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ingle-walled carbon nanotubes

(SWNTs) are the rolled-up form of

graphene sheets, the strongest cur-
rently known material." The Young's modu-
lus (stiffness) and ultimate strength of
SWNTs are theoretically estimated to be E
~1 TPa, oy ~ 300 GPa? and experimentally
determined to be £ ~ 0.64 TPa, oy ~ 37
GPa.! SWNTs are also extremely tough due
to their hollow structures, which allow en-
ergy to be absorbed by making inward col-
lapse and plastic deformation.? These ex-
ceptional mechanical properties of SWNTSs,
as well as multiwalled carbon nanotubes
(MWNTSs), have attracted significant re-
search attention for their potential use as
reinforcing fillers for polymeric composites.
However, macroscale composites made
from carbon nanotubes (CNTs) have not
yet fully produced the impressive mechani-
cal characteristics possessed by their nano-
scale constituents. The individual nanoscale
building blocks underperform when they
are incorporated into composites due to in-
efficient stress transfer with the polymer
matrix. This represents one of the most
challenging problems in materials science,
and its resolution has significant implica-
tions from both fundamental and practical
perspectives.

The road to practical realization of such
composites lies through careful structural
design of the materials and control of the
polymer—nanotube interface. Among other
techniques, molecular and nanoscale engi-
neering of different hybrid organic—
inorganic materials can be accomplished
by using the layer-by-layer assembly (LBL)
of composite manufacturing. Compared to
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ABSTRACT Efficient coupling of mechanical properties of SWNTs with the matrix leading to the transfer of
unique mechanical properties of SWNTs to the macroscopic composites is a tremendous challenge of today’s
materials science. The typical mechanical properties of known SWNT composites, such as strength, stiffness, and
toughness, are assessed in an introductory survey where we focused on concrete numerical parameters
characterizing mechanical properties. Obtaining ideal stress transfer will require fine optimization of

nanotube —polymer interface. SWNT nanocomposites were made here by layer-by-layer (LBL) assembly with
poly(vinyl alcohol) (PVA), and the first example of optimization in respect to key parameters determining the
connectivity at the graphene—polymer interface, namely, degree of SWNT oxidation and cross-linking chemistry,
was demonstrated. The resulting SWNT—PVA composites demonstrated tensile strength (o) = 504.5 * 67.3
MPa, stiffness (F) = 15.6 = 3.8 GPa, and toughness (K) = 121.2 = 19.2 J/g with maximum values recorded at o
= 600.1 MPa, £ = 20.6 GPa, and K = 152.1 J/g. This represents the strongest and stiffest nonfibrous SWNT
composites made to date outperforming other bulk composites by 2—10 times. Its high performance is attributed
to both high nanotube content and efficient stress transfer. The resulting LBL composite is also one of the toughest
in this category of materials and exceeding the toughness of Kevlar by 3-fold. Our observation suggests that the
strengthening and toughening mechanism originates from the synergistic combination of high degree of SWNT
exfoliation, efficient SWNT—PVA binding, crack surface roughening, and fairly efficient distribution of local stress
over the SWNT network. The need for a multiscale approach in designing SWNT composites is advocated.

KEYWORDS: SWNT - nanotube - multilayer assemblies - layer-by-layer
assemblies - mechanical properties - nanocomposites - strength - stiffness -
toughness

the traditional extrusion, mixing, supercriti-
cal liquid processing, and other methods of
bulk composite preparation, LBL possesses
key advantages for nanoscale organization,
such as a high degree of structural control,
ability to incorporate different nanomateri-
als in one structure leading to multifunc-
tional composites, and the possibility to
produce coatings and free-standing films
on 2D and 3D surfaces and topologies. This
LBL technique presents another unique ad-
vantage in terms of nanoscale mechanics.
Intermediate rinsing stages of the LBL pro-
cess stimulate
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Figure 1. (A,B) UV—vis absorbance spectra of [PVA/SWNT_coon (15.8)], LBL assembly. The values
of n are indicated in the graphs. (C—E) UV—vis absorbance at 300 nm trend of LBL assembly with
various solution conditions: (C) processing temperature, (D) pH of a PVA solution, and (E) pH of

a SWNT solution.

efficient interfacial bonding between the components
of the composites by removal of polymeric chains
loosely attached to SWNTs. The LBL composites have
also shown unusually high loadings of SWNTs and ex-
cellent homogeneity of the resulting material. Orienta-
tion of nanotubes along one direction has been demon-
strated during the LBL processing.** Alignment of
reinforcing fillers should help to distribute the stress in
the material better than randomly oriented fillers, as
was recently demonstrated for clay platelets.S
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SWNT.cooH (7-9}
———- SWNT_¢o0on (0)

EDAX Spectrum (A.U.)
{Normalized by Carbon)

‘Fe  Na

L " s L L L L

Figure 2. EDAX measurements for SWNT_cqon treated with
varied HNO; concentrations. Averaged O/C ratio of
SWNT_coon(15.8), (7.9), and (0) were 0.23 = 0.01, 0.199 *
0.006, and 0.133 = 0.02, respectively. There are residual
amounts of Fe catalysis from SWNT production and Na from
acid filtration process.
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proved load transfer by cross-
linking, high crack surface
roughening, and energy dissipa-
tion in microcracks.

Brief Survey of Mechanical
Characteristics of Carbon Nanotube Composites. As CNT nano-
composites have been made by a large variety of tech-
niques, it is desirable to extract the principles determin-
ing the organization of various nanocomposites from
the large amount of available data. As the first step to-
ward this goal, we provide a brief survey of the mechan-
ical parameters reported for nanocomposites produced
from different manufacturing methods. In this effort,
we avoid extensive discussion of theoretical ap-
proaches, which can be found in several recent
reviews,”® but focus on simple numerical descriptors.
In addition to ultimate strength and stiffness, particular
attention is given to toughness (K), which, in many
cases, we calculated for the reported materials when
sufficient data are available in the corresponding publi-
cations. In our opinion, K is probably the most critical
parameter in many applications, ranging from fuel
cells' to aviation.'"'> We want to acknowledge that
methods of improving K in CNT nanocomposite sys-
tems are not well-understood'® and have been
achieved in the past mostly by rather accidental
discoveries.

CNT—polymer nanocomposite can be divided into
two major categories: unidirectional fibers and fairly
random bulk composites. There are significant differ-
ences in the properties, material design factors, manu-
facturing approaches, and potential areas of use be-
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tween the two categories as well as similarities, such
as necessity of strong matrix—nanotube bonding,
dense packing of CNT fillers, and the well-known chal-
lenge of full exfoliation of CNTs. Furthermore, monodis-
persity of SWNT structures is receiving growing atten-
tion in both directions.' The importance of the
monodispersity and the exfoliation of SWNTSs can be il-
lustrated by a simple example. The cylindrical fillers
with 10 and 1 nm in diameter have an order of magni-
tude difference in the interfacial area between fillers
and matrix,” which significantly affects the efficiency
of load transfer from matrix to nanotubes.'® Analytical
methods used to establish the degree of exfoliation can
also be employed to probe the size variations of SWNTs.
It includes the indirect optical measurements by
UV—vis—NIR spectroscopy (van Hove transitions),!”
Raman spectroscopy,'® band gap fluorescence micros-
copy,'® and direct observations by transmission elec-
tron microscopy (TEM) and atomic force microscopy
(AFM). A combination of these methods should be ap-
plied to characterize nanocomposites.

Unidirectional CNT Nanocomposite Fibers. One of the most ob-
vious and efficient ways to introduce alignment of CNTs
is the utilization of shear dynamic forces. Ribbons with
a significant degree of alignment were formed by in-
jecting SWNTs dispersed in poly(vinyl alcohol) (PVA)
into a vigorously stirred solution. The mechanical prop-
erties of the produced fiber were o, = 150 MPa, E =
15 GPa, and K ~ 2 J/g.2° Improvements were made with
similar solution spinning techniques, yielding fibers of
oyt = 1.8 GPa and K = 570 J/g with 60 wt % of SWNT
loading.?'?? These measurements were rivaled by those
of fibers made by the hot drawing approach which pro-
duced o = 1.8 GPa for SWNTs and o = 1.4 GPa for
MWNTs.? The toughness measurements for the same
materials were reported to be K = 870 J/g for SWNTs
and K = 690 J/g for MWNTs, holding the record for the
aligned fiber composites. The high toughness of these
CNT fibers was explained by the partial crystallinity of
PVA, efficient alignment, and interactions between
SWNTs and PVA chains, but no information was dis-
closed regarding the CNT to PVA ratio and kinds of in-
teractions involved.?*

Although most solution spinning techniques for fi-
ber production have revealed efficient alignment of
SWNTs, very few of them have produced equally im-
pressive performance. We can infer from this observa-
tion that specific interactions between CNTs with PVA
must have a key role in the mechanical properties. The
importance of the matrix is illustrated by SWNT fibers
made from sulfuric acid dispersion without polymer
matrix.'® The fibers yielded o = 116 MPa and E = 120
GPa (data were insufficient for calculation of K). With-
out a polymer binder, the ultimate strength of solution-
processed SWNT fibers cited here is an order of magni-
tude lower than those from polymer-containing fibers.
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Figure 3. (A) AFM image of [PVA/SWNT_coou(15.8) + PSS]; and (B)

height information of section analysis following blue arrows in (A).

(C) AFM image of [PVA/SWNT _coon(15.8) + PSS],.

Spinning of gels with SWNTSs was realized for poly-
acrylonitrile composites and resulted in 5—10% SWNT
loaded fibers with o, = 360 MPa, E = 16.2 GPa, and K
~ 20.2° The authors pointed out that the exfoliated
state of SWNTSs in the solution was not preserved in
the fibers as indicated by the disappearance of van
Hove transitions.2® PVA gels can also be spun with
SWNTSs producing fibers yielding noticeably better per-
formance with o = 1.1 GPa, E = 35.8 GPa, and K ~ 32
J/g, although the SWNT content was fairly low—only
3%.2” Wet spinning of SWNT fiber with poly(p-
phenylene-2,6-benzoxazole) (PBO) displayed o = 4.2
GPa, E = 167 GPa, and K ~ 45 J/g with 10% SWNT con-
tent.®®

Multiwalled carbon nanotubes (MWNTs) can be syn-
thesized in an aligned fashion (i.e., nanotube forest),?
making dry spinning of CNT fibers possible without an
intermediate dispersion stage.3° Dry spinning was first
developed to produce twisted CNT yarns and was later
incorporated with polymer infiltration®' and solvent
densification® to increase yarn strength. The earlier re-
ports on dry spinning showed density-normalized ulti-
mate strength of o/p = oy = 500 MPa - cm?3/g.3* The
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Figure 4. SEM images of LBL film cross sections: (A) [PVA/SWNT_coon(0) + PSSl,g0 With GA treatment, (B) [PVA/SWNT_coon(7.9)
+ PSS 1,00 With GA treatment, and (C) [PVA/SWNT _coon(15.8) + PSSla0 With GA treatment. (D,E) Close-up images of cross sec-
tions for [PVA/SWNT_coon(7.9) + PSSlsoo and [PVA/SWNT_coon(15.8) + PSSl,5, respectively.

best performance from such a process is an aerogel-
type spun fiber showing o = 8.8 GPa, E = 357 GPa,
and K = 121 J/g.3* Recently, similarly respectable mea-
surements have been reported for a dry spun fiber hav-
ing oy = 3.3 GPa, E = 263 GPa, and K = 975 J/g.%®°
Note, however, in this material, most of the energy ad-
sorption took place after the maximum in stress had
been reached. Overall, dry spinning improves both
strength and stiffness by efficient alignment of intact
and long MWNTSs, as well as by densification to optimize
stress transfer between nanotubes. However, the
toughness of matrix-free fibers still suffers compared
to those made by solution spinning.

Micro/nanofibrillar sheets have also been made by
aligned CNT fibers. The density-normalized strength of
transparent sheets woven from CNT yarns was reported
to be oy =175 MPa - cm?3/g, which exceeds the
density-normalized strength of steel, oy ¢ ~ 125
MPa - cm?/g. For comparison, one can also recall the
density-normalized strength of Mylar or Kapton films,
oud ~ 160 MPa - cm?/g, and aluminum, o ;@ ~ 250
MPa - cm?/g.36 Another unique example is CNT growth
on a SiC fabric. The flexural mechanical properties of the
SiC—MWNT fabric were Griexural = 150 MPa, Efjexural =
24 GPa, and Kpiexural = 30.4 N mm.%’

Electrospinning (e-spinning) is also a popular
method for preparing nanofiber-based sheets. Polysty-
rene, polyurethane,® Nylon 6,2° PVA,* and
polyacrylonitrile* ~** have been employed as a poly-
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mer matrix for electrospun fibers. Polyurethane—SWNT
e-spun nanofiber sheets showed o = 15 MPa, E = 25
MPa, and K ~ 29 J/g.38 E-spun polyacrylonitrile compos-
ite mats showed a different behavior. With 20% MWNT
loading, the e-spun sheets yielded o, = 285 MPa, E =
14.5 GPa, and K ~ 5.4 J/g.*

It must be brought to your attention that most of
the CNT-based fibers described so far do not possess
mechanical characteristics sufficiently higher than those
of commercialized long carbon fibers. For example,
the mechanical parameters of the strong Torayca car-
bon fibers made by Toray Inc. have o,; = 6.4 GPa, E =
294 GPa, ¢ = 2.2%, while the stiff Torayca carbon fibers
have oy = 3.9 GPa, E = 588 GPa, £ = 0.8%. Their bulk
composites with 60% fiber and epoxy resin claim to
achieve oy = 3.0 GPa, E = 165 GPa, ¢ = 1.7% and o
= 2.0 GPa, E = 365 GPa, and ¢ = 0.6%, respectively, for
the strong and stiff fibers. These composites are now
used industrially in sporting goods, aerospace compo-
nents, pressure vessels, and so forth.

Homogeneous Bulk Composites. If we compare the data for
bulk composites and unidirectional fibers, it is easy to
see that mechanical parameters of the bulk composites
are significantly lower than those for the fibers, often by
an order of magnitude. This is related to several factors. (1)
The key structural difference between the two types of
composites is the need for nanotubes to stretch and reor-
ganize during the deformation of the bulk nanocompos-
ites, while the stress in the aligned fibers is transferred to

www.acsnano.org
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Figure 5. Tension test results of SWNT LBL nanocomposites. (A,C,E) Stress—strain and (B,D,F) toughness—strain curves of
(A,B) [PVA/SWNT _coon(15.8) + PSSlag0, (C,D) [PVA/SWNT _coon(7.9) + PSS lx00, and (E,F) [PVA/SWNT_coon(0) + PSSla0. Addi-
tional processing steps of the composites are indicated in the graphs.

the nanoscale “reinforcing bars” in a more efficient man-
ner. (2) Mixtures in kinetically frozen states, such as drawn
fibers, have an intrinsically lower degree of phase separa-
tion. Segregation of components, even at the nanoscale,
creates local defects, which is detrimental for mechanical
properties. This process has far greater propensity to take
place in thermodynamically equilibrated bulk phases. (3)
The CNT loading of aligned fibers is significantly higher
than those of the bulk composites in a same volume. We
must emphasize that, despite structural advantages,
fibrous materials still cannot replace bulk materials
for a variety of applications, especially when conti-
nuity, flatness, uniformity of heat/electrical/gas
transport, or isotropic distribution of stress are re-
quired. Furthermore, unidirectional fibers still need
secondary macroscale processing to prepregs, fab-
rics, braids, etc.

Keeping these issues in mind, let us survey some of
the bulk composites with the best mechanical character-
istics reported so far. Typically, more impressive mechan-
ical properties of materials in this class are obtained after
chemical cross-linking between the CNTs and the matrix,
which can be realized by in situ polymerization* and di-
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rect polymer functionalization of CNTs.* It was also
proven, theoretically, that cross-linking significantly im-
proves the overall composite strength?¢~*® and tough-
ness.*® These predictions®® were confirmed by a series of
pull-out experiments of CNTs from polymer matrix with
various interfaces®'*? showing that more efficient load
transfer to fibers takes place after cross-linking. One rep-
resentative example is an SWNT—Nylon 6 composite fiber
with o = 109 MPa, E = 0.790 GPa, and K ~ 146 J/g.> Di-
rect functionalization with polyurethanes also pro-
duced bulk composites with oy, = 45 MPa, E =
0.0096 GPa, and o = 38 MPa, E = 0.022 GPa for
mixed and grafted composites, respectively.>* The
strain of these materials was as high as s = 969%
(mixed) and s = 852% (grafted), which corresponded
to toughness of K ~ 124—167 J/g. Although the strain
of elastomeric materials is usually high, the stiffness of
these materials is typically fairly low.>> Analogous re-
sults were also obtained for chlorinated polypropylene:
our = 49 MPa, E = 0.68 GPa, K = 108 J/g.%¢ As ex-
pected, the same process for epoxy resins gave even
stronger and stiffer materials but with lower toughness:
oue = 104 MPa, E = 2.65 GPa, K ~ 3.4 J/g.57

: AN
VOL.3 = NO.7 = 17111722 = 2009 ACNJANIC

N

)

1715



ARTICLE

1716

|
TABLE 1. Comparison Table of Ultimate Tensile Strength (o), Stiffness (E), Toughness (K), Strain (g), and CNT Loading

for LBL Composites and Other Materials

samples (estimated CNT loading) cross-linkage oy (MPa) E (GPa) K(/g) € (%)
[PVA/SWNT _gox(15.8) + PSS] LBL (70%) GA 391.5 = 36.8 13.2+24 42.8 £10.5 184
heat 359.9 = 415 15128 414£74 18*3
257.2 £ 246 11.9+25 13.8 =38 n=1
PVA/SWNT _¢oo4(7.9) + PSS] LBL (60%) GA 504.5 * 67.3 156 £3.8 1212 =192 39*3
heat 452.6 = 30.1 23024 479 £16.9 164
2245 £ 15.1 11.6 = 2.0 26.9 £10.5 19=*7
[PVA/SWNT _coou(0) + PSS] LBL (47%) GA 2334 £ 257 1M3*+20 113 +50 8+3
heat 262.57 £ 2.1 10.9 = 0.8 128 =15 8+ 1
196.6 = 30.2 142 =17 58+3.8 6+2
[PVA/Clay] LBL® GA 400 = 40 106 = 11 ~05 0.3 £0.04
PVAS 40 =4 1.7%£02 ~717 35+4
high performance CNT fiber** (100%) 8800 357 121 ~8
Kevlar fiber®! 3600 90 33 5
spider silk®' 1150 = 200 79+18 165 = 30 39
aluminum alloy (7075-T6) 572 71.7 29 n

Cross-linking is a logical approach to improving me-  Composites from CNTs with noncovalently attached
chanical characteristics, but recent data suggest that it  poly(p-phenylene ethynylenes), which are often used
is not the only answer and probably not the best an- in luminescent sensors,*>%° were demonstrated to yield
swer to the question of load transfer improvement.>® competitive mechanical properties of oy = 250 MPa, E

500 nm

a [PVA/SWNT_coon(15.8) + PSS] LBL composite with heat cross-linking.
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= 5 GPa, and K ~ 25 J/g.5" Crystallized poly(vinyl alco-
hol) (PVA) composites with 0.6% MWNT loading were
reported to produce o, = 348 MPa, E = 7.04 GPa, and
K ~ 6.7 J/g.52 Therefore, one may also choose to utilize
polymers with strong physical adsorption on the nano-
tubes. Such polymer chains may order and crystallize
around CNTs,%3%* which can strongly affect the mechan-
ics at the CNT—polymer interface. Toughness was im-
proved 1.7-fold for crystalline PVA reinforced by addi-
tion of MWNTs and 4.4-fold for cross-linked
PVA—MWNT composites.5? Note, the CNT content in
these composites was fairly low. The same can be noted
for other homogeneous bulk composites.**®® The
toughness of a composite can be greatly improved by
chemically grafting CNTs and polymer matrix.66~68
Even 0.5—1% of CNT loading could produce a 3—6
times increase in tensile strength, modulus, strain, and
toughness, resulting altogether from a chemical cross-
linkage. However, systematic understanding of im-
provements made by cross-linking is currently fairly em-
pirical and not systematic.

LBL-assembled nanotube materials have more simi-
larities with bulk CNT composites than fibers because
the nanotubes in LBL multilayers also undergo substan-
tial restructuring during deformation. With a subopti-
mal polymer such as poly(ethyleneimine) (PEl), the hy-
brid composites displayed o; = 220 MPa, E = 16 GPa,
K ~ 0.85 J/g® and o = 150 MPa, E = 4.5 GPa, K ~ 3.7
J/g7° for SWNT and MWNT multilayers, respectively.
The impressive strength performance with weak poly-
mer compared to other previously mentioned materi-
als is attributed to the uniform CNT dispersion, kinetic
thresholds for phase separation, and high loading of
CNT fillers. Recently, ordered packing of strong fillers,
such as clay nanoplatelets by LBL assembly with PVA
and appropriate cross-linking between constituents,
showed exceptionally strong and stiff mechanical prop-
erties in the resulting composite films.®

RESULTS AND DISCUSSION

In this study, SWNTSs dispersed in diluted PSS aque-
ous solutions were LBL-assembled with PVA following
procedures described in the Experimental Section. The
dissolution in PSS allowed the HiPCo SWNTs to be almost
perfectly exfoliated.”"”? The SWNT colloids were nega-
tively charged due to PSS wrapping and oxidation, while
the PVA is neutral under the used conditions of LBL as-
sembly (see Experimental Section). Thus, the traditional
understanding of LBL as an alternation of positive/nega-
tive components is not completely applicable to these
multilayers. The driving force of SWNT—PSS adsorption
on PVA is a manifold of fairly weak interactions, which in-
clude hydrogen bonding, van der Waals attraction, dipo-
lar electrostatic forces, and hydrophobic interaction.”® The
repetition of LBL cycles resulted in linear film growth,
which was identified by UV—vis absorption spectra (Fig-
ure 1A,B). The growth rates depended on pH and temper-
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ature (Figure 1C,D). After the initial stage of optimization
of the layering process, whose description we omitted
here for brevity, we chose PVA solution with pH 1.5 and
SWNT dispersion with pH 12 as the LBL processing condi-
tions for the preparation of thick free-standing films for
mechanical testing. These conditions gave the densest
SWNT adsorption per deposition cycle compared to oth-
ers (Figure 1C—E).

The optical properties of nanomaterials are charac-
terized by discrete excitonic transitions from valence
electronic bands to conduction bands. For SWNTs, they
are observed in UV—vis—NIR spectra as a series of
peaks and shoulders known as van Hove singularities.
These peaks and shoulders are not observed from pow-
dered or highly bundled SWNTs because of electronic
broadening of energy states, but only from well-
separated or exfoliated SWNTs, according to their size
and structural distributions. Importantly, for LBL films of
SWNTs, the sharp van Hove transitions are observed
and do not change as the number of SWNT cycles in-
creases (Figure 1A,B). This indicates that the exfoliation
of SWNTs in the solution state can be preserved during
LBL assembly and that little electronic coupling with ad-
jacent SWNTs occurs as the film becomes thicker. We
would like to point out that the spectral characteristics
of SWNT multilayers are in contrast to LBL films made
from metal particles in which the plasmon peak shifts
strongly with increasing LBL deposition cycles.”*

To confirm the exfoliated state of adsorbed SWNTs,
film topography was observed by tapping mode atomic
force microscopy (AFM). The degree of exfoliation of
SWNTSs was assessed using the height differences ob-
tained in section analysis (Figure 3A,B) as an indicator.
Even though few agglomerates were observed, the
height of the majority of long strands associated with
SWNTSs was less than 2 nm, which is indicative of a high
degree of exfoliation. Furthermore, few thick strands
having cross sections above 2 nm could be due to both
localized thick polymer coverage on individual SWNTs
and occasional bundles of long and short tubes.

Film samples prepared by LBL were examined in re-
spect to their structure and composition. SEM images
of cross sections indicate that the resulting LBL films
can be described as dense nonporous materials (Fig-
ure 4A—C). The thickness of a 200-bilayer LBL nancom-
posite ranged between 300 and 400 nm, which corre-
sponds to 1.5—2 nm of adsorption in each deposition
cycle. Morphologies reminiscent of combed hair were
observed at edges cut by a razor blade (Figure 4D,E).
Carbon nanotube contents in the film were varied by
changing the surface charge of SWNTs and adsorption
of polymer during LBL processing. Overall, the SWNT
loading in the LBL films was estimated by TGA to be
47% with SWNcho()H(O), 60% with SWNchooH(79), and
72% with SWNT_coon(15.8) when we compared the
tests in air and N, environment’? (see Supporting Infor-
mation Figure S1). On the basis of the C, O, and S com-
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position in the composites, as determined by XPS (Ap-
pendix), the estimated content of PSS in the LBL films
was 1.1 £ 0,2.9 = 2.0,and 2.1 = 1.2% for SWNT_coon(0),
SWNT_coon(7.9), and SWNT_coon(15.8), respectively.
Even considering the potential inaccuracy of XPS, the
measured amount of PSS in the composites was unex-
pectedly low. Originally, from 1:2 mass ratio of SWNT/
PSS in the dipping solutions, 20—40 times more SWNTs
were actually transferred to the solid composites by
LBL assembly than PSS. This fact indicates that virtually
the only PSS molecules incorporated on the films are
those wrapping SWNTs. Free PSS does not adsorb in the
LBL process. Also, it is possible that some PSS chains in
the solid state are being replaced with PVA and re-
leased, driven away by strong interactions between
SWNTs and PVA. Under any circumstances, such a pro-
cess has not been, to the best of our knowledge, re-
ported yet and should significantly affect the mechani-
cal properties.

Because one of the goals of this study was to carry
out systematic optimization of the structure of materi-
als in respect to such a complex characteristic as me-
chanical strength, we had to make a choice in respect
to parameters that significantly affect the basic me-
chanical characteristics. Two principal parameters de-
termining materials’ performances were selected: (1)
the average density of functional groups on a SWNT;
(2) the method of SWNT—matrix cross-linking. Optimi-
zations of other processing factors should, in principle,
be done as well, but they probably have a smaller effect
on stress transfer at the SWNT —polymer interface.

A greater degree of oxidation makes the interfacial
interactions between PVA and SWNTs stronger. How-
ever, it also results in the loss of the atomic perfection
of SWNTs. Furthermore, creation of functional sites on
the SWNT is not uniform. End caps are expected to be
oxidized first and side walls later. The average degree of
functionalization can be achieved by adjusting acid
treatment conditions of SWNTs: HNO; concentration
and treatment time. We investigated three groups of
SWNTs in respect to this parameter: no oxidation (0 M),
7.9 M/1 h, and 15.8 M/2 h (all at room temperature). In-
deed, EDAX measurements confirmed that the degree
of oxidation varied gradually between these three
groups (Figure 2).

Note that the chemistry of the SWNT surface af-
fected not only stress transfer function but also the
overall contents of SWNTs in the composites. Signifi-
cant variations in tensile strength and modulus were
observed in respect to the degree of oxidation of
SWNTs (Figure 5A,C,E). The changes in the toughness
were even stronger. Starting from 7.7 J/g for pure PVA,
the toughness of the LBL composites was recorded to
be 5.5, 26.9, and 13.8 J/g for SWNT_coon(0),
SWNT_coon(7.9), and SWNT_coon(15.8), respectively.
These numbers reflect the cumulative effects of simul-
taneous changes in SWNT contents’' and stress trans-

fer conditions at the interface between SWNTs and
PVA.5%7> Qverall, in comparison with pure PVA, one can
improve toughness by as much as 3.5 times.

The two cross-linking methodologies used here were
thermal ester bond formation between —COOH in SWNTSs
and —OH in PVA and glutaraldehyde (GA) treatment,
which forms a complex branched matrix by cross-linking
PVA chains. We found that the LBL composite with
SWNT_coon(7.9) demonstrated the most dramatic effect
on mechanical properties from both heat and GA treat-
ments. After cross-linking the [PVA/
SWNT_coon(7.9)+ PSS, film, the mechanical properties
changed from the original values of oy = 224.5 MPa, E =
11.6 GPa, and K = 26.9 J/g to o,y = 452.6 MPa, E = 23.0
GPa, and K = 47.9 J/g for the heat-treated samples and to
oy = 504.5 MPa, E = 15.6 GPa, and K = 121.2 J/g for
samples after GA treatment. The maximum measure-
ments were recorded at oy, = 600.1 MPa, E = 20.6 GPa,
and K = 152.1 J/g in a GA-treated sample.

As we surveyed in the beginning of the paper, these
combinations of high strength, modulus, and toughness
are unusually high among all types of homogeneous bulk
composites, as well as for some fibers. This should be at-
tributed to simultaneous increase in SWNT loading and
significant improvement of stress transfer. The increase of
the nanotube content alone cannot lead to great im-
provements in mechanical properties due to their dis-
crete nature. Bucky paper, which does not display high
mechanical properties, can be an ultimate example of this
point. It can be compared to the material of the straw or
branch house in the classical story of Three Little Pigs. In
respect to oy, it is easy to see that the prepared materi-
als are stronger than any reported bulk SWNT composites
by 2—10 times. They also outperform all the other bulk
composites in stiffness (E), sometimes by several orders
of magnitude with the closest competitor being £ = 7
GPa,%2 which is about 2 times smaller. In respect to tough-
ness (K), the reported data for SWNT composites from
polyurethane, K ~ 124—167 J/g,>* are slightly higher than
those obtained in optimized LBL samples due to the ex-
ceptionally high strain of polyurethanes, which they are
very well-known for. However, these composites display
much smaller other parameters with o = 38 MPa and E
= 0.022 GPa.

While being superior to many fiber composites (see
above), LBL SWNT composites do not exceed the best
parameters for the drawn SWNT fibers due to the fact
that the nanotubes are not aligned: around 10—20
times lower than the high performance CNT fibers in
strength and stiffness (Table 1). However, the CNT fi-
bers require secondary processing steps to be used as
LBL composites. It is also interesting to compare [PVA/
SWNT_coon(7.9) + PSS, to other materials well-known
for their high mechanical properties. As such, the
strength of SWNT LBL composites competes with that
of aluminum alloys widely used in aviation while ex-
ceeding its toughness by about 3-fold. Interesting,
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while Kevlar fibers have substantially higher o, their
toughness is 3 times smaller than that of [PVA/
SWNT_coon(7.9) + PSSlxgo.

It is probably useful to discuss briefly the tough-
ness of composites using a multiscale approach in re-
spect to structural features of the composites at two
levels of organization: molecular and nanometer struc-
tural features. The combination/optimization of both
(with potential addition of micro- and mesoscale struc-
tural features) will be the most successful for the further
increase of energy dissipation in the materials.

Molecular-scale structural features are represented
here by different cross-linking agents, different de-
grees of oxidation of SWNT, and nanoscale deforma-
tions of the constituents (SWNTs in particular). These
bonds and interactions are most immediately involved
in the stress* and sheer transfer’® at SWNT—polymer
interface. Despite the controversial results of the re-
ported effects of cross-linking, mentioned before, one
can see in Table 1 that the cross-linked samples demon-
strated consistently higher K values, as well as the other
mechanical parameters, than the non-cross-linked ones.
Among them, mechanical parameters for GA-treated
LBL assemblies are typically better than those after heat
treatment except [PVA/SWNT_coon(0) + PSS]. Obvi-
ously, the functional groups on SWNT_coon(0) are not
as abundant as for the other nanotube dispersions, and
GA has very few “anchor points” to chemically attach
them to the polymer. Heat treatment, on the other
hand, is likely to result in cross-linking reactions with
some double bonds on the graphene surface. Overall,
the stress and sheer transfer at the interface between
SWNT_coon(0) and PVA/PSS matrix is inferior to that of
SWNT_coon(7.9) and SWNT_coon(15.8) despite the fact
that some degree of imperfection was introduced to
the crystal lattice of carbon atoms.

Different cross-linking techniques result in different
density, length, and positioning of covalent bonds. Ac-
cording to previously published data,”” ester bonds
formed by heat treatment are mostly limited to the edges
of SWNTSs and are short in molecular length. In contrast,
GA molecules are inserted between two PVA chains and
form ester bridges between —(OH) in PVA and —CHO in
GA,”® producing bonds that are longer and more flexible
than the ester cross-links. Hence, the toughness of GA-
treated samples is generally better than values of K for
heat-treated composites (Table 1). Cross-linking makes it
possible for the matrix to stretch SWNTSs. The fact that the
polymer matrix bound to the rigid fillers becomes more
rigid as a consequence of strong interfacial interaction
with the nanomaterials is likely to be of great help in this

EXPERIMENTAL SECTION

Purified HiPco SWNTs were purchased from Carbon Nanotech-
nologies Inc. (CNI). In order to incorporate various amounts of func-
tional groups on SWNTs, SWNTs were treated with 15.8 M HNO;
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respect.® The strain transfer to stretchable fillers as a
toughening mechanism’® can be very potent for SWNTs
but hard to realize in its ideal case, which leads to domi-
nant failure of nanotubes.

Going up with respect to dimension of structural fea-
tures, one can also relate toughness to nanometer-scale
deformations in the composites. They can be associated
with the movement of SWNTs as a whole in the matrix
when the stress transfer is not ideal and observed by tra-
ditional microscopy techniques and fracture patterns.
Fracture behavior resembling that of textiles was ob-
served in the toughest [PVA/SWNT _coon(7.9) + PSSla00
LBL film treated with GA using a high-resolution SEM (Fig-
ure 6A,B). These densely interwoven SWNT networks
evenly and homogeneously distribute the stress over a
large volume of the material.

One can also see very strong roughening of the
complementary surfaces. This roughened surface re-
sults in a greater area of cracks and, hence, requires
much greater stress than those of clear-cut surfaces
(Figure 6). This might be similar to the toughening
mechanism of human cortical bone in transverse break-
ing.2 The sample breaks with multiple microcrazing
(Figure 6), which can share the stress so that it signifi-
cantly increases the total capacity of transferred energy
as well as the strain, which might be also active in
electro-spun SWNT nanofibers*!

CONCLUSIONS

In this study, through systematic variation of quantifi-
able LBL fabrication conditions, we showed that the de-
gree of SWNT oxidation and methods of cross-linking are
the primary factors determining the mechanical proper-
ties of LBL composites. By tuning of the material structure
and the interface bonding, we fabricated a composite
material that produced record high mechanical proper-
ties not only among nonfibrous composites but also sur-
passing most fibers drawn from SWNTs and MWNTSs. Fur-
ther improvements of the mechanical properties are
certainly possible. However, out-of-the box innovative so-
lutions will be needed for improved stress transfer at the
SWNT—polymer interface at molecular scale, nanoscale,
and, probably, some special structural features at micro/
mesoscale. Otherwise, we see that it will be difficult to re-
alize ideal mechanical coupling between the nanotubes
and the matrix. Future directions should include detailed
computer simulations of this system to gain fundamental
understanding in mechanisms, such as the unusual ef-
fect of simultaneously increased strain and toughness
upon cross-linking and, potentially, other nanometer-
scale mechanics phenomena.

for 2 hand 7.9 M HNO; for 1 hin an ultrasonic bath. These function-
alized SWNTs were filtered with PTFE membrane, rinsed with
deionized water, and collected as solid powder. We denote

SWNT _coon(15.8) and SWNT _coon(7.9), respectively, by the concen-
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tration of HNO;. Nontreated SWNTs were denoted as

SWNT _coon(0). The relative amounts of oxygen incorporated in
SWNT—COOH were estimated by EDAX analysis (Figure 2). This
powder was re-dispersed in a poly(sodium 4-styrene sulfonate)
(PSS, MW 1000 000, Sigma-Aldrich Co.) solution in an ultrasonic
bath for 3 days. The weight ratio of SWNTs and PSS was 1:2, and
the concentration of SWNTs was adjusted to 0.05 wt %. Poly(vinyl
alcohol) (PVA, MW 195 000, Mowiol 56-98, Kuraray and Fluka) solu-
tion was prepared as a counter LBL partner of SWNTSs.

LBL assembly was carried out on cleaned glass substrates.
First, the glass slide was dipped in a PVA solution (pH 1.5, 0.25 wt
%, 20 °C) for 10 min then rinsed in deionized water (pH 5—7) and
dried in compressed air. The slide was again dipped in a SWNT dis-
persion solution (pH 12, 1 wt %, 20 °C) for 10 min then followed
by rinsing and drying. This cycle was repeated n times, producing
a coating with a cumulative structure [PVA/SWNT _coo1(15.8, 7.9, 0)
+ PSS],. We used automated LBL deposition robots to minimize
the variability of manufacturing parameters.

Bonding of SWNT functional groups to matrix was done by
two methods: (1) thermal cross-linking annealing at 220 °C for
10 min; (2) chemical cross-linking by immersion in 5% glutaralde-
hyde (GA) solution in water for 1 h and subsequent drying in a
vacuum. Subsequently, the films were easily peeled off from the
substrate by immersing in 1% HF solution.

The mechanical properties of the SWNT composites were ob-
tained by a stretching test in an Instron Q systems model 100
(Test Resources). The free-standing sample strips were cut to 1 =
0.3 mm of width. The rate of stretching and the initial gap between
grips were 0.01 mm/s and 4 = 1 mm, respectively. For accuracy,
all the testing dimensions were directly measured by precision cali-
pers and the measurements were reproduced and averaged 3—5
times.

Scanning electron microscopy (SEM) images were taken by a
FEI Nova Nanolab dualbeam FIB and scanning electron micro-
scope. Atomic force microscopy (AFM) imaging was performed
with a Nanoscope lIl atomic force microscope (Digital Instruments/
Veeco Metrology Group). X-ray photoelectron spectroscopy (XPS)
results were obtained uaing a Kratos Axis Ultra X-ray photoelectron
spectrometer. UV—vis absorption measurements were taken us-
ing an Agilent 8453E UV —visible spectrometer. Thermogravimet-
ric analysis (TGA) was performed by a PerkinElmer Pyris 1 TGA. El-
lipsometric measurements were obtained from an M-44 IR
spectroscopic ellipsometer (J. A. Woollam Co., Inc.).
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APPENDIX

TABLE Al. XPS Analysis of SWNT LBL Nanocomposite Films

amt % ratio
samples cross-linkage € 0 S o

[PVA/SWNT _gg4(15.8) + PSS] LBL film 760 238 02 3.2
heat 773 225 02 34

GA 775 223 0.2 35

PVA/SWNT _gou(7.9) + PSS] LBL film 803 187 09 43
heat 779 218 03 3.6

GA 784 212 03 37

[PVA/SWNT _cgo4(0) + PSS] LBL film 788 208 03 3.8
heat 80.8 190 02 43

GA 80.7 187 0.6 43
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