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Abstract: A nanocomposite carbon was prepared by grafting a carbonizable polymer, poly(furfuryl alcohol)
(PFA), to a single-wall carbon nanotube (SWNT). The SWNT was first functionalized with arylsulfonic acid
groups on the sidewall via a method using a diazonium reagent. Both Raman and FTIR spectroscopies
were used to identify the functional groups on the nanotube surface. HRTEM imaging shows that the SWNT
bundles are exfoliated after functionalization. Once this state of the SWNTs was accomplished, the PFA-
functionalized SWNT (PFA-SWNT) was prepared by in situ polymerization of furfuryl alcohol (FA). The
sulfonic acid groups on the surface of the SWNT acted as a catalyst for FA polymerization, and the resulting
PFA then grafted to the SWNTs. The surfaces of the SWNTs converted from hydrophilic to hydrophobic
when they were wrapped with PFA. The formation of the polymer and the attraction between it and the
sulfonic acid groups were confirmed by IR spectra. A nanocomposite carbon was generated by heating
the PFA-SWNT in argon at 600 °C, a process during which the PFA was transformed to nanoporous carbon
(NPC) and the sulfonic acid groups were cleaved from the SWNT. Based upon the Raman spectra and
HRTEM images of the composite, it is concluded that SWNTSs survive this process and a continuous phase
is formed between the NPC and the SWNT.

Introduction and stiffness of the composite materialBue to the extraor-
dinary properties of SWNTSs, it would be interesting to augment
or replace carbon fibers with SWNTs in CC composites to create
a nanocompositéOn the other hand, although a wide range of
host materials have been explored for the preparation of CNT
composites, including polymerfsgeramics metal? and col-
loidal dispersiond? CNT composites made with carbon as the
host material have been only rarely reportéd feasible way
to prepare a SWN¥carbon nanocomposite would be to disperse
"the SWNTSs in a carbon precursor, for example, a carbonizable
polymer. As such, poly(furfuryl alcohol) (PFA) is a good
candidate for this purpose, since by heat treating PFA in inert

The discovery of carbon nanotubes (CNTsgspecially
single-wall carbon nanotubes (SWNPslgd to a new era of
carbon science and technology which has sought a deeper,
understanding of their physics and chemistry while also explor-
ing their potential for novel applications. The CNTs exhibit
exceptional electronic and mechanical properteshich make
them attractive candidates as constituents of new high perfor-

important class of materials with applications in aerospace, the
nuclear industry, and the chemical industry. In CC composites,
the carbon fibers with their high mechanical strength are used
to reinforce the brittle carbon matrix material. The fibers’ (5) Buckley, J. D.; Edie, D. DCarbon-carbon materials and composites
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+ Department of Chemical Engineering. Jia, Z. J.; Wang, Z. Y.; Xu, C. L.; Liang, J.; Wei, B. Q.; Wu, D. H. Zhu,

S. W. Mater. Sci. Eng., A1999 271, 395-400. (c) Kymakis, E.;
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Materials Research Institute. Amaratunga, G. A. JAppl. Phys. Lett2004 80, 112-114. (d) Pirlot, C..
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gas one obtains a nanoporous carbon (NPC) with a narrow poreSWNTSs is far from guaranteed due to their inherent insolubility.
size distribution (median around 0.5 ni)Depending upon To approach a more uniform dispersion, the SWNTs should be
how this carbon is post-treated, it can be further densified or modified to make their surfaces more compatible with the
made to be highly porous. Therefore, it can be used for a rangepolymer matrix. It is commonly agreed that the nanotubes
of potential applications, from those in which it is a structural decorated with polymers that are structurally similar to the
component to those in which it is an adsorbent, gas separationpolymer should have good compatibility and would lead to much
membrane, catalyst support, or even an ultracapacitét. better nanocomposité$ Therefore to prepare a well-developed
Hence the combination of the NPC with SWNTSs could lead to SWNT/NPC composite, we would prefer to disperse the SWNTs
a nanocomposite with very interesting properties that could be in furfuryl alcohol, then polymerize to form a polymer around
tuned for different applications. the tubes, and then pyrolyze to create a strong carbarbon
However, before that potential can be explored, let alone interface between the SWNTs and the NPC. Thus, the essential
realized, the main challenge to progress in making such agoal is to define a methodology that could enable SWNTSs to
nanocomposite of this kind (or any kind) with SWNTs is to disperse well in PFA by actually decorating them with PFA.
overcome the poor dispersion and low interaction of SWNTs  Recently, modification of SWNTs with polymers has been
with the matrix or its precursd1”1° One reason for poor  widely studied with the ultimate purpose of controlling their
dispersion in monomers or polymers lies in the fact that the solubility and processibility, either through covalent bonding
as-produced SWNTs are self-assembled in bundles with rela-or noncovalent bonding. Smalley et al. reported that SWNTs
tively strong interaction energies between neighboring tubes could be reversibly wrapped with a variety of linear polymers
(~0.5 eV/nm along the tube-to-tube contact lengf? This, such as poly(vinylpyrrolidone) (PVP) and polystyrene sulfonate
plus their inherent nonpolarity, makes it difficult to dissolve (PSS)3° Polysaccharides, such as starch and gum Arabic, were
SWNTSs either in water or in most organic solvents or to disperse also able to exfoliate bundles and wrap individual SWNTs to
them in most polymeric hosts. Therefore, our inability to make them soluble in watét:32 However, even though the
manipulate and process SWNTs by methods used to make othenoncovalent attachment does not alter the structure of the
composites has slowed progress in preparing new nanocom-SWNTS, the interactions between the wrapping molecule and
posites. But some work has been done within the constraints ofthe nanotube are weak. Therefore if a nanocomposite of this
solubility and dispersion imposed by the properties of the native kind was prepared, the low load transfer efficiency between the
SWNTs22-24 SWNT and polymer matrix would be problematic. Additionally,
Liquid-phase dispersion is often used to fabricate nanotube- only specific classes of polymers can be attached onto SWNTs
polymer composites, and the most common method used towith these strategies.
disperse SWNTs in a polymer is to suspend the tubes in a On the other hand, a much stronger interaction between
solvent containing the polymer and then to ultrasonicate the SWNTs and a polymer might be achieved by covalent func-
mixture7¢.74.11.25.267|though this is easy and readily done, itis tionalization. Significantly, several covalent functionalization
of limited value as a general method of nanocomposite strategies were studied recently, including fluorination with
preparation since precipitation and settling of the SWNTSs occurs elemental fluoriné? ozonation®* cycloaddition with nitrene,
almost immediately after sonication is discontinued. Nonethe- carbene, or radicaf&, Bingel reactior’® and electrochemical
less, by dispersing the SWNTs in monomer (with or without reduction of diazonium sal& After being functionalized using
ultrasonication) followed by rapid in situ polymerization one of these strategies, the SWNTSs can then be grafted to some
polymer-SWNT nanocomposites have been nTa8é7-28How- polymers, with their tailored chemical and surface properties,
ever, a homogeneous dispersion within the polymer of the to prepare polymerSWNT nanocomposite®s:3°
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Chem. B200Q 38, 8911-8915. M.; Holzinger, M.; Hirsch, A.J. Am. Chem. So2002 124, 760-761.
(23) Shi, Z.; Lian, Y.; Zhou, X.; Gu, Z.; Zhang, Y.; lijima, S.; Gong, Q.; Li, (36) Coleman, K. S.; Beiley, S. R.; Fogden, S.; Green, M. LJHAm. Chem.
H.; Zhang, S.-L.Chem. Commur200Q 461-462. Soc 2003 125, 8722-8723.
(24) Babhr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R. E.; Tour, J.  (37) (a) Dyke, C. A,; Tour, J. MJ. Am. Chem. SoQ003 125 1156-1157.
M. Chem. CommurR001, 193-194. (b) Hudson, J. L.; Casavent, M. J.; Tour, J. 8.Am. Chem. So2004
(25) Stephan, C.; Nguyen, T. P.; de la Chappelle, M. L.; Lefrant, S.; Journet, 126 11158-11159. (c) Bahr, J. L.; Yang, J.; Kosynkin, D. V.; Bronikowski,
C.; Bernier, P.Synth. Met200Q 108 139-149. M. J.; Smalley, R. E.; Tour, J. Ml. Am. Chem. So@001, 123 6536-
(26) Curran, S. et alSynth. Met1999 103 2559-2562. 6542, (d) Price, B. K.; Hudson, J. L.; Tour, J. M.Am. Chem. So@005
(27) Feng, W.; Bai, X. D.; Lian, Y. Q.; Liang, J.; Wang, X. G.; Yoshino, K. 127, 1186711870.
Carbon2003 41, 1551-1557. (38) (a) Yao, Z.; Braidy, N.; Botton, G. A.; Adronov, A. T. Am. Chem. Soc
(28) Park, C.; Ounaies, Z.; Watson, K. A.; Crooks, R. E.; Smith, J., Jr.; Lowther, 2003 125 16015-16024. (b) Li, H. M.; Cheng, F.; Duft, A. M.; Adronov,
S. E.; Connell, J. W.; Siochi, E. J.; Harrison, J. S.; St. Clair, TChem. A. J. Am. Chem. SoQ005 127, 14518-14524.
Phys. Lett 2002 364, 303—-308. (39) Bulffa, F.; Hu, H.; Resasco, D. Klacromolecule®005 38, 8258-8263.

11308 J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006



Preparation of Nanocomposite Carbon ARTICLES

Scheme 1. Preparation of SA-SWNT
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Scheme 2. Preparation of PFA-SWNT and NPC/SWNT Composite
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Since PFA is a cross-linking polymétijt would be difficult prepare PFA-functionalized SWNTSs. Typically a raw sample
to wrap it around an SWNT simply through noncovalent of as-prepared SWNTs (AP-SWNTSs) contains metal catalyst
interactions. However, through covalent interactions it would particles surrounded by multilayer carbon shells. To remove
be possible for PFA to bond directly with the SWNTs and to the impurities a procedure similar to that of Smalley’s group
wrap them. Sulfonic acids, such para-toluenesulfonic acid was used? The purified SWNTs (p-SWNTs) were then
(p-TSA), are commonly used as catalyst for FA polymerization, functionalized in oleum (20% free SPusing sulfanilic acid,
and they have good solubility in both FA and PEASo it can sodium nitrite, and 2,2azobisisobutyronitrile to produce the
be expected that an SWNT with pendant sulfonic acid groups sulfonic acid functionalized tubes (SA-SWNTS}. High-
should be dispersible in FA and should catalyze FA polymer- resolution transmission electron microscopy (HRTEM) images
ization. Now quite conveniently for testing this line of reasoning, of SA-SWNTs show that the bundles become much smaller and
SWNTSs with arylsulfonic acid groups may be obtained through the number of isolated SWNTSs increases after functionalization
the use of a diazonium salt functionalization methodology (see Supporting Information).
developed by Tour et dl.Based on these ideas, we report herein  In a typical experiment for the preparation of PFA-function-
a method to prepare an SWNT and NPC nanocomposite. Inalized SWNTSs, a specific amount of SA-SWNTs was dispersed
this process, SWNTs made from high-pressure CO dispropor-in FA with an ultrasonic processor (PGC Scientifics, 130 W).
tionation (HiPco) are functionalized with an arylsulfonic acid To reduce spontaneous thermal polymerization, 50% of the
(SA-SWNT, Scheme 1), which is similar to-TSA with a maximum amplitude was applied and the reaction was kept in
methyl group substituted by an SWNT. The “grafting-to” an ice bath. After ultrasonicating for 5 h, the suspension was
process begins when the monomer, FA, is polymerized by the poured into water with 10 times the volume of the FA. The
SA-SWNTs dispersed within it to produce PFA grafted to these first thing that could be noticed about these SA-SWNTs was
tubes (PFA-SWNT, Scheme 2). A carbecarbon nanocom-  the change in their water solubility (Figure 1). Due to the
posite was then obtained by simple pyrolysis of the PFA-SWNT. hydrophilic nature of the sulfonic acid group, SA-SWNTs were
Characterization of the grafted PFA-SWNTs and the nanocom- water-soluble and the solution is dark; however, after being
posite carbon is presented and discussed. treated with FA (PFA-SWNTSs), they became insoluble and the
solution is clear with the nanotubes lying at the bottom of the
vessel. Since FA is miscible with water, the insolubility of the

PFA Functionalized SWNT.HiPco SWNT purchased from  PFA-SWNTSs in water is due to the formation of PFA on the
Carbon Nanotechnologies, Inc. (Houston, TX) was used to tube, since the PFA is quite hydrophobic.

Results and Discussions

(40) Choura, M.; Belgacem, N. M.; Gandini, Macromoleculesl996 29, (42) Chiang, I. W.; Brinson, A. Y.; Willis, P. A.; Bronikowski, M. J.; Margrave,
3839-3850. J. L.; Smalley, R. E.; Hauge, R. H. Phys. Chem. R001, 105 8297
(41) Principe, M.; Ortiz, P.; Martinez, RRolym. Int 1999 48, 637-641. 8301.
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sp? network. Usually, the intensity of the D band is used to
probe the degree of functionalization. Any change on the
nanotube wall that affects its periodicity may strengthen the D
band scattering. It may arise from missing C atoms (vacancies),
covalent bond formation, or disorder of any kind in the aromatic
sm-domain. It is clear that the D band intensity of SWNTs has
significantly increased after being functionalized with the
sulfonic acid group (Figure 3B). The Raman spectrum of the
PFA-SWNT (Figure 3C) has similar features to those of the
SA-SWNT in both RBM and tangential mode. The intensity
ratio of the D band to G bandd/lg) was almost the same as
that of the SA-SWNT, suggesting that PFA wrapping did not
(a) (b) alter the hybridization of the carbon atoms within the SWNT
Figure 1. Photograph of SWNTSs in water. (a) PFA-SWNT with a clear framework. It was consistent with Scheme .2’ In .WhICh the PFA
supernatant and precipitate versus (b) SA-SWNT with a dark supernatant Was only attached on the end of the sulfonic acid group. It was
due to dispersion and solubility. also observed that the RBM of the PFA-SWNT became even
weaker than that of the SA-SWNT. This would be expected if

Contact angles of water on a membrane of an SA-SWNT ne attachment of the macromolecule would restrict the radial
versus on a membrane of a PFA-SWNT were measured t0preathing of SWNTs more than the arylsulfonic acid group

confirm that a transition from hydrophilic to hydrophobic had  gjone, a conclusion which seems logical.

occurred on SA-SWNTS after being treated with FA. For this | spectroscopy is useful for identifying the functional groups
objective, membranes of SA-SWNTs and PFA-SWNTs were appended to the SWNT4.Figure 4 shows the IR spectra of

prepared by casting them from a water suspension ontoa 0.2 p-SWNT (A), SA-SWNT (B), and the PFA-SWNT (C). The
Anodisc filter membrane. The membrane of the PFA-SWNT large IR band observed at c&3400 cnt! was attributed to

was washed thoroughly with water and acetone repeatedly 1055y mmetrical stretching vibrations of traces of water adsorbed
remove monomer FA and unattached PFA. The contact angle;, the KBr pellet used for the analysis. The aromatie©

of water on the membrane of the SA-SWNT wagC. The  gyetch at 1627 crit is commonly seen in IR spectra of SWNTS.
membrane of the PFA-SWNT was definitely hydrophobic with - afier functionalization, new bands at 1081 and 1045-&m
amuch higher water contact angle of-8%°. Scanning electron  45563red which corresponded to the sulfonic acid group. It was
microscopy (SEM) images were taken of both membranes jyieresting to note that the bands for the PFA-SWNT shifted to
(Figure 2). The morphology remains almost the same for SA- 5\yer frequencies by about 10 wavenumbers compared with
SWNTs and PFA-SWNTs. Bundles of SWNTSs could be seen o sao.SWNT. This clearly suggested that there could be
on both membranes without obvious size changes. The imagesyjectrostatic attractions between the sulfonic acid groups and
of the washed PFA-SWNT membrane confirmed that the 4,0 growing chains of PFA. The new signal at 1112 émwvas

hydrophobic character did not arise through a simple covering fom the ether linkage in PFA, which is proof of FA polym-

of the nanotube mat by bulk PFA thereby changing the contact o, ation. Enhancement of the—& stretching mode at 2922
angle. These results indicated that polymer was formed on the ;4 2853 cm! also confirmed the existence of PEA.

surface of the SWNT af_ter FA treatment and thgt the polymer NPC/SWNT Nanocomposite CarbonA PFA-SWNT was
was strongly bonded with t_he SWNT becaus_e I _COU|d not be pyrolyzed in Ar at 600°C for 1 h toobtain the NPC/SWNT
removed even after extensive washing and filtration. . nanocomposite. For comparison, an SA-SWNT was also treated
The membrane of the P.FA_S.WNT was vacuum—dngd and under the same conditions. Upon heating, PFA wrapped around
peeled off from the Anodisc filter membrane to obtain an the SA-SWNT was converted into NPC. The resulting NPC/

isolated prodyct. Raman and FTIR spectra were taken to SWNT nanocomposite was characterized with HRTEM and
characterize it. aman

. . - R
Raman spectra were obtained with an excitation wavelength The Raman spectrum of the NPC/SWNT nanocomposite

of 514.5 nm (Figure 3). The spectra appear in two panels—100 . :
200 cnrl an(d ?25&%800 cngl in thpep Raman sSectrum of showed strong RBMs (Figure 3E), as did the p-SWNT and the
' annealed SA-SWNT (Figure 3D). Although wrapped with PFA,

SWNTs, the band in the range 15800 cnt? is attributed to Sy : i
the radial breathing mode (RBM) of the SWNT. The frequency thg heat treatment in inert gas could still cleave the arylsulfon_lc
’ acid group from the SA-SWNT to restore the spectroscopic

of the RBM varies inversely with the nanotube diametét In signature of the p-SWNT. The restoration of the RBMs means

L . 1
the high-frequency region of 125.800 cm”, there are two that the SWNTSs are intact after ultrasonication and even after

bands that are associated with the tangentialCCstretching s | b : £ th
modes of the SWNTSs. The stronger band around 1590 ¢sn pyrolysis. But upon closer o servguon o the Ra_lman spgctrum
) of the NPC/SWNT nanocomposite, slight shifts to higher

close to that of well-ordered graphite, i.e., thg Band at 1582 wavenumbers are found in all the RBMs. Since the RBMs of

., o .

cm -, so I |s_ca!|ed the G band._T_he G band of an SWNT is the NPC/SWNT nanocomposite have intensities comparable to

associated with its ordered%pybridized carbon network. The . .
those of the p-SWNT, we may assume there is no chemical

1 i ;
weak pand at-1300 cm ,.the so-called .D pand, mvolyes the bonding or charge transfer between the SWNT and NPC and
scattering of an electron via phonon emission by the disordered_ . . : .

attribute these shifts to molecular force being exerted by the

e =l SR

(43) Rao, A. M.; Richter, E.; Bandow, S.; Chase, B.; Eklund, P. C.; Williams,
K. A.; Fang, S.; Subbaswamy, K. R.; Menon, M.; Thess, A.; Smalley, R. (44) Kim, U. J.; Furtado, C. A.; Liu, X.; Chen, G.; Eklund, P.JCAm. Chem.
E.; Dresselhaus, G.; Dresselhaus, MS8iencel997, 275 187. Soc.2005 127, 15437-15445.
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Figure 3. Raman spectra of p-SWNT (A), SA-SWNT (B), PFA-SWNT (C), SA-SWNT annealed in Ar at6Gor 1 h (D) and NPC/SWNT nanocomposite
carbon (E). For comparison, all of the spectra were normalized with the strongest tangential band, and all of the RBMs were enhanced by a factor of 3.

NPC on the SWNT. It has been well established that there is SWNT nanocomposite, the three bands of the p-SWNT at 247,
an upshift in Raman scattering of SWNT bundles under high 262, and 269 cmt have shifts of~3 cn 2, while the band at
pressuré® Therefore, it can be calculated that the molecular 186 cnt? shifts by~5 cnv L. This is consistent with literature,
pressure of the NPC on the SWNT is hundreds of MPa basedconsjdering that RBM frequency is diameter depend@nt.

on RBM shiftg. It is also interesting to notice that bigger tubes Although there is an obvious frequency change in RBMSs,
have more shift than the smaller tubes. In the RBM of the NPC/ tangential modes remain at almost the same frequency. We

attribute this to the anisotropic behavior of the NPC on the

(45) (a) Venkateswaran, U. D.; Rao, A. M.; Richter, E.; Menon, M.; Rinzler,

A.; Smalley, R. E.; Eklund, P. (Rhys. Re. B 1999 59, 10928-10934. i
(b) Venkateswaran, U. D.; Brandsen, E. A.; Schlecht, U.; Rao, A. M,; SWNT' When PFA Wa,s pyrolyzed t(? the _NPC' there 1S
Tichter, E.; Loa, |.; Syassen, K.; Eklund, P.Rhys. Status Solidi B00, considerable volume shrinkage in all dimensions, which may

éﬁﬁfi\?gf%e‘uﬁ)s}’yr‘?ghﬂ-sg;,Z{,‘,aj’,; %ggrﬁgﬁlﬁ’&yg 'ﬁ"éeé”zs(’)o% R+ induce compressive stress on the SWNT. The compressive stress

62, 7571-7575. (d) Merlen, A.; Toulemonde, P.; Bendiab, N.; Aouizerat, i i
A.; Sauvajol, J. L.; Montagnac, G.; Cardon, H.; Petit, P.; Miguel, A. S. affects the S_WNT more radla”y than tangentlally. Ir?' other
Phys. Status Solidi B00G 243 690-699. words, there is hoop stress on the SWNT from pyrolysis of the
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Figure 4. (@) IR spectra of p-SWNT (A), SA-SWNT (B), and PFA-SWNT
(C); (b) expanded region of 3086@800 cnt?, highlighting the enhancement
of C—H stretch; and (c) expanded region of 120M00 cnt?, showing
appearance of ether linkage and shift of sulfonic acid group stretch.

NPC. This can explain the upshift observed in the RBM. In the
tangential mode of the NPC/SWNT nanocomposite, we also
found that it has a slightly stronger D band than that of the
annealed SA-SWNT. Although the NPC compared with the
SWNT had a highelp/lg, the absolute tangential mode intensity
was much lower. Hence, when the amounts of the NPC and
SWNT are comparable in the composite, the NPC component ooatin
contributes little to the overall tangential mode of the composite. (b)
Although the exact concentration of the NPC cannot be Figure 5. HRTEM of SWNT/NPC nanocomposite. (a) SWNT bundles
measured directly, the approximate weight ratio of the NPC to covere_d Wit_h NPC an(_j (_b) individual SWNT surrounded with NPC, with
SWNT can be obtained by the weight change in the synthesisthe white triangles pointing to the gap between NPC and SWNT.
process of the NPC/SWNT nanocomposite. Usually, this ratio ) ) o
is from 1:1 to 2:1 in the nanocomposite prepared with the PFA only® In another image showing an individual SWNT
method described above. So the D band increase could not béFigure 5b), it can be seen that there is a gap-o4 & between
attributed to the existence of the NPC only. Actually, when the the NPC and the SWNT. This suggests strong van der Waals
PFA-SWNT was pyr0|yzed’ there was volume Shrinkage of the interaction rather than covalent bonding between the two
PFA, which will cause stress between the NPC and the SWNT. components. It is consistent with the hypothesis made based
This stress will disrupt the symmetry of the graphene plane. upon the Raman spectra. It was also observed that the orientation
Therefore it is more likely that the small enhancement in the D of the carbon sheet close to the SWNT was along the tube axis.
band intensity is caused by the interaction between the NPCIt suggests that the SWNT may template the NPC within a short
and SWNT. range. All of these images imply that a continuous phase was
The NPC/SWNT nanocomposite retains the thin bundle formed between these two distinct types of carbon. Thus the
structure similar to that of the SA-SWNT as shown in the preparation of a nanocomposite carbon with an SWNT becomes

HRTEM images (Figure 5). A high magnification image of the possible by modifying the SWNT with a carbonizable polymer.
NPC/SWNT nanocomposite reveals that SWNTs are covered

with some amorphous carbon. The morphology of this amor- (46) Aso, H.; Matsuoka, K.; Sharma, A.; Tomita, Barbon2004 42, 2963~
phous carbon looks the same as that of the NPC pyrolyzed from™ ~ 2973.
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Conclusion

A novel nanocomposite carbon was prepared based on

grafting a carbonizable polymer to SWNTs. The SWNTs were
functionalized with a sulfonic acid group, which acted as a
catalyst for furfuryl alcohol (FA) polymerization, allowing the
formation of poly(furfuryl alcohol) (PFA)-functionalized SWNTs

pouredslowlyandcarefullyinto more than 500 mL of water and filtered
through a 0.2 track-etch membrane. The filter cake was washed with
acetone and water repeatedly. Then it was vacuum-dried at@00
overnight, and SA-SWNTs were collected.

Synthesis of PFA-SWNTsSA-SWNTs (5 mg) were dispersed in
10 mL of FA in a 20 mL vial wih a 6 mmultrasonic probe of the
ultrasonic processor (PGC Scientifics, 130 W). The vial was kept in

(PFA-SWNTSs). Contact angle measurements and SEM imagesan ice bath. Cyclesf& s pulses followig 5 s ofultrasonication were
showed that the surface properties of the SWNTs were changediused. Afte 5 h of ultrasonication, the mixture was poured in 200 mL

after being treated with FA. The infrared spectrum provided
further evidence of formation of PFA and electrostatic attraction
between the sulfonic acid group and PFA. The formation of
PFA-SWNTSs provided a way of overcoming the inherently low
interaction between pure SWNTs and the carbon precursor.
Pyrolysis of the PFA-SWNT produced a nanocomposite carbon
with the NPC covering the SWNT. This procedure leads to
intimate contact between the NPC and SWNT without affecting
the integrity of the SWNT. A continuous phase is formed

between the NPC and the SWNT which prevents the segregation

of the SWNT from the NPC matrix. This suggests potential
application of the PFA-functionalized SWNT in the preparation
of advanced C/C nanocomposites.

Experimental Section

Materials. HiPco-produced single-wall carbon nanotubes (SWNTS)
were purchased from Carbon Nanotechnologies, Inc. (Houston, TX).
HCI (36.5 wt %), oleum (20% free SOA.C.S regent), sodium nitrite
(99.99+%, RegentPlus), sulfanilic acid (99% A.C.S regent),’2,2
azobisisobutyronitrile (98% A.C.S regent), and furfuryl alcohol (99%)
were purchased from Sigma-Aldrich (Allentown, PA). Polycarbonate
track-etch membranes (02 Whatman Nuclepore) and Anodisc filter
membranes (0.2, Whatman Anodisc) were from Fisher Scientific
(Pittsburgh, PA).

Purification of SWNTs. AP-SWNTSs (100 mg) were put in a tube
furnace for wet oxidation. Air passing through a water bubbler at room
temperature was flowed into the furnace tube at a flow rate of 200
sccm. The SWNTs were heated to 2Z5and kept at this temperature
for 18 h. Then it was dispersed in 50 mL of concentrated HCI in a 100
mL flask by ultrasonicating fiol h followed by stirring and refluxing
at 60°C for 18 h. Finally, the SWNTs were heated in Ar at 8@for
1h.

Functionalization of SWNTs. Purified SWNTs (50 mg, p-SWNT)
were stirred in 50 mL of oleum in a 100 mL flask for 3 h. Then they
were heated to 88C, and 1.15 g sodium nitrite (4 equiv/mol C), 2.886
g sulfanilic acid (4 equiv/mol C), and 0.137 g AIBN, (0.2 equiv/mol
C) were added. Kept at 8%C and stirred for 1 h, the mixture was

of water and filtered with a 0.2 Anodic membrane. The filter cake
was washed with acetone and water repeatedly and vacuum-dried at
room temperature.

Synthesis of the SWNT/NPC Nanocomposit&FA-SWNTs (5 mg)
were heated to 600C with a heating rate of 10C/min and soaked for
anothe 1 h under flowing argon.

Annealing of SA-SWNTs.SA-SWNTs (10 mg) were put in a tube
furnace and heated to 60@€ with a heating rate of 10C/min and
kept far 1 h under flowing argon.

Characterization. p-SWNTs and SA-SWNTs were dispersed in
ethyl alcohol with an ultrasonic processor to make a suspension. The
NPC/SWNT nanocomposite was ground in an agate mortar followed
by dispersing with ethyl alcohol. HRTEM samples were made by
dropping the suspensions on the holey carbon-coated grids. HRTEM
images were taken with a JEOL 2010F operating at 200 kV. The point-
to-point resolution was~2 A. Raman spectra were collected under
ambient conditions with a Jabin-Yvon Horiba T64000 micro Raman
spectrometer. Excitation was provided by an-Kir laser at 3 mW
incident power. SEM images were taken with Hitachi S-3000H
operating at 5 kV. Both SA-SWNT and PFA-SWNT membranes were
sputtered with gold before characterization. Contact angles were
measured with a contact angle goniometer equipped with a CCD
camera. Infrared spectra were taken using a Nexus 670 FT-IR
spectrometer. The samples were mixed with KBr and palletized. The
measurements were done in transmission mode.
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