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cemented specimens were clearly separated into a ce-
ment part (Zn-rich area) and an YPSZ area (Zr-rich
area). The cement-YPSZ boundary was clear, and
interface fracture between YPSZ and zinc phosphate
cement was suggested. In contrast, the glass
ionomer- and adhesive resin composite cement-bonded
specimens showed complex, intricate surfaces, imply-
ing partly cohesive fracture.

DISCUSSION
In this study, the effects on shear bond strength of

various surface conditions of YPSZ in combination -

with various cements were investigated. The bonding
strength of YPSZ -with two different surface
roughnesses and three types of cement was tested. It
was found that different surface roughnesses did not
influence bonding strength, whereas different types
of silanization and cement used significantly affected
the bonding strength of the adhesive resin composite
cement. In all surface pretreatments, the shear bond
strength increased in the order of adhesive resin
composite cement > glass ionomer cement > zinc
phosphate cement.

In a previous report, the authors investigated the
bonding strength of YPSZ using threaded and ta-
pered holes in a brass plate and YPSZ milled speci-
mens'”. In that study'”, the glass ionomer cement
showed the highest bonding strength, whereas no
significant differences were seen between adhesive
resin composite and zinc phosphate cements”. In
contrast, in the present study, the adhesive resin
composite cement showed the highest bonding
strength. Differences in the test methods were con-

Glass
lonomer

Adhesive
Resin

sidered to be one possible cause for the different re-
sults obtained in the two studies. In the previous
study®, the specimens and the brass plate were ta-
pered. Therefore, the applied force probably included
not only the shearing force, but also tensile force.
In addition, when luted with the various cements
studied, the YPSZ specimens were placed manually in
drilled tapered holes'”. This might have resulted in
cement layers with inconsistent thicknesses. With
the present method, the flat surface of an YPSZ
specimen was bonded to another surface with a simi-
lar surface condition, and hence the bonding condi-
tion was reproduced more consistently than the pre-
vious method. In the present study, the shear force
was applied in a direction perpendicular to the bond-
ing plane. The present method should, therefore,
more accurately determine the bonding strength to
YPSZ of the three types of cement studied.
Compared to the other surface treatment, MPTS
treatment when used in conjunction with the adhe-
sive resin cement yielded a higher shear bond
strength — but their difference was of low signifi-
cance (0.1>p>0.05). The reason for the difference in
bonding effectiveness between MPTS and PBA was
considered to be as follows. In the PBA treatment,
a mixture of PBA and the primer (Clearfil Linerbond
1IS) was applied on the YPSZ surface and air-dried.
In contrast, the MPTS treatment was carried out at
60C and drying was done in a vacuum after remov-
ing the residual MPTS-toluene solution. Therefore,
the formed surface layer would be thinner and more
tightly bonded to the YPSZ surface than with the
PBA pretreatment. Thus, results in the present
study indicated that the combination of adhesive

Fig.5 SEM and elemental distribution images of fractured surfaces bonded with the three

cements studied (C: cement, Z: YPSZ).
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resin composite cement with MPTS pretreatment pro-
duced a more effective bonding to YPSZ than the
combination with PBA treatment.

In previous studies, bonding strengths of various
adhesive resin luting agents to zirconia ceramic speci-
mens were reported to range between 1.7 and 70.4
MPal™  In most of the studies that addressed the
bonding strength to zirconia ceramics, the specimens
were made out of homogenous ceramic green-body
blanks of zirconia, and various bonding systems and
pretreatments were used® . In the current study,
specimens of high-density, sintered, prefabricated
zirconia blanks — called hot isostatically pressed
(HIPed) zirconia blanks — were used. In an earlier
report on the bonding strength of HIPed YPSZY, the
mean values were 12 MPa for adhesive resin compos-
ite cement, 21 MPa for glass ionomer cement, and 9
MPa for zinc phosphate cement. In other words, the
mean value of the adhesive resin composite cement
was close to the value obtained in the current study,
whereas the values obtained for zinc phosphate and
glass ionomer cements were lower.

The effects of surface treatment on bonding to
dental ceramics other than zirconia have also been
presented in earlier studies™ *. For example, the
shear bond strengths of adhesive resin composite ce-
ment with the silanized surface of lithium disilicate
glass-ceramics and feldspar ceramics have been re-
ported to be 47 MPa for Empress 22 (Ivoclar
Vivadent, Schaan, Lichtenstein), 18 MPa for Vita
VMK 682, 42 MPa for Cerec Vitablocs Mark II*,
and 55 MPa for Vita Celay® (all Vita products from
Vita Zahnfabrik, Bad Sackingen, Germany). Alda et
al. reported that the bonding strength of another
feldspar ceramic (Laminabond Porcelain, Shofu,
Kyoto, Japan) increased with silanization treatment
when using commercial priming silane agents other
than MPTS? . These herein-mentioned results con-
tradicted partially with the results obtained in the
present study. Disagreements could be due to differ-
ences in the silane treatment and the ceramics used.
In terms of silanization, it should be noted that hy-
drofluoric acid etching of conventional silica-based ce-
ramics usually improves the effects of silanization
and adhesive bonding'?, whereas dental zirconia ce-
ramics are unetchable with hydrofluoric acid. How-
ever, it has been said that the phosphate ester group
in the Panavia 21 resin composite bonds directly to
metal oxides®™ and chemically to zirconia ceramics®?.

Thus far, it can be seen that the reported bond-
ing strengths of cements to dental ceramics vary
widely, making it difficult to assess their clinical sig-
nificance. It has been suggested that 10-13 MPa is
the minimum strength needed for clinical bonding®®.
On the other hand, the in vitro bond strengths to
acid-etched human dentin of various commercial resin
composite bonding cements, which have been in clini-
cal use for a relatively long time, were reported to

range from 1.1 to 14.8 MPa?. For conventional zinc
phosphate cement, ?ilo®™® reported a tensile bond
strength of 0.6 MPa to dentin and Richardson et al.
0.9 MPa®. Although those values seem to be very
low and are considerably inferior to those suggested
as the acceptable minimum strength for clinical
bonding”®, zinc phosphate cements have been suc-
cessfully used in the clinics for a very long time to
lute cast dental restorations. To assess the clinical
performance of bonding systems, in vitro studies
should therefore be supplemented with clinical studies
with long follow-up times.

In most of the earlier studies dealing with
zirconia specimens, various surface pretreatments —
such as sandblasting or tribochemical silica coasting
followed by silanization — were used® ¥, However,
mechanical treatments of zirconia should be done
with caution because it has been demonstrated that
heat treatment, sandblasting, and grinding can influ-
ence its mechanical properties’®®® . In a recent
study by Sundh and Sjégren, it was stated that the
effect on the fracture resistance of zirconia depended
on, among other things, the time the specimens were
subjected to sandblasting'®. This is probably because
sandblasting treatment and/or grinding can induce
compressive stresses and/or phase transformation on
the surface, which increases the strength; at the
same time, they also induce flaws and other defects
which reduce the strength. Therefore, to find the
best possible technique of improving bonding durabil-
ity, more studies are needed to determine the effects
of surface treatment on the bond strength and me-
chanical properties of zirconia ceramics.

CONCLUSIONS

Within the limitations of this in vitro study, the fol-
lowing conclusions were drawn:

1. Difference in surface roughness between SiC- and
Al,O,-blasted specimens did not significantly affect
bonding strength.

2. In all surface pretreatments, the shear bond
strength significantly increased in the order of adhe-
sive resin composite cement > glass ionomer cement
> zinc phosphate cement.

3. The combination of adhesive resin composite ce-
ment with 10% methacryloxy propyl trimethoxysilane-
toluene (dehydrated) solution yielded a slightly
higher bond strength to YPSZ, as compared to the
other surface treatment.
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Binder-free macroscopic single-walled carbon nanotube (SWCNT) solids were
prepared by spark plasma sintering (SPS) of purified SWCNTs. The effects of
processing temperatures and pressures on the mechanical properties of the SWCNT
solids and structural change of SWCNTs in the SWCNT solids were investigated.
Transmission electron microscope observation of the SWCNT solids revealed that

the high-temperature treatment has transformed some part of the SWCNTSs into
amorphous-like structure and the rest of the SWENTs remained buried into the above
structure. The mechanical properties of the SWCNT solids increased with the
increasing processing temperature, probably reflecting the improvement of interfacial
strength between SWCNTs and disordered structure of carbon due to the spark plasma

generated in the SPS process.

I. INTRODUCTION

The predicted extraordinary mechanical, thermal, and
electrical properties of single-walled carbon nanotubes
(SWCNTs) have prompted intense research into a wide
range of applications in structural materials, electronics,
chemical processing, and energy management.' In par-
ticular, the exceptional mechanical properties of this ma-
terial, along with the high aspect ratio, offer great poten-
tial and an alternative for traditional fibrous materials
used as reinforcing components for ultrastrong compos-
ite materials. However, the production of SWCNT-
reinforced composites with unprecedented mechanical
properties is yet to be realized,>™ as the critical chal-
lenges lie in uniformly dispersing the SWCNTs in com-
posites, achieving nanotube-matrix cohesion that pro-
vides effective stress transfer, and avoiding intra-bundle

» Address all correspondence to this author.
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sliding within SWCNT bundles. In addition, we believe
that, to take full advantage of the intrinsic physical and
mechanical properties of SWCNTs, it is necessary to
produce solid structures composed entirely of SWCNTs.
Recently, a number of attempts to form such macro-
scopic products have been reported.®'! Sreekumar et al.
produced SWCNT films composed entirely of SWCNTs
and examined their mechanical properties by employing
the tensile tests. The elastic modulus and fracture
strength of the films with a density of 0.9 Mg/m*® were 8
GPa and 30 MPa, respectively.'® However, the strength-
ening mechanism for the observed mechanical properties
and the contribution of the SWCNTSs to the mechanical
properties of the solid structures was not clearly estab-
lished. In our previous study, we succeeded in preparing
binder-free macroscopic SWCNT solids by using a spark
plasma sintering (SPS) method and a hot-pressing
method and investigated the mechanical properties and
microstructures.’> The SWCNT solids exhibited a non-
linear deformation response with elastic modulus of
about 6.0 GPa and fracture strength of about 23.8 MPa.

© 2006 Materials Research Society 1537
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Transmission electron microscope (TEM) observation
suggested that the failure occurred via intra-bundle slid-
ing due to the weak cohesive bonds between SWCNTs
within and between the bundles. A similar weak bond has
been observed in macroscopic structures composed of
SWCNTSs.2” As a consequence, a number of attempts to
introduce stable links between SWCNTs have been re-
cently reported."*'* Kis and co-workers successfully in-
troduced stable links between neighboring SWCNTs
within bundles, using moderate electron-beam irradiation
inside a transmission electron microscope.'* The irradi-
ated bundles showed a substantial increase in elastic
modulus. However, the electron-beam technique is im-
practical when it comes to the production of macroscopic
solid structures. We believe that similar improvement of
macrostructures can be realized by treating purified
SWCNTs using SPS. The SPS technique is a pressure-
assisted fast sintering method based on high-temperature
plasma momentarily generated in the gaps between pow-
der materials by electrical discharge during on—off direct
current pulsing, which causes localized high tempera-
tures. It has been suggested that the direct current pulse
could generate several effects such as spark plasma,
spark impact, Joule heating, and an electrical field diffu-
sion.'® These effects associated with the SPS technique
may be helpful in formin stable links between SWCNTs
within and between the bundles, and an enhancement in
the mechanical properties of binder-free SWCNT solids
may be expected. In this investigation, the effects of
processing temperatures and pressures on the mechanical
properties of the SWCNT solids prepared by the SPS
method and structural change of SWCNTs in the
SWCNT solids were further investigated, based on our
previous study.'?

. EXPERIMENTAL

The preparation of the highly pure SWCNTs was ca¥-
ried out using a technique described elsewhere.'>'® The
purified SWCNTs used in this study were prepared by
subjecting the soot synthesized by an arc discharge
method to heat treatment under an oxidizing atmosphere
and chemical treatment in hydrochloric acid. The diam-
eter and bundle length of purified SWCNTSs estimated
from Raman scattering measurements'’ and scanning
electron microscopy (SEM) ranged between 1.33 and
1.52 nm and 1.5 and 22.0 pm, respectively.

The binder-free SWCNT solids were prepared by sin-
tering the purified SWCNTs at temperatures of 1000,
1200, and 1400 °C under a pressure of 120 MPa in
vacuum for 5 min in a 20-mm-diameter graphite die. The
binder-free SWCNT solids prepared in this study are
demonstrated in Fig. 1. The disk-shaped specimen meas-
uring 20 mm in diameter and 1.5 mm in thickness was
cut using a silicon carbide saw and polished into 2 x 1 x

1538
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FIG. 1. Binder-free SWCNTs solids prepared by SPS; two disk-
shaped specimens have diameters of 10 and 20 mm and thickness of
about 1.5 mm.

18 mm pieces. The mechanical properties of the solids,
the elastic modulus, and the fracture strength were de-
termined by the three-point bending tests, which were
performed on a universal testing machine (Instron 5582,
Instron Corporation, Norwood, MA) in atmospheric con-
ditions at room temperature. The application of load was
performed at a crosshead speed of 0.05 mm/min. The
elastic modulus E, and fracture strength o, were deter-
mined from load versus load-line displacement records
using the simple beam theory. The initial slope of the
load versus load-line displacement curves was used to
compute the elastic modulus. For each processing con-
dition, three specimens were tested, and the averaged
results are presented below.

ll. RESULTS AND DISCUSSION

Typical TEM (Hitachi HF-2000, Tokyo, Japan) im-
ages of the fracture surfaces are shown in Figs. 2(a) and
2(b) for the solids prepared at 1000 and 1400 °C, respec-
tively. The TEM image of the solid prepared at 1000 °C
shows numerous smooth surfaced bundles [Fig. 2(a)].
However in the case of 1400 °C, the number of SWCNT
bundles present was found to be lesser, and at the same
time the presence of disordered structure of carbon was
also observed. Detailed TEM observation suggested that
the high-temperature treatment transformed some part of
the SWCNTs into disordered structure of carbon, and the
rest of the SWCNTs remained buried into the above
structure {Fig. 2(b)]. Because of their metastable charac-
ter, SWCNTs may transform into more stable structure
under the high-temperature conditions.

Thus, we used Raman spectroscopy (Jobin-Yvon
T64000, Kyoto, Japan) and x-ray diffractometry (XRD;
Mac Science M21X, Ibaragi, Japan) to analyze the dis-
ordered structure of carbon present in the solids. In the
Raman analysis, it is well known that the ratio of the

J. Mater. Res., Vol. 21, No. 6, Jun 2006
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FIG. 2. Typical TEM images of the fracture surfaces for the SWCNT
solids prepared by SPS at temperatures of (a) 1000 °C and (b) 1400 °C.

peak intensities at about 1350 cm™ (D-band, Ip) and
1590 cm™ (G-band, 1) is a good index to evaluate the
abundance of SWCNTSs in the sample.'®'? Thus, we pre-
pared SWCNT solids under pressures of 40 and 120 MPa
by using mechanical compaction at room temperature
and SPS at temperatures between 600 and 1400 °C. Fig-
ure 3(a) shows Raman intensity ratio (///,) for the sol-
ids prepared under various processing conditions. Here,
the I5/I, was normalized using the results of solids con-
solidated by mechanical compaction under a pressure of
120 MPa. It should be mentioned here that the general
feature of the Raman profile obtained in this study is very
similar to that observed for the SWCNTs, as purified.
The Raman and XRD profiles of the SWCNTs purified
using the same method as that of this study have been
reported in our previous study.'® The reader is referred to
the literature for the Raman and XRD profiles of the
purified SWCNTs. As shown in Fig. 3(a), the /5/l of
solids prepared by mechanical compaction at room
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FIG. 3. (a) Raman intensity ratio /5//, and (b) normalized intensity
(002) for the SWCNT solids prepared by SPS under various proc-
essing conditions.

temperature was independent of the applied pressure.
However, in the case of the solids prepared by SPS, the
I/I, gradually decreased with increasing temperature
and pressure, suggesting the transformation of SWCNT's
in the solids. This is may be attributable to an increase in
defect concentration on the SWCNTSs structure caused
during the SPS process, which may lead to the formation
of disordered structure of carbon in stringent conditions.
However, the Raman analysis provides no information
about the structure of the solids prepared by SPS. Thus,
we also carried out the XRD analysis of the solids pre-
pared under the various conditions.

The XRD profiles exhibited the peaks corresponding
to the reflections from (002) and (004) planes of graphite
in all the solids. Figure 3(b) shows normalized value of
the (002) reflection obtained from the XRD patterns for
the solids. Here, the measurements were normalized
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using the results of solids consolidated by mechanical
compaction under a pressure of 40 MPa. The intensity for
the solids prepared by mechanical compaction at room
temperature was independent of the applied pressure, just
like data obtained from the Raman analysis. However, in
the case of the solids prepared by SPS, the intensity
increased steadily with the increase in processing tem-
peratures and pressures. The above XRD results, in con-
junction with the TEM and Raman data, suggest that the
SWCNTs were transformed into graphite-like and amor-
phous-like structures during the SPS process. Additional
evidence for the structural changes in the SWCNT solids
may be gained from further examination of the XRD
result. The XRD results on the SWCNT solids were ana-
lyzed using the experimental data in the low-frequency
regions (scanning angle of 26 was 5-26°), referring to the
literature.?° Plotting the XRD intensity against scattering
vector O revealed that a well-defined peak existed at
O = 042 A, and weaker peaks, up to 1.8 A. These
Jow-frequency scattering peaks indicate the existence of
a two-dimensional lattice of SWCNTSs organized in
bundles.?® The average transverse size of the SWCNT
bundles, which was calculated from a full width at half-
maximum (FWHM) of the peak at Q = 0.42 A, de-
creased with the increasing processing temperatures and
pressures. At the same time, the intensity of the peak at
Q0 = 042 A decreased with the increasing processing
temperatures and pressures. These results may also sup-
port the transformation of the SWCNTs in the SPS proc-
ess. The rise in the concentration of the graphite-like and
amorphous-like materials in the solids may lead to the
change in their physical and mechanical properties.

The theoretical density of individual SWCNTs has
been calculated to be 1.36 Mg/m?, assuming the diameter
of the SWCNTs to be 1.3 nm, and the distance between
neighboring SWCNTs is determined by the van der
Waals interaction.?’ The measurements of the solids con-
solidated by mechanical compaction under a pressure of
120 MPa was 1.04 Mg/m>. On the other hand, the den-
sities of the solids prepared by using SPS have been
found to be larger than the ones prepared by mechanical
compaction. The measurement of the solids prepared at
600 °C was 1.35 Mg/m> and almost equal to the theo-
retical density, and the value of the solids prepared at
1400 °C was 1.46 Mg/m>. In general, true density of
porous solids, such as pycnometry data, provides higher
value than bulk density. Thus, the bulk density data de-
scribed above suggest that the rise in the density of the
solids with treatment temperature may be due to the
structural change of SWCNTSs into the graphite-like and
amorphous-like structures.

Figure 4 gives typical load versus load-line displace-
ment curves of the solids determined by three-point
bending tests. In all the specimens, a nonlinear deforma-
tion response was observed up to the peak load, and a
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FIG. 4. Typical load versus load-line displacement curves of the
SWCNT solids, which show the quasi-brittle nature.

relatively rapid crack extension took place just after the
peak load followed by a long tail. Therefore, the SWCNT
solids may be categorized as a quasi-brittle material. The
deformation response of macroscopic structures com-
posed of SWCNTSs have exhibited brittle nature,>”"'° al-
though post-peak behavior is observed for binder-free
SWCNT solids. This type of unusual deformation re-
sponse was believed due to the presence of bundle struc-
tures. The processing conditions and the mechanical
properties of the solids determined by the three-point
bending tests are summarized in Table I. Mechanical
measurements revealed that the mechanical properties of
the solids were dependent on the processing temperature.
The reason for the improvement of the mechanical prop-
erties may be due to the effective prevention of slide
deformatjon between the bundles, through the formation
of stable links between SWCNTs. However, the me-
chanical properties of the solids are inferior than those of
individual SWCNTs.**??

We now discuss the correspondence between the me-
chanical property and microstructure of the SWCNT sol-
ids using TEM observation, shown in Figs. 2(a) and 2(b).
From the fracture surface of the solids prepared at
1000 °C, the following features can be noted. First, nu-
merous bundles protruded from the fracture surface. The

TABLE 1. Processing conditions and mechanical properties for the
SWCNT solids prepared by spark plasma sintering.

Elastic modulus E, Fracture strength oy,

Processing conditions (GPa) (MPa)
1000 °C, 120 MPa 6.04 23.8
1200 °C, 120 MPa 7.06 50.1
1400 °C, 120 MPa 8.30 52.4
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diameter of “pullout” bundles gradually decreased to-
ward their tip, which was generally about 3 pm long, and
in some cases it was 8 wm or longer. In addition, numer-
ous curved and stretched SWCNT bundles that bridged
the 3-pm-wide cracks were observed through the SEM
data. This curving and stretching reflected the high flex-
ibility of the SWCNT bundles, which may be the cause
of the post-peak behavior observed in Fig. 4. The bundles
may have been pulled out during the deformation and
fracture of the solids. Second, TEM observations showed
that the pulled out bundles consisted of about 10-30
nanotubes, and no breakage of SWCNTs in the bundles
was observed. These observations revealed that the fail-
ure occurred via inter-bundles slippage rather than the
failure of the SWCNTs themselves, suggesting that the
detachment between SWCNTs within and between the
bundles is a very decisive factor in the fracture process of
the solids. However, when the processing temperature
was further increased, the pulled out region was observed
to decrease. As seen in Fig. 2(b), only a limited extent of
pullout is observed in the solid prepared at 1400 °C. The
pullout length of the bundles was obviously shorter, and
the number of SWCNT bundles present was less than
that of the solids prepared at 1000 °C. It is noted that
SWCNT bundles are embedded in the amorphous-like
structure, which is transformed from SWCNTs. The
tighter links between the SWCNTs and amorphous-like
structure may cause the improved mechanical properties
that occur when the materials are prepared at higher proc-
essing temperatures.

IV. CONCLUSIONS

In summary, we have demonstrated the preparation of
binder-free SWCNT solids with elastic modulus and
fracture strength of 8.3 GPa and 52.4 MPa, respectively,
by using the SPS technique. The experimental observa-
tion revealed that the high-temperature treatment trans-
formed some part of the SWCNTs into amorphous-like
structure, and the rest of the SWCNTSs remained buried in
that structure. The mechanical properties of the SWCNT
solids increased with increasing processing temperature,
probably reflecting the improvement of interfacial
strength between SWCNTs and amorphous-like structure
transformed from SWCNTs caused by the spark plasma
generated in the SPS process. The results of this study
may open up a new route for the large-scale production
of binder-free macroscopic SWCNT solid structures.
Further research is currently underway to examine the
influence of nanotube types, purity, and anisotropy on
the mechanical and electrical properties binder-free
SWCNT solids. The binder-free SWCNT solids could
also be applied to biomaterials such as artificial heart
valves and tooth roots.**
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Abstract

Single-walled carbon nanotubes (SWCNTs) were successfully solidified without any additives using a spark plasma method. Puri-
fication of raw soot was crucially important in order to improve the mechanical properties of the SWCNT solid, which exhibited a
significant nonlinear deformation response in contrast with brittle fracture of an unpurified SWCNT solid.
© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Single-walled carbon nanotubes; Spark plasma sintering method; Small punch testing method; Mechanical properties; Microstructure

Recent experimental studies have amply demon-
strated that individual single-walled carbon nanotubes
(SWCNTs) have an extremely high Young’s modulus
and tensile strength [1,2]. Researchers have mostly
examined the possible applications of SWCNTs in
polymer [2,3], metal [4] and ceramics [5,6] matrices,
and characterized the properties and microstructures
of these composite materials. However, the production
of SWCNT composites with extremely good mechanical
properties is yet to be realized. Additionally, in order to
take full advantage of the intrinsic mechanical and phys-
ical properties of SWCNTs, it is necessary to produce
solid structures that are composed solely of the
SWCNTs.

In this work, we have successfully produced binder-
free SWCNT disks with purified SWCNTs by using a

" Corresponding author. Tel.: +81 22 217 7524; fax: +81 22 217
4311.
E-mail address: gyamamoto@rift.mech.tohoku.acjp (G. Yamamo-
to).

spark plasma sintering (SPS) method, and the mechani-
cal properties of the disk specimens were investigated by
a small punch (SP) testing method. Raw soot synthe-
sized by conventional methods commonly contains
metal particles and various forms of carbon [7-9]
Therefore, the effect of the impurities on the mechanical
properties and microstructures was investigated by com-
paring the results obtained from the disk specimens
made of the purified SWCNTs and unpurified raw soot.

SWCNTs were synthesized by a direct current arc dis-
charge between a pure graphite cathode and a metal
loaded graphite anode. A pure graphite rod (purity
99.9%), 16 mm diameter and 50 mm length, and a
6 mm diameter and 110 mm length graphite rod
(99.9%) loaded with Fe and Ni powders (99.99%) were
used as cathode and anode, respectively. The arc
discharge was carried out under a helium atmosphere
of 100 Torr. The discharge current was 70 A, and during
the discharge, the gap between the electrodes was main-
tained at about 3mm by manually advancing the
consumed anode. The raw soot containing SWCNTs

1359-6462/% - see front matter © 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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produced by the arc discharge method was retrieved
from the upper wall and the roof of the chamber and
was homogenized by mixing together regardless of the
different sampling locations. In the raw soot, SWCNTs
coexist with many by-products such as metal particles,
fullerenes, and amorphous carbon [7,10]. Therefore,
SWCNTs were separated step by step from the impuri-
ties using the following purification process. First, the
fullerenes and the amorphous carbon were burned out
by heating approximately 600 mg of raw soot at
450 °C and keeping for 30 min in air. Then, the residual
soot was heated up to 500 °C and kept for 30 min in air
to burn out the graphitic layers surrounding metal
particles. Finally, the metal particles were washed out
from the soot by treating with 6 M hydrochloric acid
solution. The processed soot was filtered and rinsed with
deionized water.

Fig. 1(a) and (b) shows the Raman spectra and X-ray
diffraction (XRD) profiles of the unpurified raw soot
and purified SWCNTSs, respectively. Abundance of
SWCNTSs in the sample is estimated from the intensity
ratio Ig/Ip of the Raman spectrum, and is also indicated
in Fig. 1(a). It is well known that the Raman intensity
ratio Ig/Ip of the peaks at 1350 em™! (D-band) and
1590 cm™! (G-band) is a good index for the evaluation
of the SWCNTs abundance [11,12]. Here, both the sam-
ples were measured using 488.0 nm exciting lasers with
backscattering configuration. As seen in Fig. 1(a), the
Is/Ip of SWCNTs was about seven times larger than
that of raw soot, without any change in each peak posi-
tion. The XRD profile of the raw soot shows the
presence of the Cgo, graphite and metals. In contrast,
the SWCNTs were free of Cg and metals, showing only
the graphite peak. These results suggest that highly pure
SWCNTs have been obtained by the processing condi-
tions used, except for a trace amount of carbon materi-
als other than SWCNTs. The diameter distribution of
SWCNTs was determined from the Raman spectra in
radial breathing mode (RBM) range [13]. From the
peaks at 160 and 180 cm™!, the diameter of the
SWCNTs was estimated to be approximately 1.52 and
1.33 nm. This result agrees with the diameter observed
by TEM.

Purified SWCNTs and unpurified raw soot were
solidified by using the SPS technique [14] in a graphite
die with a diameter of 10 mm at a temperature of
1000 °C under a pressure of 120 MPa. After applying
the given pressure, the samples were heated to the
desired temperature and held at this temperature for
5 min. The prepared specimens were disk-shaped about
10 mm in diameter and 1.5 mm in thickness, and were
then polished with emery paper (#4000) mnto 10 mm
diameter and 1.2 mm thickness. The mechanical proper-
ties such as Young’s modulus and work of fracture were
measured by the SP testing method [15] using miniatur-
ized disk specimens. The SP tests were performed on a

-------- Raw soot *
(Ie/1,=14.5)
—— SWCNTs
(Is/1,=96.4).

Intensity (a.u.)

(a) Raman shift (cm™)

SWCNTs

=10

o Graphite
x Fe/Ni
* Fullerene

Intensity (a.u.)

Raw soot

X

10 20 30 40 50 60 70 80
{b) 28

Fig. 1. (2) Raman spectra and (b} X-ray diffraction patterns of the
unpurified raw soot and purified SWCNTs, respectively. The Raman
intensity ratios Ig/Ip estimated from the peak position of the D-band
and G-band are also indicated (a).

universal testing machine in atmospheric conditions at
room temperature. The disk specimens were placed on
a die having a central borehole and simply supported
on the circular edge (see Ref. [15]). The load was applied
at the specimen center through a puncher at a crosshead
speed of 0.05 mm/min. The displacement of the speci-
mens was monitored at the mid-point using a linear
variable differential transducer (LVDT) fixed on to the
testing machine.

Deformation and stress analysis for SP tests have
been performed using a finite element method (FEM),
assuming liner elastic response of the material [15]. In
this study, the numerical data were used to compute
Young’s modulus and to construct a stress—normalized
displacement diagram. The Young modulus of SP
specimen Egp was calculated from the measured initial
linear slope of the load—displacement curve, which was
expressed by the following equation:
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where P is the load, ¢ the displacement measured at the (2)

specimen center, f{#/a) the correction factor for the spec-
imen thickness, a the borehole diameter of the support-
ing die (=2.1 mm), v the Poisson’s ratio, and ¢ the
specimen thickness. The maximum tensile stress along
the load application point osp can be expressed by the
equation given below.

Load

v

| Indentation

Puncher side

Egs. (1) and (2) suggest that plotting the stress versus
normalized displacement curve (osp — [So/f(t/a)Cot]d)
provides an initial slope of Young’s modulus Egp. The
work of fracture was calculated using the area of
the stress—normalized displacement curve up to the max-
imum load. The disk specimens made of purified
SWCNTs and unpurified raw soot are referred to as
SWCNT disk and raw soot disk, respectively. For each
processing condition, three specimens were tested and
the averaged results will be presented below.

Figs. 2 and 3 show, respectively, the fractured speci-
mens and typical stress—normalized displacement curves
for both specimens. In the case of the raw soot disks, the
main crack was formed at the center of the specimen
that was subjected to the maximum biaxial stress and
propagated to the outer region as shown in Fig, 2(a).
The specimen was broken into four pieces, which dem-
onstrated the brittle nature of the fracture. This observa-
tion corresponds to the deformation response as shown
in Fig. 3. In contrast, the purified SWCNTs produced
quasi-ductile solid structures. A fractured specimen is
shown in Fig. 2(b), which is also illustrated schemati-
cally in Fig. 2(c). As shown in Fig. 2(c), an indentation
was formed on the specimen by the spherical puncher
used for load application, and the main fracture initi-
ated and propagated from a cone-shaped region at the
edge of the indentation. A significant non-linear defor-
mation response was observed for the SWCNT disks,
as shown in Fig. 3.

The physical and mechanical properties for both
specimens are shown in Table 1. The bulk density of

60
------- Raw soot
50| —— SWCNTs
Rapid fracture

40+ X

$
30-}'

Stress (MPa)

20

3

Specimen

.-
'''''

Lower die side

Fig. 2. Crack propagation of (a) the raw soot disk and (b) the
SWCNT disk. (¢) Schematic illustration of the fracture path is also

shown.

Fracture path
(cone crack)

2.5mm

10 Hy

0 1 1 il
0.0 C.1 0.2 0.3 0.4

Normalized displacement

Fig. 3. Typical stress versus normalized displacement curves obtained
from small punch tests. Dotted line and dark line show the fracture
behavior of the raw soot disk and SWCNT disk, respectively.
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Table 1
Physical and mechanical properties of the raw soot disks and SWCNT
disks prepared by spark plasma sintering

Materials Bulk density  Young’s modulus  Work of fracture
p (Mg/m’) Esp (GPa) Jsp (N mm)

Raw soot 1.90 0.74 1.4

SWCNTs  1.55 0.66 17.3

the raw soot disks was found to be larger than that of
the SWCNT disks. This may be due to the presence of
by-products such as metal particles, fullerenes and car-
bon materials in the raw soot disks. However, there
was almost no difference in Young’s modulus between
the specimens. On the other hand, the work of fracture
of the SWCNT disks was 12 times larger than that of the
raw soot disks. The reason for the significant difference
in the work of fracture may be due to the quasi-ductile
fracture behavior of the SWCNT disks.

To obtain an in-depth understanding of the differ-
ences in the fracture mechanisms, the microstructural
observation was carried out using a transmission elec-
tron microscope (TEM). Fig. 4 shows the typical low
magnification TEM photographs of the fracture sur-
faces of (a) the raw soot disk and (b) the SWCNT disk.
The raw soot disk consists of SWCNTs bundles {arrow
A), amorphous carbon (arrow B) and metal particles

(arrow C), as shown in Fig. 4(a). From the morphology
of the fracture surface, it looks as if the SWCNT
bundles have been pulled out from the body during
the deformation and fracture of the specimen. Then,
most pulled out bundles are curved and looped. How-
ever, it can be seen that the main material of fracture
surface was entirely different from the structure of
SWCNT bundles and the pullout was limited. In con-
trast, in the case of the SWCNT disk, extensive pullout
of SWCNT bundles of approximately 1 pum in length
were observed, and the diameter of SWCNT bundles
was observed to decrease toward their tips. Fig. 4(c) is
a high-resolution TEM photograph of the fracture sur-
face of SWCNT disk. From the TEM photograph, it
can be seen that numerous bundles containing 10-30
nanotubes protrude from the fracture surface, and the
average diameter of SWCNTs in the bundles was 1.58
and 1.39 nm, which is in approximate agreement with
the diameter of SWCNTs before the solidification pro-
cess. Detailed observation of the fracture surface indi-
cates that no breakage of SWCNTs occurred in the
bundles for both cases. These experimental results indi-
cate that the brittleness of the raw soot disks may be due
to the inherent brittleness of carbon materials such as
amorphous carbon and graphite, which possess no effec-
tive stress transfer capability between the bundles and

Fig. 4. Typical low magnification TEM photographs of fracture surfaces of (a) the raw soot disk and (b) the SWCNT disk. (c) A high-resolution

TEM photograph of fracture surfaces of SWCNT disk.
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carbon materials. In contrast, the failure in the SWCNT
disks occurred via intra-bundle sliding between
SWCNTs, within and between the bundles. The signifi-
cant non-linear deformation response of the SWCNT
disks may be due to the pullout behavior associated with
the slippage of SWCNTs held by weak van der Waals
interactions.

In this study, we have successfully produced SWCNT
disks without any additives, employing the SPS method.
This solidification method enables us to produce quasi-
ductile solid structures composed of purified SWCNTs
with Young’s modulus of 0.66 GPa. In contrast, unpuri-
fied raw soot produced brittle solids structures with
Young’s modulus of 0.74 GPa. However, Young’s mod-
ulus of the purified SWCNT disks is still lower than the
individual SWCNTs due to the sliding of SWCNTs
within the bundles. Work is in progress to improve the
mechanical properties of the binder-free purified
SWCNT disks by introducing effective chemical bond-
ing between SWCNTs, within and between the bundles.
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Since single-walled carbon nanotubes (SWNTs) were
discovered in 1993, their unique physical and electronic
properties have attracted considerable interest. SWNTs have
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been used as field emission sources of field emission display
devices because of their unique structures and prominent
stability.? It is well-known that adsorption of various gases
on SWNTs leads to different field emission characteristics.
For example, exposure of SWNTs to oxygen gas increases
the turn-on voltage and decreases the field emission current,’
whereas intercalation of Cs atoms decreases the turn-on
voltage by a factor of 2.1—2.8 and increases the field
emission current by a factor of 10 to the power of 6.

Organosilicon compounds, in which extensive delocaliza-
tion of o electrons takes place along the silicon chain, have
many unique and interesting electronic properties.® In this
account, we report novel hybrid materials prepared from
SWNTs and organosilicon compounds. Interestingly, the
hybrid materials exhibit significantly enhanced field emission
efficiency compared with pristine SWNTs.

SWNTSs produced by the pulsed laser vaporization method
of a metal/carbon target in a furnace at 1100 °C and purified
by a previously reported procedure were obtained as toluene
suspension from the Tubes@Rice. For the addition of silyl
radical, the SWNTs were dispersed in benzene by ultrasoni-
cation. Jrradiation of a degassed benzene suspension contain-
ing SWNTSs (2 mg) and 1,1,2,2-tetraphenyl-1,2-di-tert-butyl-

(1) (a) lijima, S.; Ichihashi, T. Nature 1993, 363, 603. (b) Bethune, D.
S.; Kiang, C. H.; de Vries, M. S.; Gorman, G.; Savoy, R.; Vazquez,
J1.; Bever, R. Nature 1993, 363, 605.

(2) (a) de Heer, W. A_; Chatelain, A.; Ugarte, D. Science 1995, 270, 1179.
(b) Saito, Y.; Hamaguchi, K.; Hata, K.; Uchida, K.; Tasaka, Y ;
Ikazaki, F.; Yumura, M.; Kasuyam, A.; Nishima, Y. Narure 1997,
389, 554. (c) Bonard, J.-M.; Salvetat, J.-P.; Stockli, T.; de Heer, W.
A. Appl. Phys. Letr. 1998, 73, 918.

(3) Dean, K. A.; Chalamala, B. R. Appl. Phys. Lett. 1995, 75, 3017.

(4) Wadhawan, A ; Stallcup, R. E., II; Perez, J. M. Appl. Phys. Lett. 2001,
78, 108.

(5) (a) Steinmetz, M. G. Chem. Rev. 1995, 95, 1527. (b) Rappoport, Z.,
Apeloig, Y., Eds. The Chemisny of Organosilicon Compounds; John
Wiley & Sons: New York, 1998.
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Figure 1. (a) SEM image of SWNTs-1. (b) EDS analysis of SWNTs-1.
(c) Raman spectra of SWNTs and SWNTs-1.

1,2-disilane (1, 10 mg) with a low-pressure mercury-arc lamp
resulted in formation of the silylated SWNTs (SWNTs-1).
The SWNTs-1 were collected and washed by toluene to
remove residual silicon compounds. The SWNTs on which
organosilicon compounds are adsorbed (SWNTs/1) were
prepared from the ultrasonic treatment of a mixture of 2 mg
of SWNTs and 10 mg of organosilicon compounds in 10
mL of benzene at room temperature. SWNTs/1 were col-
lected by filtration using a membrane filter, washed with
benzene to remove free organosilicon molecules, and then
dried. The carbene adduct of SWNTs (SWNTs-CH,) was
prepared from the reaction of SWNTs and diazomethane.®
A SWNTs (50 mg) dispersion in toluene was added to the
ether solution of diazomethane (large excess) at 0 °C and
then stirred at room temperature under an Ar atmosphere in
the dark. The reaction mixture was heated to 100 °C and
then was collected and washed by toluene. The diazomethane
was prepared from p-tolylsulfonylmethynitrosamide and
Carbitor by the literature method.” (Diazomethane is toxic
and explosive.)

Figure lais a scanning electron microscope (SEM) image
of the SWNTs-1. SWNTs-1 are clean and uniformly dis-
tributed in the form of bundles. The existence of silicon in
the SWNTs-1 was demonstrated clearly by energy dispersive
X-ray spectrometry (EDS) line analysis, as shown in Figure

(6) Chen, J.; Hamon, M. A;; Hy, H.; Chen, Y.; Rao, A. M.; Eklund, P.
C.; Haddon, R. C. Science 1998, 282, 95,

(7) De Boer, H. I.; Backer, H. J. In Organic Synthesis; Rabjohnm, N,
Ed.; Wiley: New York, 1963; Collective Vol. 4, p 250.
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Figure 2. Plots of the field emission current vs voltage of SWNTs, SWNTs-
1, and SWNTs-CHo. (a) First scan. (b) Second scan.

1b. Raman spectroscopy is useful for characterizing SWNT
features.® As shown in Figure 1c, the typical Raman pattern
of the SWNTs excited at 488 nm was observed. It shows
the well-defined radial breathing mode at 200 cm™, a strong
tangential mode at 1590 ¢m™!, and a disorder mode with
very low intensity at 1350 cm™. It is well-known that charge-
transfer between SWNTs and dopant, such as alkali metals,
shifts the tangential modes remarkably.’ No significant
difference in the tangential mode between pristine SWNTs
and SWNTs-1 was observed, although theoretical calcula-
tions (see below) reveal that about 0.7—0.8 electron is
transferred from SiH; to SWNT. It may be due to the small
number of silicon substituents on the sidewall of SWNTs
bundles.

The field emission currents were measured as a function
of applied voltage at a pressure of 1.0 x 1077 Torr for a
spacer of 10 mm between a cathode of the SWNTs tips and
an anode of the Faraday cup. Isosceles triangle-shaped
SWNTs tips were cut out from the mats of SWNTs, SWNTs-
1, and SWNTs/1 using a razor and were fixed on top of hair-
pin shaped wires using Ag paste to measure the field
emission properties, respectively. The anode was electrically
grounded, and the negative bias was applied to the cathode
(up to 500 V). Weak and unstable currents were observed
for each sample only at the first rising of the voltage around
150—200 V; these suggest removal of adsorbates. Current—
voltage (/—V) properties were measured from 500 to 0 V.7
From the /—V¥ characteristics (Figure 2a), the turn-on voltage
decreases from 400 to 200 V/0.1 pA by silylation, and the

(8) 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. E.; Dresselhaus, G.; Dresselhaus, M. S. Science 1997,
275, 187.

(9) Rao, A. M.; Eklund, P. C.; Bandow, S.; Thess, A.; Smalley, R. E.
Nature 1997, 388, 257.
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field emission current increases from 1078 to 107% A at a
voltage of 500 V. SWNTs-CH, also show a lower gate
voltage (350 V/0.1 pA) than SWNTs.™ These results suggest
that the chemical functionalization improves field emission
properties of SWNTs significantly. The second measurements
of the same SWNT tips showed the result similar to the -V
properties of the first measurements, as shown in Figure 2b.

We have reported that the covalent combination of Cgp
and organosilicon compounds produces a new class of
silylfullerene. The combining 7 and ¢ conjugated compounds
have interesting characteristics, and the silylfullerene has
lower oxidation and higher reduction potentials than the
analogous carbon substituted derivatives as well as Cg
itself.!! This unique electrochemical property is the electron-
releasing nature of silicon relative to carbon. In addition to
the covalent combination, a noncovalent combination of Cg
and organosilicon compounds was realized by Wang et al.,
who reported that doping of fullerene into polysilane
enhances its charge-generation efficiency significantly.’”? We
compared the field emission properties between SWNTSs and
the adsorbed adduct (SWNTs/1). SWNTs/1 shows a lower
gate voltage (250 V/0.1 pA) than SWNTs, suggesting that
the intermolecular g— interaction between SWNTs and the
organosilicon compound also enhances effectively the field
emission of SWNTs.

To understand the above experimental resuits, we have
studied the interaction of SiH, and Si;Hg with the semicon-
ducting (10,0) SWNT and that of SiH, with the metallic (5,5)
SWNT by using local density functional theory. In the case
of Si,Hg-(10,0), a supercell containing double unit cells of
the (10,0) SWNT is constructed, while in the case of SiH,-
(5,5), a supercell containing three unit cells of the (5,5)
SWNT is constructed. Full geometry optimization was
performed for both the atomic positions and lattice lengths
by using the ultrasoft pseudopotential plane-wave program,'?
CASTEP,'* with a cutoff energy of 240 eV. The convergence
tolerance of force on each atom is 0.01 eV/A. Static total
energies of the relaxed structures are calculated with a larger
310 eV cutoff energy. An all-electron double numerical
atomic orbital basis set'> is employed to calculate the
electronic energy bands. SiH, is adsorbed on the sidewall
of the (10,0) SWNT (Figure 3a), and the adsorption energies
are 2.11, 4.34, and 8.02 eV for one , two, and four SiH,
groups per super cell, respectively (the corresponding ratio
of Si:C is 2.5%, 5%, and 10%, respectively). The band gap
of the (10,0) SWNT is reduced from 0.81 to 0.73, 0.53, and
0.23 eV, respectively, as a result of the formation of new
bands in the band gap by SiH, addition (Figure 3b). Each
SiH, group induces a new band in the band gap of the
nanotube and donates about 0.7—0.8 electrons to the nano-

(10) (a) Saito, Y.; Hamaguchi, K.; Nishino, T.; Hata, K.; Tohji, K.; Kasuya,
A.; Nishina, Y. Jpn. J. Appl. Phys. 1997, 36, 1.1340—L1342. (b) Saito,
Y.; Uemura, S. Carbon 2000, 38, 169—182.

(11) (a) Suzuki, T.; Maruyama, Y.; Akasaka, T.; Ando, W.; Kobayashi,
K.; Nagae, S. J. Am. Chem. Soc. 1994, 116, 1359. (b) Maeda, Y.;
Rahman, R. M. A.; Wakahara, T.; Kako, M.; Okamura, M.; Sato, S;
Akasaka, T.; Kobayashi, K.; Nagase, S.J. Org. Chem. 2003, 68, 6791.

(12) Wang, Y.; West, R; Yuan, C. H. J. Am. Chem. Soc. 1993, 115, 3844.

(13) Vanderbit, D. Phys. Rev. B. 1990, 4/, 7892.

(14) Milman, V.; Winkler, B.; White, J. A; Pickard, C. J.; Payne, M. C,;
Akhmatskaya, E. V.; Hobes, R. E. J. Quantum Chem. 2000, 77, 895.
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tube. Notably, the Fermi level of the (10,0) SWNT is elevated
by 0.24, 0.46, and 1.06 eV, respectively, by one, two, and
four SiH, additions per unit cell, suggesting a corresponding
reduction of 0.24, 0.46, and 1.06 eV in the work function
(in the first approximation, the work function is equal to the
negative Fermi level).'* Similarly, the Fermi level of the (5,5)
SWNT is elevated by 0.10 and 0.50 eV by one and six SiH,
additions per supercell (the corresponding ratio of Si:C is
1.7% and 10%, respectively). These remarkable reductions
in the work function are in agreement with the measured
remarkable reduction in turn-on voltage of field emission of
SWNT upon silylation.

Covalent functionalization by CH, elevates the Fermi level
of SWNTs in a less significant way than that by SiH,. The
Fermi level of the (10,0) SWNT is only elevated by 0.59
eV upon four CH, additions per unit cell, half the value of
SiH, addition. This appears qualitatively consistent with the
observed smaller enhancement in field emission upon CH;
addition than organosilicon addition as shown in Figure 1.
Si,Hi is physisorbed on the surface of the nanotube (Figure
3a) with an adsorption energy of 0.19 eV. The shortest atom-
to-atom distance between Si;Hg and the (10,0) SWNT is 2.88
A. No significant shift of the Fermi level is found at this
concentration, but 0.01 electrons are transferred from Si;Hg
to the nanotube. If the concentration of Si;H, is increased
by a factor of 10, the number of transferred electrons would
be increased to about 0.1. These transferred electrons are
likely to fill the conduction band rigidly and elevate the Fermi
level as in the case of Cs doping.'® Therefore, the mechanism
of enhanced field emission upon physisorption of organo-
silicon can be understood in terms of a simple electron-
transfer picture.

Extensive delocalization of ¢ electrons takes place along
the silicon chain, giving rise to many interesting electronic

(15) Delley, B. J. Chem. Phys. 2000, 113, 7756.
(16) Zhao, J.; Han, J,; Ly, J. P. Phys. Rev. B 2002, 65, 193401.



4208 Chem. Mater., Vol. 18, No. 18, 2006

Electric Field (V/um)

0.‘01 0102 0‘03 0,104 0. 05

105~
| OSWNTs /1 A
1977 AswNTs /2 A§A9°¢°g§g égsﬁﬁ.
_ 107 UswNTs /3 AVV WEE “OM‘ °
< 10°7 OSWNTs /4 aﬁv
5 109 @SWNTs /5 AA”‘° +358 - .-i
3 107% ASWNTs /6 a¥ gDgoc a®
j01H VSWNTs /7,8 Dg oo, al
. o H
1p12{ EBSWNTs R v Sv‘u =
107 T cBeps T T
100 200 300 400 500
Voltage (V)

Figure 4. Plots of the field emission current vs voltage.

properties. For example, because of this o-conjugation, the
ionization potential is very sensitive to the silicon backbone.
We attempted to expand this approach to other oligosilanes
and polysilanes. The /—V characteristic of the absorptive
adducts SWNTs/1—7 under the same condition also has an
enhanced emission when compared to pristine SWNTs, as
shown in Figure 4. All organosilicon compounds have
improved the filed emission property of SWNTs. But the
field emission property of these hybrid materials was not
sensitive to the oxidation potential of the organosilicon
compounds (Table 1). It was reported that not only oxidation
potential but also the structures of the organosilicon com-
pounds are important for the charge-generation efficiency
of fullerene toward polysilane.!

In conclusion, the SWNT—organosilicon hybrids were
prepared. In accordance with the significantly reduced work
function found by density functional theory calculations,
silylation of SWNTs significantly increases the field emission
properties of SWNTs. The physisorption of organosilicon
compounds on the surface of SWNTs is also effective for
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Table 1. (a) Turn-On Voltages for Various Film Field Emitters and
(b) the Anodic Peak Potentials of Organosilicon Compounds’

a. Turn-On Voltages

compound vy compound V)
SWNTs/c-(Et2Si)s (2) 220 SWNTs/Ph(SiPh;);Ph (5) 260
SWNTs/(Hex:Si), (3) 220 SWNTs/e-(PhaSi)s (6) 270
SWNTs/Ph;Si(SiMea)r- 240 SWNTs/(PhMeSi), (7) 280

SiPh; (4)
SWNTs/(iBuPhsSi), (1) 250 SWNTs 400

b. Anodic Peak Potentials?

compound V vs SCE compound V vs SCE
c-(Et2Si)s (2) 1.62 Ph(SiPhy);Ph (5) 1.74
(HexaSi), (3) 1.60% c-(PhaSi)s (6) 1.61
Ph;Si(SiMea).SiPh; (4) 1.76 (PhMeSi), (7) 1.00%
(/BuPhsSi)a (1) 1.90

@ The first anodic peak potentials scan rate; 50 mV/s, 0.1 M TBAP of a
CH,Cl; solution. # Miller, R. D.; Michi, J. Chem. Rev. 1989, 89, 1359.

improvement of the field emission properties of SWNTs.
Unlike the classical alkali metal doping, the hybrid materials
of SWNTs with organosilicon compounds are stable under
oxygen. This simple modification suggests a great potential
industrial utilization as building blocks for field emission
sources.
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Relation of the Number of Cross-Links and Mechanical Properties of Multi-Walled Carbon
Nanotube Films Formed by a Dehydration Condensation Reaction
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Multi-walled carbon nanotube (MWCNT) films were prepared by employing a condensation reaction utilizing
1,3-dicyclohexylcarbodiimide (DCC) to cross-link each MWCNT with carboxylic acid and hydroxyl groups.
Morphological changes in the resultant MWCNT films were monitored using scanning electron microscopy
and showed that the MWCNTSs were randomly intertwined in the films. The prepared MWCNT films were
17 mm in diameter and 20 um in thickness, and the apparent density was 0.59 g/cm?. Fourier transform-
infrared spectroscopy confirmed that each MWCNT modified with carboxylic acid and hydroxyl groups was
cross-linked through the ester bond. It was found that the ratio of the number of ester cross-links and carbon
atoms of the nanotubes per unit apparent volume (cm’) of condensed-MWCNT films was 5.27 x 1073 using
thermogravimetric analysis (TGA). The tensile strength and Vickers hardness of condensed-MWCNT films
achieved an average of 15 and 9.2 MPa, respectively, and were greater than those of free-standing MWCNT

films without ester bond.

Introduction

Carbon nanotubes (CNTs) films have been utilized in the form
of sensor electrodes’ and actuators.? Multi-walled carbon
nanotubes (MWCNTs) are made up of more than one layer that
form concentric graphene tubes that possess metallic properties
and high mechanical strength. However, it is more difficult to
form MWCNT films in comparison to forming single-walled
carbon nanotube (SWCNT) films?~3 since MWCNTs are more
rigid due to the large number of concentric graphene tubes. To
date, researchers have reported on the chemical polymerization
of short carboxylic SWCNTSs into “rings”® or “large strands’’
by application of a condensation reaction. Ester bonds can be
synthesized by a dehydration condensation reaction of a
carboxylic group with a hydroxyl group in the presence of a
dehydration—condensation-coupling agent. This reaction is also
useful in generating nanotube assemblies such as films in an
effort to solve the aforementioned problem. Here, we report on
the ester cross-linking of MWCNTs into thin films by employing
a dehydration condensation reaction esterification with the
assistance of 1,3-dicyclohexylcarbodiimide (DDC) and estimate
the number of ester cross-links involving MWCNTs and
examine the mechanical properties such as tensile strength and
Vickers hardness.

Experimental Section

The MWCNTSs used in this study had been synthesized by
the chemical vapor deposition (CVD) method and were obtained
from NanoLab, Inc. The purity was about 80 wt %, and
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impurities included amorphous carbon, Fe, Mo, Cr, and Al. The
diameter was in the range between 20 and 40 nm, and the length
was in the range between 500 nm and 5.0 um. A 100 mg amount
of the soot was burned in air at 773 K for 90 min, and the
bumt soot was then introduced into a flask containing 6 M HCl
to dissolve the metals (purified-MWCNTSs). Following this, the
acid solution was filtered using a membrane filter, and 500 mg
of the filtered cake was transferred into a flask containing 500
mL of 6.8 mol/L HNOs. The mixture was sonicated for 5 min
and then refluxed with stirring at 373 K for 16 h to modify
surface carboxylic acid and hydroxyl and carbonyl groups.3?
The resultant suspension was filtered using a membrane filter,
and the filtered cake was dried in oven at 333 K for 24 h. The
resultant sample, referred to as “hydrophile-MWCNTSs”, con-
sisted of the following: C, 99.498 wt %; Al, 0.159 wt %; Fe,
0.321 wt %; Mo, 0.019 wt %; and Cr, 0.003 wt % as determined
by ICP-OES and found to be highly pure.)® The method
employed to generate the MWCNT films was as follows: 100
mg of hydrophile-MWCNTs was introduced into a flask
containing N,N-dimethylformamide (DMF) and sonicated for
60 min. Following this, the suspension was stirred at room
temperature for 24 h to effectively disperse the nanotubes. A
20 mL aliquot of the resultant suspension was removed and
filtered using a PTFE membrane filter with a pore size of 0.1
um. After filtering the suspension, the cake was thoroughly
washed with ethanol to remove DMF. The cake adhered to the
PTFE membrane was then sandwiched between Teflon plates
and dried at room temperature for over 12 h under pressure at
1.6 x 103 Pa. The resultant sample, referred to as “hydrophile-
MWCNT film”, was then removed from the PTFE membrane.
The method employed to generate MWCNT films assembled
by a condensation reaction was as follows: hydrophile-MWCNT
films were placed on the Teflon plate inset at the base of a
glass Petri dish. A 20 mL aliquot of DMF in which 20 mg of
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DCC was added and was gently poured into the dish. The dish
was then sealed in the flask placed in a water bath set at 333
K, and the reaction allowed to proceed for 24 h. Following this,
DMF was removed from the dish, and DCC and DMF were
thoroughly removed using ethanol. The sample was allowed to
dry at room temperature for over 24 h, and the resultant film
was referred to as “condensed-MWCNT film”. In an effort to
estimate the apparent density of the resultant films, film weight
and size were measured using an analytical electrobalance (GR-
202; A & D Co. Ltd., Japan) and universal profile projector
(PJ300H; Mitutoyo Co., Japan) for length and width determina-
tions and a high-precision microscale (M200; Mitutoyo Co.,
Japan) for thickness determinations. The sample was character-
ized using scanning electron microscopy (SEM; S-4100, Hitachi,
Japan), transmission electron microscopy (TEM; HF-2000,
Hitachi, Japan), Fourier transform-infrared spectroscopy (FT-
IR; Avatar 360, Thermo Electron Co. Ltd., USA), inductively
coupled plasma optical emission spectroscopy (ICP-OES; IRIS
Advantage DUO, Thermo Electron), and high-resolution ther-
mogravimetric analysis (dynamic TG-8210, Thermo Mass,
Rigaku Co. Ltd., Japan). The tensile mechanical properties of
MWCNT films were determined using INSTRON 4310. Tensile
tests were conducted on 2.0 mm wide and 20 pum thick
specimens at a gauge length of 10 mm and a strain rate of 0.2
mm/min. Micro Vickers hardness tests were measured using
an MVK-VL hardness tester with a diamond Vickers indenter
(Akashi, Japan). The indentation parameters consisted of a 98.07
mN load with a dwell of 15 s.

Results and Discussion

An image of a condensed-MWCNT film and a typical SEM
photograph of its surface are shown in Figure 1. The condensed-
MWCNT films were 17 mm in diameter and 20 um in thickness
(Figure 1a), and the apparent density was 0.59 g/em?. Although
films were somewhat brittle, they could fashion into various
shapes. The hydrophile-MWCNTSs possessed an average length
of 1.5 um with a curved shape and each MWCNT randomly
intertwined in the condensed-MWCNT films (Figure 1b).

The presence of functional groups on the samples was
established using IR spectroscopy with transmission method
(KBr pellet). The IR spectrum of carbon nanotubes with a higher
defect concentration is well-known as having a broader band
at 1200 cm™? that is assigned to a signal derived from the carbon
skeleton.!’ =13 As the broader band around 1200 cm™! appeared
in the IR spectrum of raw- or purified-MWCNTSs, we confirmed
that the degree of graphitization for the used MWCNTs was
lower than that of the purified MWCNTs synthesized by arc-
discharge method!? (Figure S1 of the Supporting Information).
From the IR spectra of the hydrophile-MWCNT films and
condensed-MWCNT films (Figure 2), the band present at 1584
cm~} in the two spectra is associated with the stretching
vibration of the aromatic C=C group.!® In the case of hydro-
phile-MWCNT films, the small band at 1725 cm™' was assigned
to the stretching vibration of the C=0 carboxylic acid and
carbonyl, while bands at 3130 and 3440 cm™} correspond to
the stretching vibration of the O—H carboxyl, hydroxyl, and
phenolic groups. The band at 1404 cm™! was assigned to the
C—O symmetrical stretching vibration of carboxylate ions or
O~—H bending deformation vibration in carboxylic acid, hy-
droxyl, and phenolic groups. The broader band range from 1050
to 1194 cm™! was assigned to the C—O stretching vibration of
hydroxyl and phenol groups.'¢ The surface of the hydrophile-
MWCNT films is considered to be modified through carboxylic
acid and hydroxyl groups. On the other hand, following
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Figure 1. (a) Typical image of condensed-MWCNT films. (b) SEM
image of the surface of condensed-MWCNT films.

dehydration condensation, the band around 3440 cm™! repre-
senting O—H stretching of carboxylic acid groups, the peak at
1404 cm™! representing the C—O symmetrical stretching
vibration of carboxylate ions or O—H bending deformation
vibration of carboxylic acid, hydroxyl, and phenolic groups all
decrease. Furthermore, the half-maximum full-width of the
broader peak at 1221 cm™' is narrow and may be accounted
for by the presence of stretching vibrational modes of ester
groups (O—C—0). Although the 1725 cm™! peak comprises
unreacted carboxylic acids and ketones in condensed-MWCNT
films, the stretching vibration of the C=0 moiety in ester groups
(C=0(—0)-C) is thought to be represented by this peak. The
aforementioned speculations suggest that the carboxylic acid
and hydroxyl groups on the nanotube surface are modified
through conversion into ester bonds with subsequent loss of
water (H»O) and represent ester product formation by a
condensation reaction. The ester bond in condensed-MWCNT
films would provide for the possibility of cross-linking as well
as for enhanced intertube interactions. However, as both C=0
(1725 em™!)y and C~0O (1221 cm™) stretching bands associated
with the ester group are very small, the yield of ester bonds
might be low.

Additionally, evidence of covalent functionalization on the
surface of the carbon nanotubes was provided by Raman
spectroscopy. The D-band (1350 cm™?) intensity increased with
increasing covalent functionalization of the nanotube. The /p/
I of purified-MWCNTs was found to be 0.868. On the other





