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We report a simple, yet effective solution method for dispersion of carbon nanotubes and inorganic
nanoplatelets into a thermosetting epoxy matrix. With an aid of exfoliated inorganic nanoplatelets,
carbon nanotubes can be easily deroped in aqueous solution. Subsequently, the aqueous dispersion of
carbon nanotubes and nanoplatelet hybrid can be easily transferred to organic solvents by a drying-
redispersion process, and then to the epoxy matrix. Transmission and scanning electron microscopy
images show that carbon nanotubes have been individually dispersed and nanoplatelets have been fully
exfoliated in the epoxymatrix.X-ray diffraction is also used to investigate the dispersionmechanism.The
resulting epoxynanocomposites, containingboth individuallydispersed carbonnanotubes andexfoliated
nanoplatelets, exhibit greatly improvedmodulus (up to 41%) and strength (up to 55%) at low nanotube
loadings (up to 0.4 wt.%) without compromising the strain at failure. This approach is promising for
large-scale preparation of highly reinforced polymer/carbon nanotube nanocomposites at low cost.

Introduction

Functional polymer nanocomposites containing a low
level of carbon nanotubes (CNTs) have attracted substan-
tial attention in the past decade due to their demonstrated
remarkable enhancements in mechanical properties,1-3

thermal conductivity,4 flame retardancy,5,6 electrical pro-
perty,7,8 and lightweight.Amongall the benefits thatCNTs
offer, mechanical reinforcement has been themain focus of
many endeavors.9-14 CNTs are small in diameter and have
an extremely high aspect ratio (>1000), but are known to

be stiff. Therefore, CNT-containing polymer nanocompo-
sites are expected to have much higher modulus and are
possibly stronger than the neat polymer matrices. Signifi-
cant improvements in mechanical properties have indeed
been shown in several polymer matrices. For example,
water-soluble polyvinyl alcohol reinforced by surfactant-
stabilized and polymer-wrapped single-walled CNTs
(SWNTs) at 5 wt % loading shows an around 100% in-
crease in both tensile strength and modulus.15 Poly-
acrylonitrile/SWNT nanocomposites (up to 10 wt %
loading) prepared through solution spinning exhibit
100% higher tensile modulus than the neat matrix.16

In-situ polymerization of nylon with surface-functio-
nalized SWNTs also results in over 100% increase in
both tensile strength and modulus.17

However, such superior mechanical properties have
only been observed in thermoplastic polymers. In the
case of brittle thermosetting polymers, such as epoxy, the
improvement in mechanical properties using CNTs has
been shown to be limited. For example, in a study by
Moniruzzaman et al. epoxy/SWNT nanocomposites at
0.5 wt % loading prepared through solution mixing only
shows less than 20% and 10% increase in flexural mod-
ulus and strength, respectively.18 Incorporation of fluori-
nated SWNTs (1wt%) into an epoxymatrix exhibits only
a 30% increase in Young’s modulus and 18% increase in
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tensile strength.19 One major reason may be due to the
lack of a simple and effective method to disperse CNTs
in the brittle epoxy matrices well, especially down to an
individual tube level.
It has been demonstrated that CNTs can be well dis-

persed in water through ultrasonication-assisted surfac-
tant stabilization or polymer wrapping.20,21 This process
facilitates the incorporation of CNTs into water-soluble
thermoplastics. On the other hand, surface-functionaliza-
tion of CNTswith organophilic groups has been shown to
be an effective method to achieve good dispersion of
CNTs in hydrophobic polymers.22,23 However, the above
two approaches are not suitable for preparing good-
quality epoxy/CNT nanocomposites. First, most epoxies
are hydrophobic. Second, surface-functionalization of
CNTs normally involves complicated steps and can be
expensive. Therefore, it has not been practical to prepare
epoxy/CNT nanocomposites for structural applications.
Moreover, literature results show that, to achieve amean-
ingful reinforcing effect on the polymer matrices with
simple processing, relatively high CNT concentrations
(>1 wt.%) are generally needed. Considering the cost of
CNTs, it is highly desirable to improve the CNT disper-
sion in polymer matrices so that high-performance poly-
mer/CNT nanocomposites can be obtained at low CNT
loadings, thus lowering their cost. Here, we propose a
simple and effective approach that utilizes inorganic nano-
platelets (synthetic alpha-zirconium phosphate, ZrP) to
exfoliate CNTs in an aqueous solution, which can be
further transferred into organic solvents, and then into
epoxy matrices. Epoxy nanocomposites containing low
concentrations of both CNTs (0.4 wt%) and nanoplatelets
(2 wt %) show exceptionally high mechanical strength and
modulus without reduction in elongation at break. It is

anticipated that this approach can facilitate large-scale
preparation of high-performance epoxy/CNT nanocom-
posites for engineering applications at low cost.

Experimental Section

Synthesis and Exfoliation of ZrP Nanoplatelets. ZrP nanopla-

telets were synthesized through a refluxing method. Briefly,

15.0 g of ZrOCl2 3 8H2O (Fluka) was refluxed in 150.0 mL of

3.0MH3PO4 (EM Science) in a Pyrex glass flask with stirring at

100 �C for 24 h. After reaction, the products were washed three

times through centrifugation and resuspension, dried at 85 �C in

an oven for 24 h, and then gently ground with a mortar and

pestle into a fine powder. ZrP powders were exfoliated

with tetra-n-butylammonium hydroxide (TBAþOH-, Aldrich,

1 mol/L in methanol) at a molar ratio of ZrP/TBA = 1:0.8 in

water.

Pretreatment of CNTs. SWNTs were obtained from Carbon

Nanotechnologies, Inc. (Houston, TX) and MWNTs were

purchased from Aldrich. CNTs were first oxidized in a mixture

of concentrated sulfuric acid and concentrated nitric acid with a

volume ratio of 3:1 by ultrasonication in a sonication bath

(Branson 2510) for 2 h. Then, deionized water was added to

dilute the acids and the mixture was sonicated for another three

hours. After the above processes, the oxidized CNTs were

isolated by using a polyvinylidene difluoride (PVDF) filter

membrane (Millipore, 0.45 μm pore size) under vacuum. The

CNTs were washed several times with deionized water during

filtration to remove the acid residue. The CNTs collected were

then resuspended in water.

CNTDispersion inWater andOrganic Solvents.Two aqueous

solutions containing oxidized CNTs and fully exfoliated ZrP

nanoplatelets were directly mixed with various weight ratios

of CNTs to ZrP nanoplatelets. The mixtures were sonicated in

a sonication bath (Branson 2510) maintained at room tem-

perature for 30 min. At the weight ratio between ZrP nano-

platelets and CNTs of 5, the aqueous dispersion can remain

stable for over 1 year in concentrations up to 5 mg/mL. After

dispersion, the aqueous mixtures were dried on a hot plate at

100 �C for several hours with stirring until all water was

removed. The residues were then redispersed in acetone or

THF by ultrasonication for 5-10 min with concentrations up

to 5 mg/mL.

Preparation of Epoxy Nanocomposites. The acetone suspen-

sions with ZrP-to-CNT weight ratio of 5 were mixed with the

epoxy monomer, diglycidyl ether of bisphenol A (D.E.R. 332

epoxy resin, The Dow Chemical Company) to achieve a finial

CNTconcentration of 0.2 and 0.4wt% in epoxynanocomposites.

Scheme 1. Scheme for the Preparation of EpoxyNanocomposites Containing Individually Dispersed CNTs and Exfoliated Nanoplatelets
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The ZrP concentrations were 1.0 and 2.0 wt.%, respectively.

The solvents were then removed via rotary evaporation in a water

bath at 80 �C and curing agent, 4,40-diamino-diphenyl sulfone

(DDS, Aldrich), was added at stoichiometric ratio. This mixture

was heated rapidly to 130 �Cuntil theDDSwasdissolved and then

poured into a preheated glassmoldwithmold release agent on the

glass mold surfaces. The epoxies were cured in an oven at 180 �C
for 2 h, followed by 2 h of postcure at 220 �C. For comparison

purposes, neat epoxy samples were also prepared using the same

curing procedure.

Characterization. Transmission electron microscopy (TEM)

was performed using a JEOL 2010 high-resolution transmission

electron microscope, operated at 200 kV. The solution samples

were coated onto carbon grids and then dried at room tempera-

ture. A Reichert-Jung Ultracut-E microtome was utilized to

prepare thin sections of epoxy nanocomposites with thickness of

70-100 nm for TEM imaging. Scanning electron microscopy

(SEM) was acquired using a Zeiss Leo 1530 VP Field Emission-

SEM(FE-SEM).X-raydiffraction (XRD)patternswere recorded

using a Bruker D8 Advanced powder X-ray diffractometer with

Cu-KR incident radiation (λ= 1.5418 Å�).
Mechanical Testing. Tensile properties of the epoxy samples

were obtained using the ASTM D638-98 standard. The tensile

tests were performed using an MTS servo-hydraulic test ma-

chine at a crosshead speed of 5.08 mm/min at ambient tem-

perature. Young’s modulus, tensile strength, and elongation at

break of each sample were obtained based on at least five

specimens and the average values and standard deviations were

reported.

Results and Discussion

A critical element of our approach is to utilize exfo-
liated inorganic nanoplatelets to facilitate the dispersion
of CNTs in water. After drying the aqueous solution, the
hybrid solid containing CNTs and nanoplatelets can be
fully redispersed into organic solvents. Our previous
study shows that through strong electrostatic tethering
of highly charged nanoplatelets, slightly oxidized CNTs
can be effectively dispersed in aqueous solution down to
individual level.24 Herein, we have dried the aqueous
solution containing debundled CNTs and exfoliated na-
noplatelets and found that after water evaporation,
CNTs do not reaggregate and nanoplatelets do not
restackwith each other. This interesting result is probably
due to the long-range electrostatic attractions between
CNTs and exfoliated nanoplatelets which can disrupt the
strong short-range van de Waals attractions between
nanotubes and between nanoplatelets.24 In any case, the
dried hybrid solid containing CNTs and nanoplatelets
can be easily redispersed with a mild sonication into
various organic solvents, such as acetone or tetrahydrofur-
an (THF). Therefore, the preparation of well-dispersed
epoxy/CNT/nanoplatelet hybrid nanocomposites can be
realized in a straightforward matter. Scheme 1 systema-
tically summarizes our approach.
A few recent papers have shown that clay nanoplatelets

may be effective for dispersing CNTs.25-27 Nanoplatelet-
nanotube synergistic effect on mechanical properties of
polymer nanocomposites has also been suggested. How-
ever, none of these papers have demonstrated that CNTs
or nanoplatelets have been made to be individually dis-
persed, especially in the case of hydrophobic polymer
matrices. In our study, we utilized a highly pure crystalline
synthetic layered compound;alpha-zirconium phosphate

Figure 1. (A) SEM image of pristine ZrP nanoplatelets; inset in (A) is a TEM image of a monolayer ZrP nanoplatelet exfoliated by TBA; and (B) TEM
image of MWNTs.

Figure 2. XRD patterns of the hybrid solids containing ZrP nanoplate-
lets and CNTs with different weight ratios prepared by drying aqueous
suspensions. The inset cartoons show themorphologies of each hybrid solid.
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(ZrP);as a model platelet system due to its advantages
over the nature clays in its: (i) well-defined chemical
structure and purity,28 (ii) well-controlled diameter and
size distribution,29 and (iii) ease of preparation into fully
exfoliated monolayer platelets.30,31 Figure 1A shows the
SEMimageof pristineZrPnanoplateletswith adiameter of
∼100 nm prepared through a refluxing method. Tetra-n-
butyl-ammonium hydroxide (TBA) was further utilized to
achieve full exfoliation of ZrP into monolayer nanoplate-
lets in water (inset in Figure 1A). We have also found that
ZrP nanoplatelets functionalized through TBA ions show
high stability in an aqueous suspension and that the strong
electrostatic tethering on the nanoplatelet surface with a
positive charge is highly effective in dispersing and stabiliz-
ing CNTs with a negatively charged surface.24

Multiwalled CNTs (MWNTs)were pretreated by slight
oxidation in the mixture of concentrated nitric acid and
sulfuric acid (3:1) at room temperature; Figure 1B shows
the TEM image of the pretreated MWNTs. It has been
shown that careful treatment of CNTs by short-time
exposure in oxidative acids under relatively low tempera-
tures would not cut the tubes short, but merely open the
defect sites on the tube surfaces (C-O-C) into carboxylic

groups (-COOH).32 Therefore, after the pretreatment,
MWNTs would still retain their high aspect ratio and
exhibit a negatively charged surface. However, the slightly
charged MWNTs alone cannot maintain stability in aqu-
eous solution. Entanglement and aggregation of MWNTs
can still be observed without further treatment.
The pretreated MWNTs and exfoliated ZrP nanoplate-

lets were directly mixed in aqueous suspensions with var-
ious ZrP-to-MWNT (ZrP/MWNT) weight ratios andwere
exposed to ultrasonication for 30 min in a sonication bath
at room temperature.The resulting hybrid aqueous suspen-
sions with the ZrP/MWNT weight ratio higher than 5 can
remain stable for more than a year. The aqueous mixtures
were dried at elevated temperature (80-100 �C) until all the
water was evaporated. Subsequently, acetone or THF was
directly added to the remaining hybrid solids and they were
sonicated for 5-10 min.
The redispersion mechanism and the optimal ZrP/

MWNT weight ratio to achieve a full redispersion were
obtained by performing XRD on the dried hybrid solids
with various weight ratios between ZrP nanoplatelets and
MWNTs which is depicted in Figure 2. It is anticipated
that exfoliated nanoplatelets will irreversibly restack into
a layered structure upon drying (curve a in Figure 2).
However, with the presence ofMWNTs, the nanoplatelet
restacking process can be significantly disrupted, as
shown by the XRD of the dried hybrid mixture of ZrP
nanoplatelets and MWNTs with a weight ratio of 5:1

Figure 3. TEMimages of epoxy nanocomposites containing (A) 0.2wt%ofMWNTsand 1.0wt%ofZrP nanoplatelets and (B) 0.4wt%ofMWNTsand
2.0 wt % of ZrP nanoplatelets. The blue arrows indicate some exfoliated ZrP nanoplatelets.

Figure 4. Stress-strain curves of the neat epoxy and epoxy nanocompo-
sites containing exfoliated ZrP nanoplatelets and MWNTs.

Table 1. Mechanical Properties of the Neat Epoxy and Epoxy Nano-

composites Containing Exfoliated ZrP Nanoplatelets and MWNTs

neat epoxy

epoxy/
MWNTs(0.2%)/

ZrP(1.0%)

epoxy/
MWNTs(0.4%)/

ZrP(2.0%)

Young’s
modulus
(GPa)

3.04 ( 0.04 3.40( 0.06 4.27( 0.07

tensile strength
(MPa)

75.3( 4.2 83.1( 4.8 116( 5.5

elongation at
break (%)

3.7( 0.1 3.9( 0.3 4.3( 0.4
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(curve b in Figure 2). The disappearance of the diffraction
peaks from the hybrid system is caused by full intermixing
between the exfoliated ZrP nanoplatelets and the dis-
persed MWNTs through electrostatic attraction.24 The
hybrid solids with a weight ratio of ZrP/MWNT < 5
cannot lead to full redispersion of MWNTs as illustrated
by the observation of the CNT aggregates after mixing
with acetone or THF. When the weight ratio of ZrP/
MWNT g 5, the diffraction peaks from the layered
structure of the restacked ZrP nanoplatelets reappear
(curves c and d in Figure 2), which, judging from the
peak position, is due to presence of the excessive exfo-
liated nanoplatelets that have restacked. Therefore, a full
exfoliation of ZrP nanoplatelets in the redispersed organ-
ic suspension cannot be achieved from the hybrid solids
with the weight ratio of ZrP/MWCNT higher than 5. The
possible morphologies of the dried solids containing
different weight ratios between MWNTs and ZrP nano-
platelets are depicted in the insets of Figure 2. The above
results also demonstrate that a weight ratio of 5 between
exfoliated ZrP nanoplatelets and MWNTs is an optimal
ratio to achieve full dispersion of both.
Epoxy nanocomposites containing full dispersion of

both ZrP nanoplatelets and MWCNTs were prepared by
solution mixing using the redispersed acetone suspen-
sions at weight ratio of ZrP/MWCNT=5. Figure 3
shows the TEM images of epoxy nanocomposites with
0.2 and 0.4 wt % of MWNTs. The concentrations of
exfoliated nanoplatelets are 1.0 and 2.0 wt %, respec-
tively. Well-dispersed MWNTs and full exfoliation of
nanoplatelets can be observed. A few reports in the
literature have shown the efficacy of using clay nanopla-
telets to disperse CNTs into polymer matrices.26,27 It was
suggested that due to the interaction between CNTs and
clay particles, large CNT aggregates would break into
small segregates to become well dispersed in polymers.
However, clay particles were still found to form stacked
morphology and CNTs were also not completely disen-
tangled. The TEM images shown here clearly suggest that
through our aqueous dispersion-organic redispersion
approach, both MWNTs and nanoplatelets can be fully
dispersed down to individual level in epoxy matrices.
These results suggest that the most important reason for
being able to achieve such a good dispersion is the proper
manipulation of the surface characteristics of both CNTs
and nanoplatelets so that they have strong affinity to each
other via the electrostatic attraction between opposite
charges.
Here, we also demonstrate the effectiveness of the

above approach to exfoliate bundled SWNTs in epoxy
as shown in Figure S1. The pretreated-SWNTs are still in
a bundled state with significant bundle-to-bundle entan-
glements (Figure S1A). After mixing with exfoliated ZrP
nanoplatelets using the above drying-redispersionmethod,
SWNTs can be fully debundled and well dispersed in
epoxy matrix (Figure S1B and S1C). The ZrP nanoplate-
lets havemaintained their exfoliatedmorphology, as well.
It should be noted that after debundling, SWNTs become
straight in epoxy matrix, whereas that is not the case for

theMWNTs. This may be because of the fact that SWNTs
possess nearly perfect structurewith high stiffness, allowing
the tube to remain straight even after curing of epoxy.
SinceMWNThas amuch higher aspect ratio andmuch

lower cost than SWNT, MWNTs are chosen to demon-
strate the possible benefits of exfoliated CNT for strength-
ening epoxy matrices. The tensile stress-strain curves of
the neat epoxy and epoxy nanocomposites containing
individually dispersed MWNTs and ZrP nanoplatelets
are shown in Figure 4. The Young’s modulus, tensile
strength, and elongation at break of the neat epoxy and
the corresponding nanocomposites are listed in Table 1.

Figure 5. SEM of (A) neat epoxy and epoxy nanocomposites containing
(B) 0.2wt%ofMWNTsand1.0wt%ofZrPnanoplatelets, andC) 0.4wt%
ofMWNTs and 2.0wt%ofZrP nanoplatelets. The insets in (B) and (C) are
high-magnification images of epoxy nanocomposites.



3778 Chem. Mater., Vol. 22, No. 12, 2010 Sun et al.

According to Table 1, it is evident that both of the epoxy
nanocomposites exhibit noticeably higher Young’s modu-
lus, tensile strength, and elongation at break. In particular,
the epoxy hybrid nanocomposite containing 0.4 wt % of
MWNTs and 2.0 wt % of exfoliated ZrP nanoplatelets
exhibits a significant improvement in mechanical proper-
ties, having 41% increase in Young’s modulus, 55% in-
crease in tensile strength, and 24% increase in elongation at
break, respectively. The above findings are considered to be
significant when compared against what has been shown in
the literature.18,19

It should be noted that our previous study on using ZrP
nanoplatelets alone to strengthen epoxy at 2 wt % level
shows only a slight increase in modulus, while reduction
in ductility and strength was found.33 Additionally, some
literature results on polymer/CNT nanocomposites show
an improvement in modulus and strength, but with
reduction of elongation to break, especially in epoxy.18,19

The mechanical properties shown here clearly suggest
that with the presence of exfoliated nanoplatelets,
MWNTs are effective in strengthening epoxy matrices.
We also conducted SEM study of the tensile fracture

surfaces for both neat epoxy and epoxy nanocomposites
containing exfoliated nanoplatelets andMWNTs (Figure
5). For neat epoxy, the tensile fracture surface is rather
smooth and shows little sign of plastic deformation. On
the other hand, widespread micrometer-scale patches are
found on the tensile fracture surfaces of the epoxy hybrid
nanocomposites. These patches are around 5 and 2 μm in
size for the 0.2 wt % MWNT and 0.4 wt % MWNT
containing nanocomposites, respectively. Careful inves-
tigation indicates that noMWNT tubes inside the patches
were pulled out from the fracture surfaces. Only short
tube ends were exposed, suggesting excellent bonding
betweenMWNTs and the epoxy matrix, and theMWNT
tubes were likely broken off when fracture occurred.
Furthermore, the length of the MWNTs exposed to the
fracture surfaces appear to be quite similar throughout
the tensile fracture surfaces, with their exposed lengths of

about 2 and 1 μm for the 0.2 wt %MWNT and 0.4 wt %
MWNT containing nanocomposites, respectively.
The underlying mechanism(s) leading to such impress-

ive mechanical property improvements is still unknown.
One possible reason the epoxy nanocomposites contain-
ing MWNTs and inorganic ZrP nanoplatelets can im-
prove both strength and ductility is the synergistic effect
from the 1-dimensional and 2-dimensional inorganic
fillers that are both well dispersed in polymer matrices
down to nanoscale. The presence of the ZrP nanoplatelets
prevents the slippage or pull-out of the MWNT from the
epoxy matrix. A systematic investigation on the toughen-
ing mechanisms in epoxy nanocomposites containing
CNTs and inorganic nanoplatelets is underway and will
be reported in the near future.

Conclusion

In conclusion, by utilizing exfoliated inorganic nano-
platelets, we have introduced a simple and effective
method to fabricate epoxy nanocomposites containing
CNTs. Through the strong electrostatic affinity between
exfoliated inorganic nanoplatelets and CNTs, excellent
dispersion of CNTs in aqueous suspensions can be easily
transferred to organic solvents for the preparation of
exfoliated epoxy nanocomposites. The epoxy nanocom-
posites containing well-dispersedMWNTs and exfoliated
ZrP nanoplatelets show superior modulus, strength, and
strain at failure at low tube loading. Such kind of low cost,
high-performance epoxy nanocomposites are ideal for
engineering structural applications.
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