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ABSTRACT We produced large binder-free multi-walled carbon nanotube (MWNT) blocks from fluorinated
MWNTSs using thermal heating and a compressing method in vacuo. This technique resulted in the formation of

covalent MWNT networks generated by the introduction of sp>-hybridized carbon atoms that cross-link between

nanotubes upon de-fluorination. The resulting carbon nanotube blocks are lighter than graphite, can be machined

and polished, and possess average bending strengths of 102.2 MPa, a bending modulus of 15.4 GPa, and an

electrical conductivity of 2.1 X 10 S/cm. Although each nanotube exhibits a random structure in these blocks,

the mechanical properties are 3 times higher than those obtained for commercial graphite. On the basis of

theoretical molecular dynamics simulations, a model is presented for the nanotube interconnecting mechanism

upon de-fluorination.
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obust blocks containing pure car-

bon nanotubes (CNTs) in the ab-

sence of a binder are expected to
be applicable in (a) the fabrication of elec-
trodes and biomaterials for supercapaci-
tors," bioelectrodes, and biosensors,? (b)
cell growth scaffolding,? (c) dental implants,
and (d) artificial bone structures.* These ma-
terials could take advantage of the out-
standing characteristics of individual CNTs,
which possess a high surface area and fasci-
nating electronic and mechanical proper-
ties.> In addition, the synthesis of covalent
two-dimensional (2D) and three-
dimensional (3D) carbon-network nanoma-
terials from one-dimensional (1D) building
blocks (CNTs) is gaining importance due to
their fascinating mechanical and electronic
properties that have been predicted re-
cently.® However, it has proved difficult to
solidify pure CNTs in the absence of a
binder. Narrow-diameter (<1-2 nm) single-
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walled carbon nanotubes (SWNTs) that are
highly curved could be more chemically ac-
tive (when compared to planar
graphite)’™"" due to a rehybridization ef-
fect'? and the strain energy.'® Since the
strain energy is inversely related to the
nanotube diameter, a large-diameter nano-
tube (>2 nm) is thermodynamically and
chemically stable. Therefore, large-diameter
CNTs (similar to graphite sheets) are nor-
mally inert, and reactions on their surfaces
are difficult if no structural defects are
present. In this context, numerous scien-
tists have faced various difficulties in incor-
porating large-diameter CNTs (multi-walled)
into polymeric, metallic, or ceramic matri-
ces due to their weak adhesion (interaction)
that does not permit the formation of sp>-
hybridized carbon atoms between the tube
walls and the matrix.'* Thus, pure CNT com-
posite assemblies have the disadvantage
that the load is not efficiently transferred
to the tubes due to the weak adhesion. This
results in tubes slipping within the matrix,
and the formation of sp>-hybridized carbon
atoms that are established among nano-
tubes is significantly inhibited.’® However,
some studies have reported the local
coalescence'®"” and cross-linking
polymerization'®'? of SWNTs and double-
walled carbon nanotubes using high elec-
tron irradiation in conjunction with thermal
heating, resulting in the generation of va-
cancies on the nanotubes that aid in the es-
tablishment of sp>-like carbon atoms. It is
therefore important to develop a method
for producing efficient cross-linking sites
(via the formation of defects or vacancies)
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on bulk nanotubes’ surfaces so that the generation of
sp>-hybridized carbon atoms and tube interconnec-
tions is increased between individual nanotubes.

In this study, we demonstrate that an advanta-
geous method for producing active cross-linking sites
on the surface of nanotubes could proceed via de-
fluorination of multi-walled carbon nanotubes
(MWNTSs). Fluorination of CNTs is a very important func-
tionalization method, since it can reach C,F stoichiom-
etries corresponding to the tube surface coverage. In
addition, fluorination could improve solubility and pro-
cessability, and could also be followed by full
defunctionalization.?>?" In particular, de-fluorination of
fluorinated SWNTs is carried out via thermal treatments
at 673-1237 K in vacuo; volatile fluorinated carbon-
aceous molecules such as CF, are formed,?*? and de-
fluorinated SWNTSs could then exhibit active sites all
over their surface. Here we report on the production
of free-standing solidified MWNT blocks by de-
fluorinating fluorinated MWNTSs. We found that these
blocks reveal excellent mechanical and electronic prop-
erties. We compared the properties of these blocks
with those of block samples of carboxylated MWNTs
upon defunctionalization (de-COOH-MWNT blocks) and
commercial graphite (IG-11; fine-graphited isotropic
graphite, Toyo Tanso Co., Ltd.; see Materials and Meth-
ods). We found that the method described here is able
to introduce a large number of sp3-hybridized carbon
atoms that cross-link the nanotubes when the spark
plasma sintering (SPS) system operates at pressures un-
der 80 MPa and 1273 K for 10 min (see Materials and
Methods and Supporting Information, Figure S1). We
further propose a cross-linking mechanism based on
molecular dynamics (MD) simulations of de-fluorinated
nanotubes.

RESULTS AND DISCUSSION

In this study, we used MWNTSs (NanoLab, Inc. USA)
synthesized by chemical vapor deposition (CVD). These
MWNTs exhibited a bamboo-like multilayered struc-
ture (Figure 1). The procedure for the purification of
MWNTs and the fluorination procedure are described
in the Materials and Methods. The size and shape of de-
fluorinated MWNT (de-F-MWNT) blocks depend on the
size and shape of the graphite die and the quantity of
the fluorinated MWNTSs used (Figure 2a). It is notewor-
thy that the produced blocks of MWNTs do not break
and can be processed further (cutting and polishing;
note that purified pristine MWNTs cannot be manufac-
tured). Figure 2b,c depicts the typical low- and high-
magnification scanning electron microscopy (SEM) im-
ages of the fracture surface of a de-F-MWNT block (the
inset in Figure 2b corresponds to the SEM image of the
fractured piece). In these blocks, MWNTs were found
embedded in the whole cross section (Figure 2c). As can
be seen on the fracture surface, each individual MWNT
was observed and seemed to have excellent contact
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Figure 1. TEM image of typical of bamboo-like MWNTs de-
picting compartmentalized structures (see arrows).

along the nanotube axis. Other carbon materials were
notably absent under the present conditions. It has
been reported that MWNTs and SWNTs could be trans-
formed into diamond-like carbon and graphite under
high pressures and high temperatures.'®?*=2° The pro-
cessing temperature, pressure, and graphitization of
carbon nanotubes used in this study were crucial to ef-
ficiently bind the tubes. High-resolution transmission
electron microscopy (HRTEM) observations of frag-
mented blocks containing de-F-MWNTs showed
MWNTs to be in contact with or cross-linked to neigh-
boring nanotubes (see arrows in Figure 2d,e). In addi-
tion, highly compacted agglomerates of de-F-MWNTs
were also observed (Figure 2f). The HRTEM images of
fluorinated MWNTs indicate an increase in the interlayer
spacing only between the outer shells following their
fluorination, while the inner layers remained crystalline.
The distances between dark fringes (002 interlayer
spacing) measured by HRTEM were estimated to be
0.58 = 0.03 nm on average (see arrows in Figure 3a),
whereas the (002) interlayer spacing of de-F-MWNT
blocks was found to be approximately 0.34 nm (Figure
3b).2%27 From the X-ray powder diffraction (XRD) pat-
tern, we observed a new peak appearing at ca. 26 =
13.3°, which is attributed to the (001) reflection of fluori-
nated graphite (see Supporting Information, Figure
S2). The (001) interlayer spacing of fluorinated MWNTs
was found to be 0.67 * 0.07 nm, and these intensities
disappeared in the de-F-MWNT blocks. Both HRTEM and
XRD studies indicate that fluorination and de-
fluorination were successful. The de-fluorinated MWNTSs
also exhibit a good crystallinity within the layers, as re-
vealed by the presence of a sharp reflection of the
graphite (002) plane (see Supporting Information).
Based on previous thermal studies of fluorinated
SWNTSs,?227729 part of the fluorinated carbon mol-
ecules were driven off the sidewall or the outside inter-
layer of fluorinated MWNTs as CF,, CF5, and CO, upon
heating partially fluorinated MWNTs (e.g., from 763 to
823 Kiin an Ar atmosphere). These data indicate that the
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thermolysis of fluorinated MWNTSs results in
the formation of volatile carbon—fluorine-
containing molecules and not simply by the
loss of fluorine gas. In order to explain the
SPS solidification, we believe that, as the
carbon—fluorine gases are liberated, vacan-
cies and other defects on the surface of
MWNTs are generated and make the tubes
more reactive. The formation of CO, is due to
the presence of oxygen atoms in different
functional groups attached to the nanotube
surface, typically originating from the purifi-
cation procedure (e.g., —COOH or —OH).

As shown in the X-ray photoelectron
spectroscopy (XPS) spectrum (see Figure
4a), our fluorinated MWNTSs exhibited two
main peaks at 284.5 and 288.0 eV, which cor-
respond to a carbon bonded to a bare car-
bon atom, and a single F atom, respec-
tively.?® We found CF, (x = 0.40-0.52)
stoichiometries by integrating the intensities
of these two C, peaks.>® After the SPS process
of fluorinated MWNTs, the XPS spectrum re-
veals only one peak located at 284.3 eV, which
indicates that carbon—fluorine bonding dis-
appears; this confirms de-fluorination of the
MWNTs. It is also important to note that, in the
FT-IR spectra of carbon nanotubes with a
higher defect concentration, a broader band
located at 1200 cm ™" is usually observed.'—>*

In our case, we confirmed that, following fluo-
—1

Figure 2. De-F-MWNT blocks. (a) Picture of various shapes of de-F-MWNT blocks. (b) rination, an intense band at 1211 cm™" ap-
Low-magnification SEM image of the fracture surface of a typical de-F-MWNT block  peared, characteristic of the C—F covalent

(scale bar, 5.0 um). The inset depicts the SEM image of the fractured piece of the
specimen (scale bar, 500 um). (c) High-magnification SEM image of the fracture sur-

bond (Figure 4b).?® Interestingly, the band of

face of the de-F-MWNT blocks (scale bar, 1.0 um). (d,e) High-magnification HRTEM  the C—F covalent bond disappeared from the
images of the fragmented de-F-MWNT blocks. Arrows indicate parts in which the FT-IR spectrum of de-F-MWNT blocks, and a

MWNTSs seem to be in contact or cross-linked parallel to each other (scale bar, 25

broader band located at 1203 cm ™' remained

nm). (f) Low-magnification HRTEM image of agglomerated nanotubes within de-F-

MWNT blocks (scale bar, 300 nm).

2 /\ I .
Figure 3. HRTEM images of fluorinated and de-fluorinated MWNTs.

(a) HRTEM image of fluorinated MWNTs. The outside layers show the

fluorinated layers with average interlayer spacings of 0.58 = 0.3 nm

(see arrows). (b) HRTEM image of the MWNTs found in the de-F-MWNT
blocks. The interlayer spacing of MWNT is ca. 0.34 nm (similar to that

found in purified MWNTs).
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from the carbon skeleton, which could be re-
lated to the bonding information of sp>-
hybridized orbitals at the contact points of nu-
merous MWNTs.

In Figure 4c, Raman spectra of different MWNTSs are
depicted, and a pair of peaks is observed around 1340
cm ™' (D-band) and 1580 cm ™' (G-band). The intensity
ratio, Ip/lg, is known to depend on the number of de-
fects within the nanotubes (disorder-induced band). As
shown in Figure 4c, the I/l ratio of fluorinated MWNTSs
is 1.18, thus confirming the presence of C—F sp°-
hybridized carbon atoms. On the other hand, the de-
fect ratio for the de-F-MWNT (/p/lg = 1.20) is larger
when compared to that of purified MWNTSs (I/lg =
0.90). This indicates that the presence of defective car-
bon networks with sp® hybrid orbitals increased after
de-fluorination of nanotubes. In addition, the D-band
could also be related to the presence of sp>-hybridized
carbon atoms located at the contact points of neighbor-
ing MWNTs,'83%
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Figure 4. XPS, FT-IR, and Raman spectra of de-F-MWNT
blocks. (a) XPS C,, spectra of fluorinated MWNTs (top), de-F-
MWNT blocks (middle), and purified MWNTSs (bottom). (b)
FT-IR spectra of fluorinated MWNTSs (top), de-F-MWNT blocks
(middle), and purified MWNTSs (bottom). (c) Raman spectra
of tangential modes for fluorinated MWNTSs (top), de-F-
MWNT blocks (middle), and purified MWNTSs (bottom). The
wavelength of the laser line was 488.0 nm.

Table 1 shows the physical, electrical, and mechani-
cal properties of de-F-MWNT blocks. In order to high-
light the effects of fluorine, we also performed experi-
ments with functionalized nanotubes containing COOH
or OH functional groups. In this case, de-COOH-MWNT
blocks were produced under conditions similar to those
used for de-fluorinated MWNTSs (see Materials and
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TABLE 1. Physical, Electrical, and Mechanical Properties for
the de-F-MWNT Blocks, the de-COOH-MWNT Blocks, and
Commercial Graphite (Reference Sample)

commerdial

de-F-MWNT de-COOH-MWNT

characteristic raphite
blocks blocks g(l G‘: )
bulk density, 1.44 134 1.74
p (g/am’)
porosity (%) 36.2 40.7 23.0
Young's 14.2-16.3 6.4-7.8 6.5-8.6
modulus, £, (GPa)
fracture bending 92.4-123.0 29.0-47.6 42.1-43.7
strength, o, (MPa)
Vickers hardness, 46.9 33.2 16.8
H,(MPa)
conductivity, o (S/cm) 2.1 X 10% 1.5 X 10? 6.0 X 102

(four-probe method)

Methods section). For example, the densities of de-F-
MWNT blocks (1.44 g/cm?) and de-COOH-MWNT
blocks (1.34 g/cm?) are by far lighter than that of
commercial graphite (1.74 g/cm?). The porosity of
de-F-MWNT blocks (36.2%) is slightly smaller than
that of de-COOH-MWNT blocks (40.7%). This indi-
cates that the number of contact (binding) points
among the nanotubes increased, and the densifica-
tion of de-F-MWNT blocks was enhanced. We believe
that the porosity is caused by defects created by de-
fluorination and intertube free spaces found in the
blocks.

The fracture bending strength and Young's
modulus (bending modulus) of de-F-MWNT blocks
were on average 102.2 MPa (min 92.4 MPa, max
122.7 MPa) and 15.4 GPa, respectively (Figure 5a).
These values are 3 times and 2 times larger than
those observed for de-COOH-MWNT blocks (frac-
tural bending strength of 38.2 MPa, Young’'s modu-
lus of 7.3 GPa) or commercial graphite (fractural
bending strength of 43.7 MPa, Young’s modulus of
7.6 GPa), respectively. On the fracture surface, nano-
tubes with both opened and closed tips were ob-
served (Figure 5b,c). It seems likely that, due to the
bamboo-like structure of nanotubes, the fragments
(swords) were separated from the main body of the
body (sheath; see Figure 5d).3° In order to under-
stand how MWNTs behave upon bending within the
solid blocks, we first noted that the nanotubes do
not pull out but rather break when the CNT blocks
are fractured (see Figure 5b—d). In particular, we ob-
served that the outside layers of the MWNTs were
destroyed by the tensile stress during the bending
test. Subsequently, the bamboo-like MWNTSs (sword)
could easily be pulled out due to the small static or
dynamic friction force between the concentric layers
(see Figure 5d).3” Thus, it is of great importance
that the nanotube structure (e.g., concentric and
perfect cylinders or bamboo-type morphologies)
and the degree of crystallinity within the tubes, as
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Figure 5. Fracture bending stress of de-F-MWNT blocks. (a)
Typical stress vs load-line displacement curve comparing de-
F-MWNT blocks and de-COOH-MWNT blocks. (b) Low-
magnification HRTEM image of the fracture surface of the
de-F-MWNT blocks (scale bar, 100 nm). Typical MWNTs
marked in white circles and the square show the opened
and closed tips, respectively. (c) High-magnification HRTEM
image of the area in the white square shown in panel b (scale
bar, 25 nm). (d) Schematic illustration of the breaking mech-
anism of the bamboo-like section of a MWNT. When the
bending stress is applied to the bamboo-like compartment,
the core with a closed tip (sword) is separated from the body
(sheath).

well as the presence of defects or vacancies on their
surface, are carefully controlled since they could sig-
nificantly alter the mechanical strength of the nano-
tubes, and hence the mechanical properties of the
bulk nanotube blocks.

It is also noteworthy that, on the fracture surface of
de-COOH-MWNT blocks, nanotubes are less compacted
(not firmly bound to the block) and appear with closed
and open tips (see Supporting Information, Figure S3).
In this particular case, it seems like each nanotube
slipped (pulled out) from the block, since the nano-
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Figure 6. Hardness of de-F-MWNT blocks. (a) Typical SEM
top-view image of a Vickers indentation site for de-F-MWNT
blocks (scale bar, 30 um). There is no evidence of classical ra-
dial cracks. (b) SEM top-view image of a Vickers indentation
site for de-F-MWNT blocks (scale bar, 37.5 pum). Elastic recov-
ery was observed after the load was removed.

tubes are not firmly joined together. However, for de-F-
MWNT blocks, it appears that nanotube pull-outs are
prevented, due to the increased presence of nanotube
cross-links. The Vickers indentation test measures the
hardness of materials. Figure 6a shows representative
SEM images of a Vickers indentation site for de-F-MWNT
blocks; note the absence of classical cracks. The Vick-
ers hardness is on average 46.9 MPa, and for some in-
dentation sites, elastic recovery was observed after re-
moving the load (Figure 6b). These Vickers indentation
results clearly indicate that de-F-MWNT blocks are
highly resistant to contact damage and confirm the
elastic flexibility of carbon nanotubes.>®

We also measured the macroscopic electrical con-
ductivity on some of the de-F-MWNT blocks at room
temperature using a four-probe method. The average
electrical conductivity of de-F-MWNT blocks was 2.1 X
10? S/em. The conductivity of the fluorinated MWNTSs
(powder) was 4.7 X 10~ ° S/cm when using a pressure-
induced electrical resistivity method (bulk density, 1.44
g/cm?). It has been demonstrated that fluorinated
graphite and fluorinated SWNTs exhibit low electrical
conductivity values, but this value could change signifi-
cantly after de-fluorination.>® Our electrical transport re-
sults confirm that de-fluorination indeed took place.
The electrical conductivity ratio between the horizon-
tal and thickness direction of the de-F-MWNT, mea-
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sured by the two-probe method, shows a large
anisotropy of about 15-30. This originates from the
MWNTs being solidified in the horizontal direction, as
shown in Figure 2c.

Terrones et al. reported that the creation of va-
cancies induce coalescence of nanotubes via a
zipper-like mechanism, imposing a continuous reor-
ganization of atoms on individual tube lattices along
adjacent tubes.'® The presence of vacancies and re-
lated defects (e.g., divacancies) results in deforma-
tion of C—C nanotube bonds so as to form coalesced
or polymerized carbon nanotubes. In order to model
the de-fluorination process and the subsequent
cross-linking between adjacent nanotubes, theoreti-
cal MD simulations were performed using the atom-
centred density matrix propagation (ADMP) molecu-
lar dynamics model*®~*? at the AM1 semiempirical
level of theory using Gaussian03.*> As a model sys-
tem, we calculated two independent and adjacent
(5,5) open SWNTs of 240 carbon atoms each, which
were hydrogen terminated (C,,,H,0). We also con-
sidered a tube interspacing equal to twice their van
der Waals radius. The same system was also consid-
ered with fluorination along the tube axis (C,F addi-
tion pattern).** The fluorinated systems resulted in
two adjacent C,,4F;00H20 carbon nanotubes. All cal-
culations were performed at 4000 + 20°C. Under
these conditions, the carbon nanotubes remain un-
connected and the hexagonal lattice is retained,
both when two adjacent pristine nanotubes are con-
sidered and for two adjacent fluorinated carbon nan-
otubes. In addition, when point defects were intro-
duced in the hexagonal lattice of the pristine
nanotubes (two vacancies created on each nano-
tube at their interface), no cross-linking occurred be-
tween the nanotubes. However, when the same cal-
culations were run for two adjacent fluorinated
nanotubes with the same point defects (see Figure
7a), the nanotube structure started to deteriorate
significantly over time, and dangling bonds started
to appear around the defect sites (see Figure 7b,c).
NT—C=C—F and NT==CF, functional groups were
observed during these simulations. From our results,
it can be concluded that, upon de-fluorination, the
defect sites present on the nanotube surface are re-
sponsible for the formation of CF, species and act as
starting points for establishing the cross-linking of
the outer graphene layers. In other words, the hex-
agonal lattice is expected to break up at these defec-
tive sites, thus creating dangling bonds. On these
sites, bonding between adjacent nanotubes is very
likely upon further de-fluorination. We note that, al-
though perfect covalent bonding between nano-
tubes was not observed during the MD simulations,
these do not consider any external pressure, as op-
posed to the experimental setup. Therefore, external
pressure is expected to approach the nanotubes dur-

www.acsnano.org

Figure 7. Snapshots of the de-fluorination of fluorinated MWNTs
by theoretical molecular dynamics simulations. (a) Starting sys-
tem for the MD simulations for two adjacent (5,5) C,35F;00H,0 car-
bon nanotubes, each containing two vacancies at their interface.
(b) End system of the MD simulations after 450 fs. (c) Side view of
the interface for both nanotubes, as observed from the other
nanotube’s perspective for the end system after 450 fs. The three
carbon atoms around each vacancy are indicated in blue

throughout.
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ing the thermal de-fluorination process, and this
could further facilitate the tube surface reconstruc-
tion and induce cross-linking between adjacent nan-
otubes (Figure 7).

On the basis of the results described above, we pro-
pose the following mechanism for solidification of car-
bon nanotubes by de-fluorination. (1) After purification
of the MWNTSs, some defects (vacancies, carboxyl
groups, etc.) remain or are created on the surface of
the MWNTs. (2) During the fluorination process, F at-
oms bond covalently mainly to the external surfaces of
the tubes, and some reconstruction of the defects could
occur by the incorporation of F, C, and O atom:s. (3) By
pressing and annealing the F-MWNTs, F atoms located
close to defective sites react easily with C atoms, thus
forming CF,, species that are liberated in the gaseous
form. (4) When the CF, groups leave the surface of the
tubes, vacancies are created, and due to their high reac-
tivity, they start interconnecting with other vacancies
on the adjacent walls of other nanotubes. (5) Various
types of covalent interconnections are created among
the nanotubes, and a robust 3D random nanotube net-
work is formed. Interestingly, the resulting materials
are lighter than graphite and are robust enough to be
machined and polished.

MATERIALS AND METHODS

Purification of MWNTs. The purity of the MWNTSs was about 80
wt %, and the rest of the material consisted of amorphous car-
bon (8.50 wt %), Al (5.73 wt %), Fe (4.43 wt %), Mo (1.27 wt %),
and Cr (0.07 wt %); the nanotubes exhibited bamboo-like mor-
phologies. The average tube diameter ranged from 20 to 40 nm,
and the lengths ranged from 500 nm to 5.0 wm. The MWNT
soot was burned in air at 773 K for 90 min, and the remaining
soot was then introduced into a flask containing 6 M HCl in or-
der to dissolve the Fe, Mo, and Cr. Following this procedure, the
acid solution was filtered using a membrane filter, and 1.0 g of
the filtered material was transferred into a flask with 1.0 L of 2 M
NaOH and refluxed at 373 K for 6 h in order to dissolve alumi-
num oxides. The resulting suspension was then filtered and
washed with hot water. Finally, samples were dried in vacuo at
373 K for 24 h. After purification, the impurities consisted of Na
(0.40 wt %), Al (1.41 wt %), Fe (0.26 wt %), Mo (1.27 wt %), and Cr
(0.15 wt %); the elemental analysis was obtained by inductively
coupled plasma optical emission spectroscopy (ICP-OES).

Fluorination of MWNTs. The purified MWNTSs were fluorinated at
523 K using a mixture of F, (20%) and N, (80%) for 2 h (flow
rate of 25 mL/min). Subsequently, thermal annealing was car-
ried out at 523 K for 6 h in a polytetrafluoroethylene cell under
a nitrogen flow of 20 mL/min. The products were then character-
ized by XPS using an AXIS-His instrument (Kratos Analytical Ltd.,
UK), and the C:F stoichiometries were determined.

Preparation of COOH-MWNTs. In the same way as mentioned
above, the MWNT powder was burned in air at 773 K for 90 min
in order to remove unwanted carbonaceous material. At this
point, 1.0 g of the burned soot was then introduced into a flask
containing 6 M HCl to dissolve the Fe, Mo, and Cr. Following this,
the acid solution was filtered, and 500 mg of the washed soot
was transferred into a flask with 0.5 L of 6.8 M HNO; and refluxed
at 373 K for 16 h. The resulting suspension was filtered and
washed with distilled water. Finally, the samples were dried in
vacuo at 373 K for 24 h. After this treatment, impurities (esti-
mated by ICP-OES) in this sample were Al (0.16 wt %), Fe (0.32
wt %), and Mo (0.02 wt %) by ICP-OES.
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CONCLUSION

Fluorination and de-fluorination of MWNTs appears
to be an excellent way to functionalize and intercon-
nect covalently carbon nanotubes. Using this method,
it is also possible to obtain blocks that could be pro-
cessed and polished without using a binder or a poly-
mer matrix. To the best of our knowledge, this method
and the obtained materials have not been reported
hitherto. We believe this process could be exploited fur-
ther since the fluorination process is reversible and
can be controlled from low degrees of fluorination up
to full coverage of the nanotube surface exhibiting C,F
stoichiometries. We have demonstrated that de-
fluorination of F-MWNTs results in the creation of va-
cancies between adjacent tubes that are highly reac-
tive and start interlinking so as to generate covalent
networks of MWNTSs and robust blocks. It is notewor-
thy that the produced blocks exhibit mechanical and
conducting properties that surpass those found in com-
mercial graphite and other types of nanotube compos-
ites. The use of orientated carbon nanotube fibers,*>~*8
yarns,**°° sheets,>' films,> or forests,**™> could even
further improve the reported properties and could re-
sult in even stronger and highly conducting carbon
nanotube-based blocks.

Production of MWNT Blocks. The de-fluorinated or de-
carboxylated MWNT blocks were prepared using a SPS system
(Sumitomo Coal Mining, SPS-1050, Japan) shown in Figure S1
(Supporting Information). SPS is a unique synthesis and process-
ing technique which makes possible sintering at low tempera-
tures and for short periods of time by charging particles with
electrical energy and effectively applying the high energy of a
spark plasma. The SPS process experiences a very high thermal
efficiency because of the direct heating caused by the spark, and
it can easily produce a homogeneous, high-quality sintered
product due to the uniform heating generated. Typically, 300
mg of the MWNT powder was used and hardened in a graphite-
covered die with a diameter of 20 mm at 1273 K (heating rate,
25 K/min) under a pressure of 80 MPa in vacuo (1 X 1072 Torr)
for 10 min. The typical weight loss of de-F-MWNT blocks was
50.0—55.3 wt % of the initial fluorinated MWNT powder. On the
other hand, the weight loss of de-COOH-MWNT blocks corre-
sponded to 12.2 wt % of the initial COOH-MWNT powder.

Structural Characterization. The sample morphologies were de-
termined by SEM (S-4100, Hitachi, Japan) and HRTEM (HF-2000,
Hitachi, Japan); the instruments were equipped with a field emis-
sion gun. The scanning and transmission electron microscopes
were operated at 5 and 200 kV, respectively. The transmission
electron microscopy had attached a NORAN Instruments energy-
dispersive X-ray detector and a Gatan imaging filter with an en-
ergy resolution of 1.0 eV. Metal impurities were detected by ICP-
OES (Thermo Elemental Co. Ltd., USA). The vibrational modes of
the modified nanotube samples were characterized using Fou-
rier transform infrared absorption (Avatar 380, Thermo Electron
Co. Ltd., USA). In particular, the samples were measured inside a
KBr pellet. Raman scattering spectroscopy (Jobin-Yvon T64000,
Horiba Co. Ltd., Japan) studies were used to analyze the vibra-
tional modes of graphitic materials. These measurements were
carried out at room temperature using an Ar ion laser (488.0 nm).
XPS (used to confirm the fluorination of MWNTSs) was performed
on an AXIS-His instrument (Kratos Analytical Ltd., UK) with a
monochromatized Al Ka line. Thermogravimetry with differen-
tial thermal analysis (TG-DTA) (STA 409 PC Luxx, NETZSCH-
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Geratebau GmbH, Germany) and mass spectroscopy (QMS 403
C Aéolos, NETZSCH-Geratebau GmbH, Germany) were used to
detect the gas products of thermal decomposition of the fluori-
nated MWNTSs in helium (flow rate, 55 cm>/min) at room temper-
ature and up to 1273 K (10 K/min).

Mechanical Properties. The mechanical properties of the solid
blocks—the Young’s modulus and fracture strength—were mea-
sured using three-point bending tests, which were performed
on a universal testing machine (Instron 5582) at atmospheric
conditions and room temperature. The load was applied at a
crosshead speed of 0.05 mm/min. The Young’s modulus £, and
fracture strength oy, are given by the following equations,

E, = 1/4(3/b°)P/d, o, = (3P,L/2bh%)

where L is the span length (16 mm), b the specimen width (2.0
mm), h the specimen thickness (1 mm), P/3 the initial linear slope
of the load versus load-line displacement curve, and P,, the
maximum load. Three specimens were tested, and the averaged
results were obtained. The shape of tested specimens was
approximately 2.0 X 18 X 1.0 mm. The solid specimens were
polished with Emery paper (no. 1200) and Fuji film lapping tape
(no. 2000 and no. 4000, Fuji Photo Film Co., Ltd., Japan). Eight
tests were made on each material.

Indentation tests were carried out on a HMV-1/2 hardness
tester with a diamond Vickers indenter (Shimazu Co. Ltd., Ja-
pan). The indentation parameters were a 1.961 N load with a
dwell of 15 s. Vickers indentation sites were observed by SEM.
Ten tests were performed on each material.

Electrical Conductivity Measurements. The specimens were mea-
sured at room temperature on rectangular blocks (2.0 X 18 X
1.0 mm) parallel to their length, i.e., perpendicular to the press-
ing axis. The solid specimens were polished with Emery paper
(no. 1200) and Fuji film lapping tape (no. 2000 and no. 4000, Fuji
Photo Film Co., Ltd., Japan). A four-terminal electrical transport
method was also carried out using a Solartron 1287 (an electro-
chemical interface), in combination with a Solartron 1260 (im-
pedance/gain phase analyzer). In this case, the samples had
small current electrodes and voltage electrodes in the form of
two narrow strips of platinum on the large surface of the block.
The frequency range was 1.0 Hz to 3.0 kHz, and the amplitude of
the alternate current signal was 10 mV. A two-terminal method
was carried out using the above setup. The electrical conductiv-
ity of the specimens was measured at room temperature along
the rectangular surfaces of the specimens and along the perpen-
dicular direction (thickness).

The electrical conductivity of the nanotube powder was mea-
sured using a powder measurement system (Loresta GP MCP-
T600, Dia Instruments Co., Ltd., Japan). This experiment was per-
formed at room temperature in the pressure range of 100-650
kgf/cm?. About 1.0 g of sample was mounted into an electrical
insulated mold. First, resistance was measured by holding a me-
tallic electrode against the sample surface (four-probe method
recorded at room temperature, in which a pin electrode was de-
posited every 3.0 mm). Volume resistivity was calculated by mul-
tiplying resistance by the resistivity correction factor, deter-
mined according to the sample’s shape and size. Note that
conductivity is the inverse of volume resistivity.

Bulk Density Measurements and Porosity Estimation. All specimens
were shaped into rectangular pieces (2.0 X 20 X 1.0 mm). The
specimens were polished as described above. Bulk densities of
the solids were measured using an analytical electrobalance (GR-
202, A & D Co. Ltd., Japan) and a high-precision microscale
(M200, Mitutoyo Co., Japan) for length, width, and thickness de-
terminations. The porosity of the solids is given by

P=1- (dbulk/dtrue)

where dy,, is the bulk density of solid and d,,,,. the true density
of graphite (2.26 g/cm?>).
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