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S
trong one-dimensional (1D) materials
are of both fundamental and technical
importance owing to their anisotropic

structure, diverse compositions, and unique
properties. From natural cellulose fibers and
spider silk to the artificially developed carbon
and polymer fibers (nylon, Kevlar, PBO, etc.),
we see the tremendous and constant interest
in the advance of novel strong 1D mate-
rials. Such research enthusiasm culminated
in the discovery of carbon nanotubes (CNTs)1

with intriguingmechanical properties (Young's

modulus 1 TPa and strength 300 GPa).2 Sig-
nificant research attention has been attracted
for the potential use of CNTs (mainly single-
walled (SW) and multiwalled (MW)) as reinfor-
cing fillers for polymeric composites.3�5 The
challenge in this field lies in the fact that the
mechanical properties of these macroscale
composites are still much below those for
mechanical parameters of individual nano-
tubes.6�8 The current resolution to this chal-
lenging problem focuses on improving attri-
butes of the reinforcement phase to alleviate
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ABSTRACT

Small but strong carbon nanotubes (CNTs) are fillers of choice for composite reinforcement owing to their extraordinary modulus and strength. However,

the mechanical properties of the nanocomposites are still much below those for mechanical parameters of individual nanotubes. The gap between the

expectation and experimental results arises not only from imperfect dispersion and poor load transfer but also from the unavailability of strong polymers

that can be effectively utilized within the composites of nanotubes. Aramid nanofibers (ANFs) with analogous morphological features to nanotubes

represent a potential choice to complement nanotubes given their intrinsic high mechanical performance and the dispersible nature, which enables

solvent-based processing methods. In this work, we showed that composite films made from ANFs and multiwalled CNTs (MWCNTs) by vacuum-assisted

flocculation and vacuum-assisted layer-by-layer assembly exhibited high ultimate strength of up to 383 MPa and Young's modulus (stiffness) of up to

35 GPa, which represent the highest values among all the reported random CNT nanocomposites. Detailed studies using different imaging and

spectroscopic characterizations suggested that the multiple interfacial interactions between nanotubes and ANFs including hydrogen bonding and π�π

stacking are likely the key parameters responsible for the observed mechanical improvement. Importantly, our studies further revealed the attractive

thermomechanical characteristics of these nanocomposites with high thermal stability (up to 520 �C) and ultralow coefficients of thermal expansion

(2�6 ppm 3 K
�1). Our results indicated that ANFs are promising nanoscale building blocks for functional ultrastrong and stiff materials potentially

extendable to nanocomposites based on other nanoscale fillers.

KEYWORDS: nanotubes . CNTs . nanocomposites . mechanical properties . strength . stiffness . vacuum-assisted flocculation .
layer-by-layer assembly . LBL . aramid nanofibers . CTE
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the dispersion problem and strengthen the interfacial
interactions by for instance polymer functionalization
and noncovalent grafting.9�13 Other strategies include
increasing the volume fractions and the aligning
of CNTs.14�20

The design of high-performance nanocomposites
will also benefit from the availability of novel polymeric
matrices. According to the simple rule of mixture
(Ecomposite = EfillerVfiller þ EmatrixVmatrix, where Ecomposite,
Efiller, and Ematrix are the material property of the
composite, fillers, and the matrix, respectively; Vfiller
and Vmatrix are the volume fraction of fillers and the
matrix, respectively), it is quite reasonable to envision
that if a good control over reinforcing phase can be
complemented with polymeric matrices possessing
superior mechanical properties, nanocomposites with
exceptional mechanical properties will be realized.
However, following this concept, some counterintuitive
results have been observed. For example, replace-
ment of poly(diallyldimethylammonium chloride)
(PDDA)with amuch stronger polysaccharide polycation
(chitosan) (ultimate strength 108 MPa and stiffness
2 GPa) in clay nanocomposites unexpectedly resulted
in lower strength and stiffness.21 A comparable example
was recently reported for composites using cellulose
nanofibers as polymeric matrix, which have an intrinsic
high strength (500 MPa) and stiffness (140�220 GPa).22

It was however found that the addition of CNTs con-
sistently weakened cellulose nanofiber films.23 These
observations, contrary to the predictions, unambigu-
ously highlight the importance of finding innovative
strong polymeric counterparts that can successfully
match nanoscale fillers such as CNTs in the design of
high-performance nanocomposites.
The present polymericmatrices for CNT-based nano-

composites include mostly thermosetting (such as
epoxy) and thermoplastic polymers (such as PMMA).3,4

These composite materials have been extensively
studied using different procedures including melt pro-
cessing,24 in situ polymerization,25 or solution blend-
ing.26,27 However, the resultant composites still suffer
from overall poor mechanical properties especially in
strength and stiffness largely due to the low perfor-
mance of polymeric matrices. Some impressive results
have been achieved using hydrophilic polymers such
as poly(vinyl alcohol) (PVA) by a layer-by-layer (LBL)
assemblymethod.28 However, the practical use of such
materials may be affected by their water-wetting nature,
which may result in the deterioration of mechanical
properties due to the swelling effect.29 Similar problems
can be found in cellulose-based composite films.30

While such an effect may be quite useful for the design
of functional gradient materials31 or environmental
sensors,32 it remains a challenge for applications where
the consistence ofmechanical performance is important.
The step toward the use of polymers with better

intrinsic performance in the preparation of CNT-based

nanocomposites has been taken with extensive work
focusing on semicrystalline thermoplastic polymers
such as aromatic polyether ketones, PEEKs (ultimate
strength σ = 103 MPa and stiffness E = 3.8 GPa).33 The
largest enhancement was observed for PEEK compos-
ites incorporating 15 wt % chemical vapor deposited
MWCNTs, where E increased up to 7.55 GPa.34 Efforts
toward the use of even stronger polymers with higher
crystallinities have been shown to be successful in the
preparation of nanocomposites, which however are
mainly in the form of fibers. For example, Nylon-6- and
PBO-based CNT composite fibers with enhanced me-
chanical properties have been obtained using spinning
techniques.35,36 However, such success does not ne-
cessitate the advance of composite films based on
these strong synthetic polymers andCNTs, which are in
fact very limited.37,38 One of the possible reasons could
be the reinforcement mechanism in these fibers such
as the alignment of CNTs16 and the kinetically frozen
stateswith a lower degree of phase separation typically
do not exist in the composite films. The robust struc-
ture of these crystalline polymers, which is usually
accompanied by their sluggish chemical reactivity,
brings additional difficulties in achieving synergetic
effects when combining them with CNTs. A suitable
system that allows the rational design of composite
films based on strong synthetic polymers would be
therefore much desirable and very likely result in
record-high mechanical characteristics.
In an effort to explore the possibility of incorporating

new polymeric building blocks into nanocomposites,
we found that the dissolution of synthetic poly-
meric macrofibers in a DMSO KOH system resulted in
the formation of a stable aramid nanofiber disper-
sion, which can be processed into thin films by LBL
assembly.39 We further demonstrated that aramid
nanofibers (ANFs) can be used as reactive nano-
scale materials for advanced composites with tailored
mechanical properties.40 ANFs are in essence the
nanoscale version of polyparaphenylene terephthala-
mide (PPTA), a high-performance para-aramid polymer
better known by its trade name, Kevlar, with excep-
tional mechanical performance (stiffness 109 GPa and
strength 3.6 GPa).41 Traditionally, Kevlar macrofibers
are well-known components of personal armor and are
widely used in composite materials to reinforce epoxy
resins.42 It would be very attractive to use Kevlar as a
polymeric matrix in the preparation of composite
materials considering its unique property combination
of stiffness, strength, chemical and solvent resistance,
thermooxidative stability, flame retardancy, and nega-
tive coefficient of thermal expansion (CTE).43 Recently,
there was some interesting work on the reinforcement
of Kevlar macrofibers with CNTs using a solvent-
swelling process,44 and Kevlar-modified CNTs were
also used to reinforce other polymers.45,46 However, the
use of Kevlar as a polymeric matrix in the preparation of
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transparent CNT-based nanocomposites has never
been reported.
In this work, the first example of transparent com-

posite films made from ANFs and MWCNTs was de-
monstrated with record-high ultimate strength (σ =
383 MPa) and stiffness (E = 35 GPa) among all the
reported nanocomposites using random distributed
CNTs. In addition, the use of ANFs also lent composite
films high-temperature stability and low CTE. Overall,
our results showed that ANFs are promising strong
nanoscale building blocks in polymeric nanocompos-
ites with multiple intriguing properties.

RESULTS AND DISCUSSIONS

The tremendous interest in employing CNTs as fillers
may necessitate a particular survey of the mechanical
characteristics of the state-of-the-art polymeric nano-
composites. We intended to focus more on three
systems including nylon/CNT, cellulose nanofiber
(NF)/CNT, and PVA/CNT nanocomposites. The reason
for selecting the first two systems is that they bear
similarities with ANF/MWCNT nanocomposites: analo-
gous with Kevlar, nylon is also a synthetic polymer
(polyamide) widely used as high-performance fibers;
for cellulose NFs, they have similar dimensions and
comparable mechanical properties (E = 138 GPa and
σ = 2 GPa) with ANFs. We also wanted to include a
system within which we see the most remarkable
mechanical properties. In this respect, recent studies
have indicated that reinforcing PVA with CNTs has
been shown to be the most successful. A summary
of stiffness (E) and ultimate strength (σ) from these
systems is included in Table S1 with data from other
representative systems including bucky papers and
recently developed graphene oxide (GO)-based nano-
composites47�54 as well.
Nylon/CNT nanocomposites were usually prepared

by melt or solution mixing.24,37,38,55�58 The highest
reported E and σ are 3.5 GPa55 and 70 MPa,37 respec-
tively. These two records came from different systems,
which could be attributed to the use of nylon with
different chemical structures. However, the relatively
low mechanical properties of nylon (σ = 35 to 220 MPa
and E = 1.1 to 16 GPa) limited the overall performance
of nylon-based nanocomposites. Different from nylon,
cellulose NFs can be obtained from natural resources
with appealingmechanical properties. Filmsmade from
nanocellulose have high E (13 GPa) and σ (223 MPa).59

Unexpectedly, both E and σ of the cellulose NF/CNT
composite films tended to decrease with increasing
CNT contents.23,60 A recent result demonstrated only
a small improvement with a 3 wt % addition of CNTs:
E is improved from 12.5 GPa to 13.3 GPa, and σ from
299 MPa to 307 MPa.61 The most impressive results
came from SWCNT/PVA nanocomposites made by LBL
assembly with the demonstrated σ of 391.5 MPa and E

of 15.6 GPa.28 It is however noted that the content of

SWCNTs in LBL assembled films is quite high, up to 70%,
which would completely diminish the transparency of
the polymeric matrix, a problem also for other strate-
gies aiming at improving the contents of CNTs in the
nanocomposites.17,18 Interestingly, simple solution cast-
ing of PVA/CNT blends also gave remarkable results
where the polymer�CNT interactions are completely
noncovalent (van der Waals forces): σ of 348 MPa and E

of 7.04GPa canbeachieved for a 0.6 vol% sample.62 The
surfacemodifications ofCNTsusing collagen,63 hydroxyl
groups,64 and surfactants65 have also been used in PVA/
CNT nanocomposites to further improve the load trans-
fer but with less dramatic effects.
Several points can be made based on the above

summary: first, it is typically hard to achieve both high
strength and stiffness in conventional nanocompo-
sites, especially when using randomly distributed CNTs
at low loading to keep good transparency; second,
a polymer match with CNTs with suitable molecular
structures and excellent mechanical properties would
be much needed for the achievement of strong and
stiff nanocomposites; third, always, effective stress
transfer should be made possible by the enhanced
interfacial interactions. In this context, the excellent
mechanical properties of ANFs and the multiple inter-
actions with functionalized MWCNTs enabled by their
nanoscale dimensions can be very useful for addres-
sing the challenge.

Mechanical Properties of ANF/MWCNT Nanocomposites. We
employed a vacuum-assisted flocculation (VAF) meth-
od to prepare ANF/MWCNT nanocomposites (for de-
tails, see the Experimental Section and Supporting
Information). X-ray diffraction (XRD) patterns con-
firmed the presence of both ANFs and MWCNTs in
the composite films (Figure 1a,c). Importantly, the
observed diffraction peaks of ANFs similar to that of
Kevlar indicated the reservation of the crystalline PPTA
structures in the nanoscale domains. The (110), (200),
and (004) diffraction peaks of ANFs39 can be detected,
with the peak around 2θ = 26� assigned to the diffrac-
tion fromMWCNTs (Figure 1a).66 Postannealing (200 �C
in air for 1 h) was used to remove DMSO, which also
improved the crystallinity of both the ANFs and com-
posite films, as evidenced by the intensity increase
of the diffraction peaks (Figure 1b). The crystallinity of
ANFs does not change obviously upon the addition
of more MWCNTs (Figure 1c). The thickness of the
composite film as determined by SEM was found to
be typically around 2 μm (Figure 1d) and can be used in
calculating the mechanical properties. The pure ANF
film showed an ultimate strength (σ) of 179.6( 6.2 MPa
and stiffness (E) of 12.7 ( 0.8 GPa (Figure 2a,b). The
additions of MWCNTs have obviously reduced the ulti-
mate strain of the ANF film (Figure 2a). The 1.5 wt %
addition ofMWCNTs improvedσ to 252.2( 8.6MPa and
E to 23.6( 1.4GPa (Figure 2a,b). The increaseofMWCNT
loading to 2.5 wt % resulted in further improvement
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of σ to 361.2 ( 9.3 MPa and E to 34.4 ( 1.1 GPa
(Figure 2a,b). This corresponds to 101.7% and 170.8%
improvements for σ and E compared with a pure ANF
film, respectively. A further increase of the amounts
of MWCNTs will result in the decrease of both E and
σ (Figure 2a,b) due to the poor dispersion of MWCNTs
when the loading is high.

Considering the flexibility of solution processing
enabled by the colloidal nature of ANFs, we believe
there is still a possibility to further the mechanical
improvement. One of the challenges in the solution-
based methods involving direct mixing such as VAF is
the difficulty in retaining the nanoscale uniformity due
to the phase separation, especially for composites with
high filler contents. The LBL assembly technique stands
out among other methods due to its higher accuracy
enabled by the step-by-step deposition, avoiding the
direct contact of different components in the solu-
tion state.67,68 Compared with VAF, LBL assembly may
result in nanocomposites with superior mechanical
properties due to the better nanoscale organization
and uniformity.19,29 However, traditional LBL assembly
is typically time-consuming, which necessitates some
efforts to accelerate the process including exponential,69

spray-assisted,70 and spin-assisted LBL assembly tech-
niques.71 Here we performed LBL assembly on the filter

paper assisted by vacuum to reduce the time for tradi-
tional LBL assembly and improve the mechanical prop-
erties of nanocomposites made by VAF. We filtered
certain amounts of ANF and MWCNT dispersions alter-
natively, mimicking the LBL assembly process. Improve-
ments ofboth stiffness (E) andultimate strength (σ) were
observed especially for higher loading of MWCNTs
(Figure 3a,b). At a 5 wt % loading of MWCNTs, we
achieved an E of 35.6 ( 1.4 GPa and a σ of 383 (
8.1MPa, respectively. The enhancement can be ascribed
to the better dispersion state of MWCNTs in these
vacuum-assisted LBL assembled composite films.28

Plotting the data collected from the literature and
our results showed that ANF/MWCNT composite films
exhibited superior properties to other CNT-based nano-
composites (both MWCNTs and SWCNTs) (Figure 3c).
We further compared our results with that of GO-based
nanocomposites for a more comprehensive evaluation
(Figure 3d). Our composite films showed the best
ultimate strength and overall improved integrated
properties, which set ANF/MWCNT nanocomposites
among the most strong and stiff carbon-based materi-
als. It is also important to note that the achievement
of such high mechanical performance at low loadings
of MWCNTs can be very helpful for retaining the good
transparency of ANF films (Figure 3e�g).

Figure 1. (a) XRD pattern of a composite film with 7.5 wt % MWCNTs with Gaussian fitting; (110), (200), and (004) diffraction
peaks can be assigned to ANFs, and the (002) diffraction peak belongs to MWCNTs; (b) the evolution of XRD patterns upon
annealing; (c) XRD patterns of composite films with different amounts of MWCNTs after annealing; (d) cross-sectional SEM
image of a composite film with 7.5 wt % MWCNTs.
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We analyzed the cracks under load to understand
the fracture process under tensile test. Fibrous struc-
tures consisting of both ANFs and MWCNTs can be
found on the completely cracked surfaces (Figure 2c). A
cracked part with some unbroken fibrous structures
(Figure 2d) further indicated that during the crack
growth not only MWCNTs but also ANFs may undergo
elongation, breakage, and pull-out. The excellent me-
chanical properties of the nanoscale molecular assem-
blies possessed by ANFs can be therefore effectively
utilized to prevent the crack growth, an obvious ad-
vantage over traditional polymers in single molecular
states. Importantly, these processes are accompanied
by multiple interactions between ANFs and MWCNTs,
which result in a strong bonding interface (see below).

MWCNT and ANF Interactions. The construction of inter-
facial regions with strong interactions is an essential
condition for the achievement of improved mechan-
ical properties within nanocomposites especially for
strength and stiffness.28,29 A previous study indicated
that the interfacial shear stress due to bonding could
be as high as 500 MPa.72 We believe the presence of
multiple interactions may allow the effective strength-
ening and load transfer from ANFs to MWCNTs, result-
ing in high strength and stiffness. Compared with
Kevlarmacrofibers, ANFs possess amuch larger surface
area,39 making possible the effective stress transfer

between the typically inert high-strength polymer and
CNTs. In addition to the interactions originated from
surface functionalities, the aromatic structures within
ANFs may also allow other intermolecular interactions
with MWCNTs such as π�π stacking (Figure 4a).

Indeed, we found that if the volume ratio of ANF
and MWCNT DMSO dispersions (0.1 mg/mL) is more
than 1:1, precipitation will be detected immediately,
which is a good indicator for the strong interactions
between functionalized MWCNTs and ANFs. We there-
fore reduced the additions of MWCNTs to avoid any
detectable agglomerations. For the preparation of
ANF/MWCNT nanocomposites, we added different
amounts of MWCNT DMSO solutions (0.1 mg/mL) into
ANFdispersions, which showed adominant absorption
around 400 nmwith a less resolved broad peak around
320 nm (Figure 4b). Upon the addition of more
MWCNTs, a continuous intensity decrease for the peak
at 400 nm was observed along with the enhanced
absorption at 320 nm. Similar spectral changes were
detected upon the addition of water (Figure 4b inset).
The peak at 400 nm can be associated with the
absorption from the deprotonated ANFs, and the one
around 320 nm is comparable with that of Kevlar
macrofibers and correlated with the pronated ANFs.39

We therefore attributed the absorption variations to
the reprotonation of the negatively charged nitrogen

Figure 2. (a) Stress�strain curves of composite films with different amounts of MWCNTs; (b) variations of the ultimate
strength and stiffness of composite films with different amounts of MWCNTs; SEM images of (c) a cracked surface and (d) an
incomplete cracked surface from a composite film with 2.5 wt % MWCNTs.
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atoms on the surface of ANFs due to the interactions
with �COOH groups on the surface of MWCNTs.
Note that the peak at 400 nm can be detected for all
the solution mixtures, indicating that ANFs are still
partially charged, which is important for the stability
of the system.

We further used IR spectra to probe the interactions
between MWCNTs and ANFs (Figure 4c and d). Upon
the addition of MWCNTs, peak broadenings around
1650 cm�1 (CdO stretching vibrations from ANFs) and
around 3326 cm�1 (N�H stretching vibrations) were
observed, which indicated the formation of hydrogen
bonding with �COOH groups from MWCNTs. Further
evidence of hydrogen bonding can be inferred from
X-ray photoelectron spectroscopy (XPS) spectra.73 The
exclusive existence of nitrogen in ANFs ensured an
accurate analysis of N1s peaks, which are centered at
399.5 eV (Figure 5a). The addition of 2.5 wt %MWCNTs
did not result in obvious changes (Figure 5b). However,
for composite films with 5 and 7.5 wt % MWCNTs, N1s

peaks can be deconvoluted into two components,

which include a high binding energy peak around
400.0 eV (Figure 5c,d). The intensity of this small peak
also increases when more MWCNTs are present
(Figure 5c,d). It is likely this new N1s peak corresponds
to nitrogen atoms that are involved in the interfacial
hydrogen bonding.73

We further used Raman spectroscopy74 to evaluate
other possible interactions. The two main typical
graphite bands are present in the Raman spectrum
of bundled MWCNTs: the band at 1569 cm�1 (G band)
assigned to the in-plane vibration of the C�C bond (G
band) and the band at 1355 cm�1 (D band) activa-
ted by the presence of disorder in carbon systems
(Figure 6a).75 Both G and D bands for the MWCNT dis-
persion shifted to higher wavenumbers due to fewer
intertube interactions (Figure 6a). It is hard to identify
the obvious G and D bands for composite films due
to the minimal amounts used (Figure 6a). However,
we found that the strongest peak around 1610 cm�1

(C�C ring stretching of ANFs) underwent a grad-
ual downshift upon the addition of more MWCNTs

Figure 3. Comparisons of (a) ultimate strength and (b) Young's modulus of composite films made by VAF and vacuum-
assisted LBL assembly; comparisons of ultimate strength and Young's modulus with (c) other CNT-based nanocomposites
(both SWCNTs and MWCNTs) and (d) GO-based nanocomposites. The dashed borders in d identify regions with improving
integrated properties. Optical images of (e) an ANF film and a composite film with (f) 2.5 wt % MWCNTs and (g) 5 wt %
MWCNTs, respectively.
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(Figure 6b). Such anobservation can be direct evidence
for the existence of π�π interactions between ANFs
and MWCNTs. Similar results have been observed for
Raman shifts of the G band due to the charge transfer
between the graphene sheets and large aromatic
molecules.76 To further confirm π�π interactions, we
investigated XPS spectra of C1s. For ANFs, in addition to
the peaks that can be assigned to �C�C�, �C�N�,
and �CONH�, a broad peak around 290.3 eV arises
from π�π interactions of phenyl groups (Figure 7a).77

Upon the addition of MWCNTs, this peak is gradually
upshifted to 290.9 eV for composite films with 7.5 wt %
MWCNTs (Figure 7d), which agrees with the results of
Raman spectra.76

Microscopic observations showed that ANFs and
MWCNTs have similar structural features with compar-
able nanoscale dimensions (the diameters of ANFs are
ca. 10 nm and that of MWCNTs are ca. 40 nm; their
lengths are both in the range of several micrometers)
and good flexibility (Figure 8a,b). The size and geome-
try match of MWCNTs with ANFs can be very beneficial
for achieving stronger materials due to the possible
induced organization of polymers around carbon nano-
particle surfaces.20 TEM imaging of the precipitation

from ANFs and MWCNTs clearly showed the increase
of surface roughness and diameters of the MWCNTs
(Figure 8c,d). To achieve such tight coating, some
morphology changes of ANFs forming sheet-like struc-
tures (see arrows in Figure 8c,d) were observed, which
indirectly confirmed the strong interactions between
ANFs and MWCNTs. Compared with MWCNTs that have
a crystalline surface boundary (Figure 9a), the presence
of ANFs resulted in an amorphous coating with a
smooth interface (Figure 9b). This observation is differ-
ent from previous studies using conjugated polymers in
amolecular state,which resulted in the helical wrapping
on the surface of the SWCNTs.78

Thermal and Thermomechanical Properties. Besides the
excellent mechanical properties, the unique thermal
and thermomechanical assets of ANFs further enable
nanocomposites with high thermal stability and low
coefficients of thermal expansion. ANF/MWCNT nano-
composites made by vacuum-assisted LBL assembly
showed obvious weight losses starting from 520 �C
(Figure 10a). The curve drop before 200 �C can be
primarily attributed to the loss of water due to physical
absorption. Larger weight losses for composite films
with more MWCNTs were observed before 520 �C due

Figure 4. (a)Molecular structures of ANFs andCNTs showing the potential interactions including hydrogenbonding andπ�π
stacking; (b) UV�vis spectra of ANFs with different additions of MWCNT DMSO dispersion (0.1 mg/mL); the inset shows the
evolution of absorption upon the addition of different amounts of water; (c, d) IR spectra of composite films with different
amounts of MWCNTs.
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to the decomposition of�COOHgroups on the surface
of MWCNTs (Figure S5). The high thermal stability
of ANF/MWCNT composite films outperforms other
CNT-based nanocomposites with highmechanical per-
formance typically made from hydrophilic polymers
such as PVA.28

We further investigated the thermomechanical
properties by a thermal-mechanical analyzer. The

CTE of the ANF film is 2.0 ppm 3 K
�1 (Figure 10b,c),

even smaller than that of cellulose nanofiber sheets,
whichwas reported to be 8.5 ppm 3 K

�1.79We observed
an increase of CTE upon the addition of more
MWCNTs, different from most previous studies
(Figure 10b,c).80�85 The composite film with 7.5 wt %
MWCNTs showed the largest CTE of 5.3 ppm 3 K

�1.
One of the possible reasons for the increase of CTE

Figure 5. XPS N1s spectra of (a) an ANF film and (b�d) composite films with different amounts of MWCNTs.

Figure 6. Raman spectra of an ANF film, compositefilmswith different amounts ofMWCNTs,�COOH-modifiedMWCNTs, and
pristine MWCNTs.
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could be the smaller CTE possessed by ANFs com-
pared with that of MWCNTs, which was in the range
7.3�14.9 ppm 3 K

�1.86 The origin of higher CTE as
predicted by the MD theoretical study87 may also be
associatedwith the excluded volume induced by both
the phonon modes and Brownian motions of the
CNTs. However, considering the strong interactions
between MWCNTs and ANFs, the excluded volume
brought by the introduction of CNTs in our system

may not be as important as in the simulated PE
system.87 The increases of CTE upon the change of
temperature are small (Figure 10d), consistent with
the linear displacement curve (Figure 10b). Overall,
our preliminary CTE studies showed that ANF/MWCNT
composite films have ultralow CTE (2�6 ppm 3 K

�1),
which are several orders of magnitude smaller than
other systems,80�84 representing the lowest CTE
when compared with previously reported MWCNT-
based nanocomposites.

CONCLUSIONS

In summary, we showed that the incorporation of
ANFs as newnanoscale building blocks into CNT-based

Figure 7. XPS C1s spectra of (a) an ANFs film and (b�d) composite films with different amounts of MWCNTs.

Figure 8. TEM images of (a) ANFs; (b) MWCNTs; and (c, d)
ANF/MWCNT precipitations formed by adding MWCNTs
into the DMSO dispersion of ANFs (the arrows indicate the
sheet-like structures observed in this sample).

Figure 9. HRTEM images of (a) a MWCNT and (b) a MWCNT
with ANFs.

A
RTIC

LE



ZHU ET AL . VOL. 9 ’ NO. 3 ’ 2489–2501 ’ 2015

www.acsnano.org

2498

nanocomposites can result in composite films with
record-high ultimate strength and stiffness. The effec-
tive utilization of the outstanding mechanical proper-
ties of ANFs was made possible by the multiple
interfacial interactions between ANFs and function-
alizedMWCNTs. ANFs also lend their intriguing thermal
properties to the resulting hybrid materials with high

thermal stability and ultralow coefficient of thermal
expansion. We believe our work may provide a new
concept for the design of high-performance polymeric
nanocomposites, which can be applied to other nano-
scale fillers such as clays and alumina platelets, result-
ing in a new class of composite materials with
attractive multiparameter properties.

EXPERIMENTAL SECTION

Preparation of ANF DMSO Dispersions. Briefly, 1 g of bulk Kevlar
yarns (Thread Exchange Inc., size 69, right twist) and 1.5 g of
KOH were added into 500 mL of DMSO. The Kevlar/KOH/DMSO
mixture was stirred vigorously at room temperature for a week
before the formation of a dark red solution.

Preparation of MWCNT DMSO Dispersions. MWCNTs (purity, >95%;
length, ∼10 μm; and diameter, >40 nm) were purchased from
Chengdu Organic Chemistry Co., Ltd. A 0.2 g amount of as-
received MWCNTs was carefully added to a mixture of 90 mL
concentrated sulfuric acid and 30 mL of concentrated nitric
acid, followed by stirring for 4 h at 60 �C. The solution was
diluted with a desired amount of deionized (DI) water before
the collection of MWCNTs by vacuum filtration using a PVDF
membrane (pore size, 0.22 μm; diameter, 47 cm). DI water was
used to wash the MWCNT film to remove the excess amount
of acids until the pH of the filtrates reached 7. After drying in
a vacuum oven at 80 �C for 48 h, the as-obtained �COOH-
functionalized MWCNTs can easily dissolve in DMSO, forming a
homogeneous and stable dispersion assisted by ultrasonication
at 350 W, 40 kHz for 60 min. The MWCNT DMSO dispersion was

further centrifuged at 4000 rpm for 10 min to remove any
possible bundles.

Preparation of ANF/MWCNT Composite Films. MWCNT and ANF
DMSO dispersions were mixed with a given ratio followed by a
desired amount of DI water to improve protonation. Briefly,
3 mL of ANF dispersion (2 mg/mL) was diluted to 30 mL by
DMSO. Then MWCNT DMSO dispersions (0.1 mg/mL) of differ-
ent volumes (0, 0.92, 1.54, 1.86, 3.16, and 4.86mL corresponding
to ANF films and composite films with 1.5%, 2.5%, 3%, 5%, and
7.5% MWCNTs, respectively) were added. For all mixtures, 4 mL
of DI water was further added, which resulted in the formation
of a gel-like structure. The color of the solutions turned from
orange to yellow-white. The dispersions were stirred vigorously
for 2 h by a turbine mixer to ensure a homogeneous mixture
before vacuum filtration using nylon membranes with a 0.1 μm
pore size (Beijing Afit Bioscience Co) at a vacuum pressure of
�1 bar at room temperature. The vacuum-assisted LBL assem-
bly mimicked the procedure of the traditional LBL assembly
process. Briefly, the same volumes of ANF and MWCNT dis-
persions used during VAF were divided into 10 identical batches,
respectively. The first batch of the ANF dispersion was filtered

Figure 10. (a) TGA results, (b) relative length change from 25 to 200 �C, (c) a summary of CTE from 25 to 200 �C, and (d)
temperature dependence of CTE for an ANF film and composite films with different amounts of MWCNTs.

A
RTIC

LE



ZHU ET AL . VOL. 9 ’ NO. 3 ’ 2489–2501 ’ 2015

www.acsnano.org

2499

followedby the first batch of theMWCNTdispersion. This process
was repeated 10 times to achieve vacuum-assisted LBL as-
sembled composite films, which were washed with DI water to
eliminate impurities followed with air drying. Finally, they were
peeled off from the membrane using a homemade tweezer.
Thermal annealing of the composite films was conducted using
a tube furnace at 200 �C in air for 1 h.

Instruments and Testing. TEM images were obtained on a
transmission electron microscope (Tecnai G2 F20 S-Twin with
200 kV accelerating voltage of an electron beam). A dilution of
the blend was deposited on an ultrathin carbon-coated copper
grid and dried in an oven at 110 �C for 1 h before testing.
Scanning electron microscopy (SEM) images were captured
using a Quanta 200 (FEI, The Netherlands) machine with a
30 kV acceleration voltage. The cracked surface and cross-
sectional images were obtained using samples singled out from
the composite films after the mechanical tensile tests. For the
observation of the incompletely cracked surface, we deliber-
ately stopped the mechanical tensile test before the rupture.
Atomic-force microscopy (AFM) experiments were performed
in a tapping mode using a Dimension Icon atomic force micro-
scope system (Veeco). The samples for AFM testing were pre-
pared by immersing a PDDA-coated silicon wafer into aMWCNT
dispersion followed by water rinsing and air drying.

Fourier transform infrared (FT-IR) spectra were recorded
on a PerkinElmer Spectrum Frontier optical spectrometer. For
the powder products, 1 wt % MWCNTs were pressed with KBr
pellets and dried before FT-IR inspection. For film samples, they
were immobilized on a fixture for convenient measurement
directly. UV�vis spectra of the solutions were collected using
a TU-1810 spectrophotometer with a resolution of 0.5 nm. NIR
absorption spectra were obtained on a Hitachi U4100 spectro-
photometer. X-ray diffraction measurements were performed
on an X'Pert-Pro (Philips) using Cu KR (λ= 0.1541 nm) generated
at 40 kV and 100 mA with a scanning speed of 0.2� per min.
Raman spectra were taken by an HR800 (JobinYvon, Inc.)
machine with an excitation at 458 nm. The output power was
set as 20 mW with a 30 s information acquisition time. X-ray
photoelectron spectroscopy was performed using a PHI ESCA
5700 with Al KR (1486.6 eV). Sputtering by Arþ under 1 μA and
300 eV for 2 min before testing is essential for accurate data.

A commercial nanotensile testing system (Nano UTM Uni-
versal Testing System T150, Agilent Technologies) with the
method of “UTM-Bionix Standard Toecomp CDA” was used to
conduct the tensile test. The maximum load and crosshead
extension of this system are 500 mN and 150 mm, respectively.
The samples were prepared as slender belts cut from films and
fixed on perforated cardboard.The sizes of belt-like samples
were measured by a caliper. Three individual samples of
each category were prepared and tested. The tensile strain rate
was set as 1.0 � 10�3 mm 3 s

�1. During the test, there is a
sensitive spring that can provide a very small harmonic force
(4.5 mN) with specific frequency (20 Hz) on the sample. Thus,
the dynamic mechanical properties can be obtained during the
tensile test.

The thermal properties of the composite films andMWCNTs
were characterized by a thermogravimetric analyzer (TA Q500)
using a heating rate of 10 �C/min from 30 to 800 �C under an
atmosphere of nitrogen. Temperature sweep tests using a
thermomechanical analyzer (TA Q400EM) were carried out from
25 to 200 �C with a heating rate of 10 �C/min. The coefficient
of thermal expansion was determined with a 0.1 N preload on
8mm long and 2mmwidefilms during the secondheating cycle.

The electrical conductivities were measured with a four-
point probe Van der Pauw step using an Afilen E4980A tester.
The dielectric properties were measured using an HP4192A RF
impedance analysis tester with two fixed-size conductive silver
electrodes on both surfaces of the films.
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