs, respectively, take place on a single catalyst particle.[33]

Thus, SWCNTsaremore inclined to form (Fig. 4b) onparticles that
are smaller than 3 nm, and DWCNTs usually grow on particles in
the size range of 3–5 nm (Fig. 4c). While for particles larger than
5 nm, the formation of FWCNTs and carbon-sphere-encapsulated
particles lead to catalyst deactivation (Fig. 4d). The results in
Figure 3g can therefore easily be explained by the fact that with
Adv. Funct. Mater. 2010, 20, 677–685 � 2010 WILEY-VCH Verl
increasing iron content the catalyst particles grow largerduring the
reduction course.
2.3. Compressing of CNTs Interlinked in Hierarchical

Composites into Alternating CNTs/c-LDHs

Wehave found that the constitution of the hierarchical composites
canbe easilymodulated by changing the composition of the LDHs.
Furthermore, from the SEM images demonstrated in Figure 2, the
CNTs are in a low-density, well-dispersed state, and the CNTs
interlinked with c-LDH flakes show abundant pores. As shown in
Figure5, the synthesizedCNTsoccupy the interspaces between the
lamellar c-LDH particles, leading to the reduction of the pore
volume of pores between 230 and 3000 nm in diameter. However,
the volume of pores ranging from 5 to 230 nm increased
significantly, indicating that CNTs have a certain possibility to
broaden the pores among c-LDH flakes and thus promote the
dispersion of c-LDH flakes. Because of the good electrical
conductivity and abundant mesopores and macropores, hierarch-
ical composites of S/DWCNTs interlinked flakes can potentially be
used for applications in supercapacitors and Li-ion batteries.[34]

Furthermore, the hierarchical composites can easily be densified
by simple compression. As shown in Figure 6, when the as-
prepared hierarchical composite is compressed in a die at a
pressure of 100 MPa, a block of densified CNTs/c-LDHs can
be obtained. The compressed block shows a uniform pore-size
distribution ranging from 5 to 12 nm (Fig. 6b), which can be
attributed to the interspaces between lamellar particles or between
theCNTs. The density of the blockwasmeasured to be 1.8 cm3 g–1,
ag GmbH & Co. KGaA, Weinheim 681
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which is 85 times higher than that before the compression. The
volume fraction of the CNTs in the block is estimated to be around
60%. The schematic illustration for the structure of the block
is shown in the inserted picture. It can be seen from the SEM
image of the cross section of the block cleaved with a razor that
the block shows a clearly layered structure, as shown in Figure 6c.
Aligned S/DWCNTs with high density were formed following the
line of cleaving on the cross section of the block because of the
pliability, toughness, and easy-combing properties of the CNTs
interlinked with c-LDH flakes. From the bird’s-eye view of the
compressed block, as shown in Figure 6d, it can be seen that the
Figure 6. a) A block of the CNTs/c-LDHs nanocomposites after com-

pression at a pressure of 100 MPa. b) Pore-size distribution of the

compressed composite C, the inset shows a schematic illustration of

the structure of the block. c) SEM image of the cross section and d) a

bird’s eye view of the block.

� 2010 WILEY-VCH Verlag GmbH &
layered structure consists of interlinked CNT layers alternating
with lamellar c-LDH particles. Thus a great ordered material with
layered structure composed of interlinked S/DWCNT layers
alternating with lamellar particles was obtained after the hierar-
chical composite was compressed at high pressure. Thousands of
layers of CNTs and c-LDH flakes were assembled into an
alternating structure that will have great potential in high-
performance composites, energy storage and -conversion,
sensors, and other applications.[3,35]
2.4. Fabrication of Strong CNTs/c-LDHs/PI Films

The CNTs/c-LDHs hierarchical composite discussed above is
expected to be an ideal filler for high-performance polymers
because of the homogenous dispersion of both CNTs and LDH
flakes. In order to demonstrate the enhancement effect of the
prepared filler, we have fabricated CNTs/c-LDHs/polyimide (PI)
filmsvia an in-situ polymerizationmethodusing compositeC.The
reasons for using PI for this is that PI is a polymer with good
transparency, toughness, and light weight, and it is under
consideration for applications in advanced spacecraft, in indium
tin oxide (ITO) soleplates for liquid crystal displays, in solar cell
soleplates, and in optical waveguides for communication
purposes.[36] Increasing the mechanical properties of PI is an
important issue to realize those applications.Here, the as-obtained
stress–strain curves are shown in Figure 7a, and the tensile
properties of neat PI and CNTs/c-LDHs/PI film are summarized
in Table 2. It can be seen that the incorporation of only 0.40wt%of
composite C significantly improves the mechanical properties of
PI. The elasticmodulus of PI is improved from651.3 to 770.9MPa,
and the tensile strength is improved from 78.1 to 109.1 MPa. The
elongation-at-break of the composite film increases significantly
from26.6%to59.6%, indicating that PIbecomesmore robust after
the incorporation of the CNTs/c-LDHs hybrid filler. The energy
absorbed[10] during the tensile testing is improved by 220%
(Table 2). These results indicate that the mechanical properties of
the CNTs/c-LDHs/PI film are substantially superior to those of
neat PI.

It is very interesting to compare themechanical properties of the
CNTs/c-LDHs/PI film with those of CNTs/PI films with various
loading levels of purified CNT filler. Yu et al. reported that the
incorporation of 0.30wt% SWCNTs into PI leads to an increase of
the tensile strength by only 5% and an increase of the Young’s
modulus by 18%.[9] Zhang et al. prepared composites containing
functionalized CNTs and PI, and the measurement of the
mechanical properties showed that the addition of 1.0wt %
MWCNTs in the PI matrix caused a small increase of 6.7% in the
tensile strength and an increase of 29.8% in the Young’s
modulus.[37] Here, the elastic modulus of PI is improved by about
20%, and the tensile strength is improved by about 40%.
The enhancement of the mechanical properties upon incorpora-
tion of 0.40wt % CNTs/c-LDHs filler is thus even higher than
that in the case of using neat CNTs alone. The high performance
of the composite is obviously related to the homogeneous
dispersion of both the 1D CNTs and the 2D c-LDH flakes.
Figure 7b shows a high-resolution SEM image of the fractured
surface of a CNTs/c-LDHs/PI film after tensile testing. It clearly
Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 677–685
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Figure 7. a) Stress–strain curves of a neat PI and a composite CNTs/

c-LDHs/PI film containing 0.40wt % CNTs/c-LDHs hybrid filler. b) SEM

image of the typical morphology of the failure surface of a CNTs/c-LDHs/PI

film.
shows that the CNTs/c-LDHs hierarchical composite has a close
interfacial connection with the PImatrix, which is indicated by the
white arrow.The jagged line is the c-LDHflake and the small bright
dots are the ends of the ruptured CNTs on the fractured surface.
The observation that most CNTs were broken upon failure rather
than just pulled out of the matrix is clear evidence of the strong
interfacial adhesion between the CNTs/c-LDHs filler and the PI
matrix. This is responsible for the significant reinforcement of the
mechanical properties of the prepared film. Moreover, because of
the uniform distribution of S/DWCNTs in the c-LDHs, the
composite can also be used for the self-organization of ordered
structures to improve the electrical and thermal conductivities of
variouspolymers. TheCNTs/c-LDHscomposite is a goodplatform
for wide applications of CNTs in catalysis, ion-transportation, and
energy-conversion areas.
Table 2. Tensile properties of neat PI and its composite CNTs/c-LDHs/PI co

Samples Tensile modulus [MPa] Tensile strengt

Neat PI film 651.3 78.1

CNTs/c-LDHs/PI films 770.9 109.1

Adv. Funct. Mater. 2010, 20, 677–685 � 2010 WILEY-VCH Verl
3. Conclusions

Hierarchical composites of S/DWCNTs interlinked with flakes
were constructed via direct carbon deposition on LDH flakes. The
lamellar structure of the LDHs was preserved; moreover, they
were individually distributed among the entangled S/DWCNTs.
The synthesized CNTs showed large SSA values, little defects, and
were obtained in high yield. The combination of the 1D CNTs and
the 2D c-LDH flakes promoted CNT dispersion. The diameter
andwall numberof theCNTscould easily be tunedby changing the
proportion of iron in the LDHs. A lower iron content favored the
growth of SWCNTs because of the formation of large amounts of
catalyst particles smaller than 3 nm.While for higher iron content,
catalyst particles with a size ranging from 3 to 5 nm were more
likely to be formed and the growth of DWCNTs was favored. A
structure composed of interlinked CNT layers alternating with
lamellar flakes could be obtained after the compression of the
hierarchical composites. The mechanical properties of CNTs/
c-LDHs/PI films were demonstrated to have been significantly
improved compared to neat PI. This work provides a novel
structural platform towards the design of mechanically robust
materials; it also provides novel materials for catalytical, ion-
transportation, energy-conversion, and other applications.
4. Experimental

Preparation of LDH Flakes: The Fe/Mg/Al LDH flakes were prepared
using a co-precipitation reaction. Mg(NO3)2 � 6H2O, Al(NO3)3 � 9H2O, and
urea were dissolved in 250.0mL of deionized water with
[Mg2þ]þ [Al3þ]¼ 0.15mol L�1, n(Mg)/n(Al)¼ 2:1, [urea]¼ 3.0mol L–1.
Fe(NO3)3 � 9H2O was then dissolved in the solution, the molar ratios of Fe
to Al were controlled at 0.05, 0.1, 0.2, 0.4, and 0.8, respectively. The
prepared solution was heated to 100 8C under continuousmagnetic stirring
for 12 h in a flask (equipped with a reflux condenser) of 500.0mL under
ambient atmosphere. Then, the obtained suspension was kept at 95 8C for
another 12 h without stirring. After filtering, washing, and freeze-drying, the
final products were ground to brown–yellow powders with different color
depths. The LDH flakes obtained were named as LDH A–E. The other LDH
flakes were prepared through the same process. The composition of these
LDH flakes was fixed as n(Co)/n(Mg)/n(Al)¼ 0.4:2:1, n(Ni)/n(Mg)/
n(Al)¼ 0.4:2:1 and n(Co)/n(Fe)/n(Mg)/n(Al)¼ 0.2:0.2:2:1.

Construction of Hierarchical Composites of CNTs Interlinked Lamellar
Flakes: The preparation of hierarchical composites of CNTs interlinked
lamellar flakes was carried out using a catalytic chemical vapor deposition
(CVD) process. About 10mg of the LDH catalyst was sprayed uniformly
into a quartz boat, which was then placed at the center of a horizontal
quartz tube inserted into a furnace at atmospheric pressure. Then the
furnace was heated under flowing Ar (600mL min�1). On reaching 900 8C,
the flow rate of Ar was turned down to 100mL min�1 and maintained as
such for 10min. CH4 (500mL min�1) was then introduced into the reactor
for 5min after which H2 (50mL min�1) was also added. The growth was
maintained for 30min at 900 8C before the furnace was cooled to room
temperature under Ar flow. The as-obtained powders were named as
composite A to E, corresponding to their starting LDH A to E.
ntaining 0.40wt % CNTs/c-LDHs hybrid filler.

h [MPa] Elongation-at-break [%] Energy absorbed [kJ kg�1]

26.6 19.1

59.6 60.9
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Fabrication of CNTs/c-LDHs/PI Films: Composite C was used as the
reinforcement filler, and the synthesis procedure for a typical well-dispersed
CNTs/c-LDHs/PI film was as follows: composite C (0.025 g) and 4,40-
diaminodiphenyl ether (3.006 g, 98%) were first dispersed in dimethyl
acetamide (65mL) in an ultrasonic bath for 3 h at room temperature in N2

atmosphere to yield a uniform suspension. Then, pyromellitic dianhydride
(3.341 g,>98.5%) was dissolved in the suspension under strong stirring in
an ice-water bath for 1 h under N2 protection. The obtained suspension was
then put into vacuum for 2 h to get rid of the bubbles existing in the
suspension. After that, the suspension was poured onto glass slides, and a
film-coating device was used to coat films with a thickness of around
60mm. These glass slides with coated films were dried at 50 8C for 12 h to
remove the solvent. The dried films were then placed at the center of a
horizontal quartz tube inserted into a furnace at atmospheric pressure and
under Ar protection. The furnace was operated following a fixed
temperature program for in-situ polymerization of PI. It was heated from
room temperature to 100 8C over a period of 60min and was then
maintained at this temperature for another 60min. After this, the furnace
was further heated to 200 8C over 100min, and kept there for 60min. Then
the temperature was raised to 300 8C over another 100min and the furnace
was again kept at that temperature for 60min. Finally, the furnace was
cooled down to room temperature under an Ar atmosphere, and the
obtained PI/LDH-CNT nanocomposite films were peeled off from the glass
slides for tensile testing. The neat PI films were prepared in a similar way
without the incorporation of composite C.

Characterization: The samples were characterized using a JSM 7401F
(JEOL Ltd., Tokyo, Japan) scanning electron microscope operated at 5.0 kV
and a JEM 2010 (JEOL Ltd., Tokyo, Japan) transmission electron
microscope operated at 120.0 kV. Energy-dispersive spectroscopy (EDS)
analysis was performed using a JSM-7401F apparatus with the analytical
software INCA, and the accelerating voltage applied was 15.0 kV. XRD
patterns were recorded on a Rigaku D/max-RB diffractometer at 40.0 kV
and 120mA using Cu Ka radiation. Raman spectra were obtained under
He–Ne laser excitation at 514 and 633 nm using a Renishaw RM2000
spectrometer. The carbon content was obtained by thermogravimetric
analysis under heating at 10 8C min�1 using Q500. The pore-size
distribution of the samples was measured by an ex-situ Hg penetration
method. The BET specific surface area of all samples was measured by N2

adsorption at liquid-N2 temperature using a Micromeritics Flow Sorb II
2300. The tensile tests were operated on an electronic universal testing
machine WDW 3020 at a stretching rate of 5.0mm min�1.
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