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We report a new and simple method to synthesize water-soluble fullerenes. Here, the fullerene oxides
are simply boiled in alkali aqueous solution to obtain water-soluble species. The mass analysis of
water-soluble sample confirms the presence of Cg suggesting the dissolution of the same in water.
Furthermore, the structure of the water-soluble fullerenes was analyzed in detail by using the Fourier
transform infrared, ultraviolet- visible analysis and NMR. We expected to arrive at the structure of the
water-soluble fullerenes that has the composition of CegH,,(OH),, from these analyses.

1. Introduction

Water-soluble fullerene derivatives have a great
potential in thé field of biological and medical
applications. For example, Cg derivatives have
been applied as anti-HIV and anti-cancer
reagents. Chiang et al. and Kitazawa et al. have
succeeded in producing water-soluble fullerene,
Cqo(OH), using two different methods developed
separately. Chiang et al. synthesized the
water-soluble fullerene by the hydrolysis of ester
moicties of a polyorganocarboxylated fullerene
derivative “L.Y.Chiang et al (1992) found”. On
the other hand, Kitazawa et al. reported a more
efficient reaction between Cg and NaOH aq, and
used tetrabutylammenium hydroxide as phase
transfer catalyst “K.Kitazawa et al (1993) found”.
However, the above methods required numerous
steps and several reagents and also had some ions
associated in the final products, which hampered
their use directly. Therefore, we suggest a simple
and efficient method to synthesize water-soluble
fullerenes utilizing the fullerene oxides and
nucleophilic addition.

2. Experiment

Cq was overoxidized by bubbling with ozone
gas in Cgy toluene solution. This treatment was
continued until the precipitate was formed (about
20 minutes). Then, the precipitate was filtered
and dried. Water-soluble fullerene derivatives
were synthesized by boiling the precipitate in
NaOH aqueous solution. Then, the suspension
was filtered to remove insoluble species. The

filtrate was treated with ion-exchange resin to

remove sodium ions present in the solution and
analyzed by MALDI-TOF-MS (Bruker, Reflex
M ), FT-IR (Thermo Nicolet, AVATAR360),
ultraviolet-visible spectrophotometer (HITACHI,
U-3300), and '>C-, 'TH-NMR (Bruker, Cryoprobe
AV500). Then, MM calculation was used to
predict the orientation of the functional group of
fullerene.

3. Results and Discussion

Figure 1 shows the result of the mass analysis of
the synthesized water-soluble fullerene. The
matrix used 2.5-dihydroxy benzoic acid. In the
mass spectrum, the peak of only Cg was
observed. Therefore, the determination of the
number of functional groups in a fullerene is not

possible. However, it 1is expected that
water-soluble  fullerene  derivative  retains
fullerene cage.
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Figl. Mass spectrum of water-soluble fullerene.

Figure 2 shows the results of IR and UV-vis
analysis of water-soluble fullerene. In the IR
spectrum, absorption bands corresponding to
C-0(1200~1000 cm™), C-H(about 2900cm” and
1400cm),  C=Ofabout  1700cm™)  and
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hydroxyl(about 3400cm™ and 1600cm™) were
observed. However, the absorption bands of Cg
were not observed at all. And also, in the UV-vis
spectrum of water-soluble fullerene, the specific
absorption band of Cgz was not observed. The
spectrum was broad. It could be expected that
this is due to the hydroxyl absorption, which
would have drastically changed the natural
bonding states of Cq,. _

Figure 3 shows the results of BC.NMR and
'H.NMR. The C-NMR spectrum in D,0
exhibited two signals at about 173, 135 ppm for
sp® carbons and three signals at about 62, 51 and
33 ppm for sp> carbons. The number of peaks in
the C-NMR spectrum is small. Thus, it is
considered that the water-soluble fullerenes have
a good structural symmetry. The 'H-NMR
spectrum in D,0 exhibited three signals at 4.7,
324 and 2.11 ppm. The 4.7 ppm peak is
identified with water. The structures expected
from the peaks of 2.11 and 3.24 ppm are
H-C-C-OH and C-C-(H,OH). The structure of the
water-soluble fullerene was considered as
follows.

(1) The parts of 6-6 bonds of fullerene are
broken.

(2) The functional groups such as proton (-H)
and hydroxyl (-OH) ion are attached to the
carbon atom in fullerene.

(3) The

fullerene  derivatives have the
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Fig3. 3C- and '"H-NMR spectra of water-soluble
fullerene.

composition of CgH, (OH),,.

Figure 4 shows the optimum model of the
water-soluble fullerene, which was calculated by
MM. From the results of this calculation, the
structure  with hydroxyls attached to the
symmetrically opposite positions is found to be
the stablest.

Fig4. The structure expected from MM

calculation.

4, Conclusions

The water-soluble fullerene was synthesized by
using the fullerene oxides and utilizing the
nucleophilic addition reaction. The fullerene
derivative with the above unique structure is yet
to be reported. Thus we could conclude that we
have succeeded in the synthesis of novel
fullerene derivative.
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SUMMARY - The magnetic properties of materials deteriorate when the particle size reaches the
superparamagnetic limit and hence it is important to have an appropriate particle size depending on the end
use. In this paper we describe the synthesis of manganese zinc ferrite through aqueous process. Oxidation
method has been employed through acqueous process to achieve large particles with high magnetization at
low temperatures compared to other chemical methods. The synthesis conditions have been optimized to
maximize the magnetization by increasing the particle size above the superparamagnetic threshold. The
optimum concentration of the oxidant required for ferrite synthesis has been found to be 0.08 M of KNO, for
0.5 M NaOH. The results show that the largest particle size that could be achieved using the oxidation method

is 80 nm and the magnetization is 49 Am%/kg.

1. INTRODUCTION

Ferrite nanoparticles find important applications
in high frequency devices, information storage,
heat transfer devices, drug delivery systems and
medical diagnostics. Nanosize particles of ferrites
can be prepared by using various synthesis
techniques namely ball-milling, citrate precursor
method, hydrothermal synthesis, coprecipitation
and oxidation methods. Mangenese zinc ferrites
are  useful for ferrofluid and biomedical
applications due to low Curie temperature and
high magnetization-temperature gradient. The
maghetization value depends on the particle size
as smaller  particle  size  leads to
superparamagnetism and decreases the
magnetization.

In order to increase the magnetization the particle
size has to be increased. Synthesis of ferrites
through ball milling results in agglomerated
particles and other methods like hydrothermal
method involve high temperatures.
Coprecipitation method results in smaller particle
size and hence the magnetization value is low
since the particle sizes are of the order of 10-20
nanometer and their magnetic properties are also
influenced by parameters like cation distribution
“Jeyadevan et al (2000)". Oxidation method can
be used to synthesise nanoparticles of bigger sizes
compared to the coprecipitation technique.
However, the largest particle size obtainable with
the oxidation method also varies according to the
synthesis conditions used. In this paper we
describe the synthesis of Mn-Zn ferrite through
oxidation method involving low temperature
synthesis in an aqueous medium and its magnetic
properties with respect to particle size.

2. MATERIALS AND METHODS

Mn-ZnFe,0, was synthesized using analytical
grade reagents of Fe,$0,.7H,0, MnCl,4H,0,
ZnSO,.H,0 and adopting the oxidation method.
The ratio of Mn** to Zn*" jons was fixed as 2 for
all the experiments. NaOH was used for
precipitation and KNO; was used as the oxidant,
All the chemicals were of purity greater than 99%
(Wako). Oxidation method can be used to
synthesize larger particles by oxidising the
hydoroxide precipitate with an oxidant to convert
the ferrous ions to ferric and form the ferrite
phase at lower temperatures. Fe, Mn and Zn salts
were dissolved separately in water (0.5 L) and
allowed to react with NaOH dissolved in the same
amount of water. The resulting precipitate was
purged with N, before heating to prevent
atmospheric oxidation. The metal hydroxide
precipitate with a pH between 12-13 was oxidized
with various amounts of KNO, in a water bath at
90 °C with constant mechanical stirring, The
duration of the reaction was 2 h. The phases
produced were analyzed using X-ray diffraction
(XRD). The average grain size was determined
using the Schetrer formula. The morphology of
the particles was examined using Scanning
Electron Microscopy (SEM). The magnetic
properties were measured using a Vibrating
Sample Magnetometer (VSM).

The basic reaction mechanism of ferrite formation
in the simple case of FeO.Fe,Q, {magnetite) is as
follows:

(a) Fe(Il} hydrolysis:

Fe** + H,0 = FeOH'+H'



(b) Fe(Il) oxidation:
2FeQOH" + 12 O, + H,0 - 2 Fe(OH),"
(c) Precipitaion of partially oxidized intermediate:

(2-0)Fe(OH), +(1+x)Fe(OH) +xS0, +3-200H
> (Fe*"),,(Fe™), + ,(50,5),(OH )g 3,

(d) Additional Fe(IT) oxidation at constant pH:

2[(Fe™);(Fe™), o %(SO W (OH )gs] + x2 Oyt
5xH,0 > 2 [(Fe*),.(Fe* }(OH )] + 2xH,S0,

{e) De-hydration and magnetite formation:
[(Fe*), (Fe* }OH )] - FeO.Fe,0; +4H,0

From these reactions, it is seen that the ferrite
phase formation occurs by hydrolysis and
subsequent dehydration. A similar reaction
mechanism takes place in the synthesis of Mn-Zn
ferrite also. The ferrite phase formation also
depends on the temperature and duration of the
reaction. In the case of Mn-Zn ferrites, the
temperature of 90 °C and the duration of 2 b were
sufficient for the reaction to complete.

Metal salts of 0.17 M are allowed to react with
0.5 M of NaOH. The resulting metal hydroxide
precipitate was heated with various moles of
KNO,. The KNO; mole values used were (.05 M,
0.07 M, 008 M, 0.09 M, 0.15M and 0.20 M.

3. RESULTS AND DISCUSSION

Fig.1 shows the XRD of the Mn-ZnFe,0, sample
with (a) 0.08 M (b) 0.09 M and (c) 0.20 M. The
XRD showed the formation of pure spinel phase
with increasing moles of KNO,. The average
grain size was found to be in the range of 23-27
nm upto 0.09 M KNO; and thereafter decreased to
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Fig.1. The XRD of the Mn-ZnFe, 0,
sample with KNO; of (a) 0.08 M, (b)
0.09 M and (¢} 0.20 M.

12 nm for the .20 M KNOj; sample. For the
lowest concentration of KNO, 2 small amount of
hydroxide impurity peak is observed. Fig.2 shows
the SEM photographs of the 0.0¢ M KNQO,; added
sample. It is seen from the SEM resuits that the
average particle size is 80 nm for the samples
synthesized with less than 0.09 M of KNO; and

5 -3 ree -
Fig.2, The SEM photograph of the
Mn-ZnFe,0, synthesized with 0.09 M
KNO,.
the average particle size decreased to less than 20
nm when the KNO; was 0.20 M. Fig.3 shows
the saturation magnetization as a function of
KNO, concentration. It is seen that the saturation
magnetization is maximum with 49 Am%kg for
the 0.08 M sample whereas it decreases to 39
Am%kg for the 0.20 M of KNO; due to reduction
of particle size. The Mn-Zn ferrite particles
synthesized using coprecipitation method have

50
48 o)
43t o

441
421
40} o)

i a g

Magnetization (Am%/kg)

wr

-

004 0.07 01 Q013 0.1 0.19
" KNO, molar concentration

Fig.3. The saturation magnetization of
the Mn-ZnFe,0, as a function of KNO,
concentration.

given a magnetization value of 37 Am*/kg for
9 nm particles as reported by “Jeyadevan et al
(2003)" whereas with the oxidation method we
are able to synthesise 80 nm nanoparticles with a
magnetization of 49 Am%/kg.



4. CONCLUSIONS

Mn-Zn ferrite has been prepared by the oxidation
method. The spinel phase formation depends upon
the concentration of the oxidant used and the
optimum amount of KNO,; required for the
maximum particle size is found to be 0.08 M fora
fixed molar concentration of metal salts. The
largest magnetization obtained is 49 Am?/kg for a
particle size of 80 nm.
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ABSTRACT We demonstrate the validity of very simple methods for site-controlled
carbon nanetube growth using a radio-frequency magnetron-type plasma-enhanced
chemical vapor deposition technigque. Enhanced plasma density and optimized ion-
bombardment energy achieved by magnetic field introduction are found to be respon-
sible for the uniform and well-aligned carbon nanotube growth, Based on these results,
we attempted to perform experiments on site-controlled carbon nanotube growth using
very convenient methods such as scratching or simply masking a substrate surface

where carbonaceous materials deposit,
PACS 61.46.4+w; 52.80.Pi; 81.15.Gh

1 Introduction

Because of their unique and
prominent properties, carbon nanotubes
have attracted a great deal of attention
both scientifically and industrially. Es-
pecially, extensive studies have focused
on the development of simple and con-
trolled nanotube growth techniques for
the purpose of industrial applications to
various fields [1]. Concerning the site-
selective growth, numerous techniques
such as electron-beam lithography (2],
a template method using porous mate-
rials [3]. and ion-beam surface treat-
ment [4] have been reported so far.
When we use electron-beam lithogra-
phy or the template method, which have
beenregarded as the representative tech-
niques to prepare catalytic arrays, multi-
walled carbon nanotubes (MWNTSs)
are generally produced in a highly
site-controlled manner. However, their
growth is limited to a very small area (in
the case of the lithography technique) or
involves following some cumbersome
processes (in the case of the template

method) such as wet etching and clean-
ing. On account of the relatively easy
control of ion-bombardment energy and
ion flux toward growing nanotubes, on
the other hand, plasma-enhanced chem-
ical vapor deposition (PECVD) has
extensively been used for the individ-
ual and vertically aligned growth of
the MWNTs in relation to their poten-
tial applications mainly as an electron
emitter {S]. Here, we demonstrate very
simple methods for the site-controlled
MWNT growth in a quite large area
using a radio-frequency PECVD (rf-
PECVD) technique.

2 Experimental

In order to construct an rf
(13.56 MHz) magnetron-type plasma
apparatus, a magnetic field (0 < B. <
340 G) is externally imposed parallel
to a cylindrical 1f electrode (3em in
diameter) using solenoid coils {6]. Dif-
ferent from the prevailing parallel-plate
PECVD units, the cylindrcal rf elec-
trode is made of Ni and surrounded

=9 Fax: +81-22/263-9375, E-mail: hatak17 @ec.ecci.tohoku.ac jp

by a grounded cylindrical chamber
(13cm tn inner diameter and 30-cm
long). This unique geometry gives rise
to lower plasma sheath voltages at the
tf electrode and higher plasma densi-
ties, which may endow optimal growth
conditions. Essential plasma parameters
such as plasma density ., electron tem-
perature T, and plasma potential ¢ are
measured by a Langmuir probe,

Figure la shows the effect of gas
pressures on the radial profile of plasma
density with B, = 170G. Itis found that

Pressure (Torr)

Plasma density {em™)

3
Distance from electrode (cm)

Jor (mA/em?)
1]

+B,=170G
A B, =240G
ol [ B,= 340G
200 300 600
b VrF {(-V)
FIGURE 1 a Plasma density profiles in a radial

direction for various gas pressures, b relationships
between Jir and Vi for typical magnetic field
strengths

Rapid communication
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the plasma density is enhanced in the
vicinity of the rf electrode and reaches
a maximum when the working pressure
is 0.5 Torr. It is to be noted that the
product of electron-cyclotron frequency
() by electron-neutral collision time
{Ten) 1s Of the order of wee Ten = | under
these conditions, which is an import-
ant quantity in magnetic confinement
of plasmas. In addition to this, the dc
voltage component (Vi) of and the dc
current density (Jir) toward the rf elec-
trode can be externally controlled as
presented in Fig. b by connecting a dc
power supply to it through a low-pass-
filter circuit.

As a pretreatment [7], Ar sputtering
has been performed for 15 min with the
f power of 1 kW. After this, a 15-min
glow discharge (1-kW rf power, CHy :
H; =9: 1) givesrise to vertically grown
MWNTs on the powered rf-electrode
surface. Field-emission scanning elec-
tron microscopy (FE-SEM, Hitachi S-
4100) and field-emission transmission
electron microscopy (FE-TEM, Hitachi
HF-2000) are mainly employed to char-
acterize the features of the carbon nano-
tubes grown,

K] Results and discussion

Firstly, according to Fig. 2a
showing the feature of MWNTSs grown
for 3 min, it is observed that the MWNTs
start to grow from, mainly, the top of
protruding nano-islands (see inset) with
various diameters. Thus, these islands
formed by Ar plasma treatment are
considered to play an important role
in the nanotube formation, particularly
at the primitive stage of the nanotube
formation. Although carbon nanotube
tip-growth mechanisms, which are com-
monly observed in the case of PECVD
and explained in terms of surface ad-
sorption on the catalyst, decomposition,
diffusion, and final precipitation of car-
bon species in the form of a honeycomb
structure, are frequently predicted in the
literature !, 8, 9], the specific investiga-
tion of the nucleation stage has almost
never been reported. Very recently, we
have reported the time evolution of the
nucleation and further vertical growth
using the PECVD method and found
that the nanotube nucleation process
firstly takes place through the catalyst
tip formation preferentially from the
protruding nane-islands due to an en-

FIGURE2 FE-SEM images.

a After 3-min
nanotube growth, b uniform and well-aligned
MWNTs, ¢ MWNT structure damaged by plasma
ien bombardment .

hanced sputtering effect by the electric
field concentration at the topmost region
of the nano-islands, as shown in the inset
of Fig. 2a[10].

In order to investigate effects of
magnetic field in our magnetron-type
rf-PECVD, the dc component of the
rf electrode, Vi, is externally changed
for typical magnetic fields (170 and
340 G) under the conditions of 0.5 Torr,
CH,;:H; =9:1, and the 1f power of
1000W for 15min. As we can see
in Fig. 2b, uniform, dense, and well-
aligned MWNTs grow in the exter-
nally biased case of Js = 1.5mA/cm?,
Vit = —235 V. On the other hand, when
Vit becomes extremely low, which is
accompanied with an increase of ion
flux (Jr = 4.0mA/em?, Vg = =570 V),

the nanotubes once formed are dam-
aged due 1o a sputtering effect by both
the high ion-bombardment energy and
a surplus of ion flux from the plasma,
as shown in Fig. 2¢. From this result,
it is clearly indicated that not merely
ion flux, J, but also ion-bombardment
energy, Vir. has to be optimized for
the dense and well-aligned nanclube
growth.

As explained above, the PECVD
method is advantageous to controlled
nanotube growth because the configura-
tion and structure of resultant nanotubes
grown can be varied by controlling the
ion flux and the bombardment energy,
which has not seen in any other nino-
tube formation methods. Utilizing this
versatility of the PECVD method. we
attempt to control the nanotube grewth
site in a simple way, Before inducing
the mixture-gas discharge, the polished
Ni surface was scratched linearly using
a commercial sandpaper. After that. the
mixture gas is discharged without the
plasma pretreatment under the same
condition of Fig.2b. Figure 3 shows
a FE-SEM image of MWNTs which
are produced in the form of a linear ar-
ray in this case. When the Ni surface
is scratched, linearly arrayed projec-
tions are formed along both sides of the
scratch line. Since these projections are
considered to play the same role as the
nano-islands in Fig. 2a, vertically well-
aligned MWNTSs are finally produced in
a controlled manner.

On the other hand, we also attempt
to produce the MWNTSs in a large and
selected area under the similar condi-
tion of Fig. 2¢. In this situation, a region

} ‘j? far 2
FIGURE3 FE-SEM image showing the linearly

arrayed MWNTSs grown in the case of using the
scratching method
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of the rf-electrode surface, which is ex-
posed to the plasma, is baneful to the
vertical growth due to the intensive sput-
tering. Here, we introduce a commercial
mesh in order to wrap a surface of a Ni
substrate attached onto the rf electrode
and therefore mask it to avoid the harm-
ful sputtering phenomenon.

FE-SEM images in Fig. 4 show that
the MWNTS are distributed with a high
uniformity in a large area (see, in particu-
lar, Fig. 4a) and their location strongly
supports the site-controllability (Fig. 4b
and ¢). It is found that the MWNTs are
formed beneath the mesh with a high
density and a growth rate of 0.1 jtm/min.
On the contrary, it is hard to con-
firm the existence of MWNTs grown
in the plasma-exposed regions, which
is due to the direct sputtering of the
high-energy positive ions, as already
mentioned. A FE-TEM image of the in-
dividual MWNT in the same sample is
giveninFig. 4dandrevealsthatthenano-
tube growth proceeds by the tip-growth
mechanism because the Ni catalyst ap-
pears at the tube apex. Based on these
results of the direct observations, a sim-
ple model describing the real situation
is schematically illustrated as presented
in Fig. 4e. In this study, it is conceived

that MWNT growth characteristics be-
neath the mesh are similar to those of
the thermal CVD rather than the usual
PECVD because the Ni substrate surface
isheated to~ 650 *Cby plasmaionbom-
bardment and the affluent carbonaceous

species such as CH, radicals are supplied
from the localized plasma state by the

magnetic field introduction. Itis an unde-
niable fact that these methods introduced
here might notbe superiorto theelectron-
beamlithographic patterning ortemplate
technique in a sense of the precise site
control. However, in the case of carrying
out coarse patterning in a large area, our
methods have the obvious advantage that
we only need the really simple process,
scratchingormasking aplate. [naddition,
although our cylindrical PECVD system
can not be directly applied to prevail-
ing flat substrates, it is very helpful to
apply it to a light source with a cylindri-
cal geometry [11]. Moreover, if further
detailed investigations are performed re-
garding the electric field concentration
effect in the nanoscale, the selectivity in
our methods is expected to be improved.

4 Conclusions

In summary, we have inves-
tigated the optimal plasma condition

for the well-aligned MWNT growth
and attempted to produce MWNTSs in
an easy manner with site-controlled
growth using a cylindrical rf magnetron-
type PECVD unit. It is found that the
ion flux and the ion-bombardment en-
ergy have to be optimized in order
to grow uniform, well-aligned, and
density-controlled nanotubes. In a series
of experiments it is finally demonstrated
that very simple methods basically mak-
ing use of the ion-bombardment energy
are effective and available in a wide
sense for the site-controlled carbon
nanotube growth
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ABSTRACT

In this paper, we report the results of an attempt to disperse MWCNTs in water and determine their biocompatibilities.
The length of the MWCNTSs was reduced by treating the acidic nanotube suspension with ultrasonic irradiation. Then,
the cut nanotubes were size-separated into 670, 550 and 220 nm length by filtration using polycarbonate membrane
filters. The neutrophils activity (TNF-o0) of size-separated MWCNTSs was low and confirmed biocompatible.

Keywords: Multi-walled carbon nanotubes (MWCNTSs), size separation, biocompatibility, neutrophils activity, TNF-o;

1. INTRODUCION

One of the challenging and exciting research areas is currently related to the bioactivity of carbon nanomaterials
and their derivatives that have nano-s“paces and large surface areas. Recently, carbon nanotubes (CNTs)l'3 have been
proposed for biomedical applications™®, However, water-solubilization of the CNTs is indispensable for biomedical
fields. Since the CNTs have chemical properties similar to graphite and are several micrometers long, they do not easily
disperse in water on their own. Though the solubilization can be improved with the use of surfactants, it may affect the
intracellular reactions and also complex reaction-phenomena on the physiological cells and tissues'®. Thus, techniques to
make aqueous dispersions of CNTs without the use of surfactants are desirable. Also, prior to the application of these
dispersions in biomedical fields, the assessment of the potential health hazard of water-soluble CNTs for humans is
important''""°, Here, we report the findings of a study carried out to disperse multi-walled carbon nanotubes (MWCNTSs)
in water by reducing the length of purified nanotubes by ultrasonicating the tubes in a an acidic medium, size-separate by
the membrane filtration and their biocompatibilities by in vitro using human neutrophils of tumor necrosis factor-alpha

(TNF-0).
2. EXPERIMENTAL DETAILS

2.1 Preparation of the size-separated MWCNTs

Purification procedure of MWCNTs. The MWCNTS synthesized by the CVD method and supplied by NanoLab
was used in this smdy. The purity is 80 wt % with impurities such as amorphous carbon, Fe, Mo, Cr, Ni, and Al. The
diameter is 20 — 40 nm, and the length is 5.0 um on the average. First, MWCNTs were burned at 773 K for 90 min under
atmospheric pressure. Then, the burned product was transferred into a flask with 1.0 L of 6M-HCI and treated at 333 K
for 12 hours to remove the metals or metal oxides. Following this, the acid sclution was filtered using a PTFE membrane
filter with 0.1 pum pore size. The filtered cake was transferred into a flask with 1.0 L of 3M-NaOH and refluxed at 373 K
for 15 hours to dissolve Aluminum oxides. The nanotubes are then recovered by filtering the suspension by using a
membrane filter with 0.1 pm pore size, and the filtered cake was rinsed out with hot water. Finally, the sample was dried
up at 333 K for 12 hours.

Cutting procedure of the purified MWCNTs. The cutting procedure of the purified MWCNTS is as follows: 100
mg of the purified MWCNTSs was suspended in 100 mL of a 3:1 (v/v%) mixture of concentrated H;SO; (95%) / HNO,
(60%) and exposed to ultrasonic irradiation for 5 hours'®, The acid-treated MWCNTS were filtered using a membrane
filter with a pore size of 0.1 um, and the filtered cake was rinsed out with water until the pH of filtrate becomes neutral.
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Size separation procedure of the cut MWCNTs. The size separation procedure of the cut MWCNTs is as
follows'”: 20 mg of the cut MWCNTs was suspended in 400 mL of ethanol and irradiated by ultrasonic for 1 hour. Next,

the suspension was centrifuged at 5000 g for 1 hour in order to remove the aggregation of a few microns long MWCNTs
and then the supernatant was filtrated using polycarborbonate membranes with cylindrical pore diameters 1.2, 0.8, and
0.4 um.

Characterization of the purified and cut MWCNTSs. The purified and cut MWCNTSs were characterized with
scanning electron microscope (SEM), transmission electron microscope (TEM), X-ray fluorescence spectroscopy (XRF),
and Fourier transform infrared spectroscopy (FT-IR).

2.2 Biocompatibility test of the size-separated MWCNTs

Size-separated MWCNTSs. Highly pure size-separated MWCNTS of 670, 550 and 220 nm were mixed with HBSS
(Hanks’ balanced salt solution) in concentrations of 0.5 yg/ml.

Cells used for toxicity test. Human peripheral blood was obtained from healthy volunteers in our group.
Neutrophils were separated from blood using 6% isotonic sodium chloride containing hydroxyethyl starch and
lymphocyte isolation solution. After the suspended size-separated MWCNTSs solution was kept at 310 K for 2 weeks,
neutrophils were added and incubated at 310 K for 30 min. .

Cytokines (TNF-ot). Tumor necrosis factor-alpha (TNF-cr) production per 10° neutrophils in the supernatant was
measured using ELISA kits.

3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the raw (a), the purified MWCNTSs (b) and the HRTEM image of the purified
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MWCNTSs (c). It is clear from the SEM images that the
purified MWCNTSs were totally free of amorous carbon and
carbon nanoparticles. The purifitd MWCNTs were
confirmed to be free of metal impurities from TEM-EDX
and XRF analyses. Furthermore, clear {002) lattice image of
the purified MWCNTs (Figure Ic) suggested their highly
crystalline nature. However, these tubes consist of many
bamboo-like structures'®, and the diameter and length are
not uniform in size,

Figure 2 shows the SEM (a) and TEM (b) images of
the cut MWCNTS treated by the strong acids. It is obvious
from the SEM image (Figure 2a) that the MWCNTSs have
been shortened and there is a large population of nanotubes
that are less than 1.0 um long. The cut nanotubes dispersed
easily in the polar solvents such as ethanol and water. This
may have become possible due to the reduced length and
surface modification by the hydrophilic groups of the
nanotube. However, the strong acid damaged the outer wall
of MWCNTs, and the carbon network of MWCNTs was
broken. However, the inner walls are intact. We believe that
the property of the MWCNTs is retained.

We measured the FT-IR spectra of the cut MWCNTSs
in order to confirm the presence of the carboxyl and the
hydroxyl groups (Figure 3). The IR spectrum of the cut
MWCNTSs has several peaks. The band between 1000 and
1200 em™ corresponds to stretching vibration of C-O and
deformation vibration of OH. These bands are characterized
by a shift to lower wavenumbers when a dimmer carboxyl is
formed by hydrogen bonding'®. The stretching vibration of
aromatic C=C is observed between 1500 and 1600 cm™. On
the other hand, the band between 2700 and 2900 cm’
corresponds to the stretching vibration of CH attached to
graphene edge. Also, the band around 3450 cm™ is
characteristic of the stretching vibration of OH and water.
Thus, the surface of cut MWCNTs are modified by the
carboxyl and hydroxyl functional groups and has made the
dispersion of the same in water possible.

Figure 4 shows the SEM images (left) and their
corresponding size-distribution (right) of the size-separated
MWCNTs. The length of the nanotube becomes small, as
the pore diameter of membrane filter is gradually decreased
(Figure 4). The yield of MWCNTSs with the average length
of 220 nm (Figure 4¢) was high compared with 670 and 550
nm (Figure 4ab) length MWCNTs. These results
demonstrate that we have been successful in isolating the
cut nanotubes with average lengths 670, 550 and 220 nm.
The IR analysis of the size-separated nanotube suggested
that the surface structure depends on the length.

Figure 5 shows the amount of TNF-« released from
neutrophils in HBSS containing size-separated nanotubes.
For comparison, the amount of TNF-o released from
neutrophils in HBSS containing Ti particles is plotted in the
same graph™. In the case of Ti particles, TNF- is released
for particles with diameter less than 2.0 um. Concerning the
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Figure 3. IR specra of the purified
MWCNTs (a) and the cut MWCNTSs (b).
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Figure 4, SEM images (left, a, b, ¢) and size-distribution
(right) of the size-separated MWCNTs.
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relationship between cell and particle size on cytotoxicity, this effect is pronounced and the neutrophils activity
increased™ when the particles are smaller than the cell size. On the other hand, neutrophils activity is very low and their
intensity does not depend on their size in the case of size-separated nanotubes shorter than 1.0 um. Thus from our study,
we could conclude that the carbon nanotube are highly biocompatibility. However, additional tests should be carried out
to confirm the same.

4. CONCLUSION

We have succeeded in preparing highly pure size-separated MWCNTSs. The biocompatibility test based on the
neutrophils activity was carried out on these size-separated MWCNTSs and proven to be non-toxic. The results of this
study could be used to develop carbon-based materials for biomedical applications.
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ABSTRACT

We report the preparation, properties and biocompatibility of multi-walled carbon nanotube (MWCNT) disk. Sintered
Multi-walled carbon nanotube disk was fabricated by spark plasma sintering the MWCNT and phenol resin mixture by
using the Spark Plasma System (SPS) under 1273 K and 80 MPa in vacuum. As the concenfration of phenol resin in the
sintered MWCNT disk increases, the bending strength and Young's modulus increased. However, the inflammatory
response was observed in the tissue exposed to the surface of the sintered MWOCNT disk. This was believed due to the
residual phenol resin in the disk. The result indicates that the disk has to be annealed at higher temperatures under inert
gas atmosphere to perfectly convert phenol resin to graphitic materials.

Keywords: Multi-walled carbon nanotubes (MWCNTs), spark plasma system (SPS), inflammatory response,
biocompatibility, fibrous connective tissue, lymphocyte

1. INTRODUCION

Carbon composites have been proposed as an altemate biomaterial for dental and internal organ that require
high bending strength with lightweight. Until now, C/C (carbon-carbon) composites have been considered for artificial
heart valves™ 2 and tooth roots’. However, the mechanical strength has not been high enough. On the other hand, carbon
nanotubes (CNTs) *® and their composites™® and fibers'"'® have been proposed to be used in the ficld of aerospace
technology because the CNTs have unique mechanical properties such as 0.3-1.0 TPa of high Young’s modulus and 11-
200 GPa of tensile strength'’. We believe that the carbon nanotubes have potential to replace the traditional biomaterials.
Here, we report the preparation, mechanical properties and biocompatibility of the sintered multi-walled carbon nanotube
disk.

2. EXPERIMENTAL DETAILS

... SPS sintering

2.1 Materials and characterization P = preas ____.;
Purification of MWCNTs. We used the MWCNTSs synthesized by the = 5 E
CVD method (NanoLab Inc., US, 80 wt% purity). The impurities were Uppar punch “y” ]

amorphous carbon, Fe, Mo, Cr, Ni, and Al. The diameter lies between 20 and
40 nm, and the average length is 5.0 pm. First, MWCNTSs were bumned at 773 K
for 90 min under atmospheric pressure. The bumed product was then
transferred into a flask with 1.0 L of 6M-HC1 and treated at 333 K for 12 hours
to remove the metals or metal oxides except aluminum oxide. Following this,

Vacuum chambor
N

the suspension was filtered using a PTFE membrane with the pore size of S ¥ 7
0.1pm. The filtered cake was transferred into a flask with 1.0 L of 2M-NaOH Lowermanch A
and refluxed at 373 K for 15 hours to dissolve aluminum oxides. The
suspension was then filtered using a membrane filter (PTFE membrane with the R

pore size of 0.1ytm) and the filtered cake was washed. Finally, the sample was

dred at 333 K for 12 hours. The structure of the sintered MWCNT disk was ;‘igure }églst;straﬁon of Spark Plasma
ystem .
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characterized with scanning electron microscope (SEM), transmission electron microscope (TEM), X-ray fluorescence
spectroscopy (XRF), and Fourier transform infrared spectroscopy (FT-IR).

Preparation of MWCNT disk. Sintered Multi-walled carbon nanotube disk was fabricated by spark plasma
sintering the MWCNT and phenol resin mix by using the spark plasma systern (SPS) under 1273 K and 80 MPa in
vacuum for 1 hour. The SPS has been developed for sintering of metal and ceramics in the plasma and electric field, and
it is used for consolidation of various kinds of materials such as metals, ceramics and polymer'® . This system consists
of vacuum chamber, punch electrodes, graphite die, SPS DC-pulse power generator, SPS sintering press, and SPS
controller (Figure 1). The nanotube powders were put in a graphite die with 10 mm diameter hole and set in the SPS. The
mechanical property of the MWCNT disk was measured by using a small punch test (SP). The SP equipment consists of
the puncher, upper and lower die. The specimen (MWCNT disk) is subjected to a puncher driven at a constant
displacement rate through the guide hole, and the puncher foree and displacement were recorded.

2.2 Biocompatibility test of the sintered MWCNT disk

A rectangular parallelepiped MWCNT of 1.5 x 1.5 x 5.0 mm in size was used as an implant material. The sample
was implanted in the subcutaneous connective tissue in the abdominal region of Wistar strain rats. After the rats were
anesthetized with diethyl ether, pentobarbital sodium was injected into the abdominal cavity of the rais and the metal
implants were inserted in the subcutaneous connective tissue in the abdominal region of the rats to observe the response
of soft tissue. After one week, the MWCNT disk implanted in the subcutaneous tissue was carefully removed from the
resected tissue block after fixation in 10% neutral buffered formalin, and the tissue block was embedded in paraffin by
the conventional method. The tissue block was sectioned and stained with hematoxylin-eosin ***'. These specimens were
observed with an optical microscope. When inflammatory response arises, fibrous connective tissue becomes thick and
lymphocyte is observed in the fibrous connective tissue.

3. RESULTS AND DISCUSSION

Figure 2a shows the SEM image of the purified MWCNTS. It is clear that the purified MWCNTS were totally
free of amorphous carbon and carbon nanoparticles. These tubes consist of many bamboo-like structures (Figure 2b), and
the diameter and length are not uniform in size. The phenol resin and the purified MWCNT's were dispersed into ethanot
and sonicated for 1 hour. The amount of phenol resin in the MWCNT-phenol resin mixture was fixed at 25 and 50 w1%.
Next, the ethanol was evaporated at 343 K under atmospheric pressure, and the mixtures were heated at 573 K for 1 hour
under Na atmosphere to convert the phenol resin into carbon materials.

Figure 2. SEM image of the purified MWCNTS (a) and TEM image of the MWCNTs with bamboo-like
structure (b}).
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Figure 3 shows the SEM image of MWCNTSs in the MWCNT-phenol resin mixture with 50 wt% phenol resin.
The arrows in Figure 3 indicate the areas of decomposed phenol resins. Figure 4 is the photograph of the sintered
MWCNT disk with 10 mm in diameter and 1.5 mm in thick. The MWCNT disk that could withstand the mechanical test
(SP) was prepared successfully. Table ! shows the bending strength, Young's modulus and apparent density of the

Figure 3, SEM image of MWCNTSs with 50 Figure 4. The photograph of the sintered MWCNTSs
wt% phenol resin. Arrows are the decomposed disk produced by SPS.
phenol resins,

sintered MWCNT disk. The mechanical properties determined from the SP test of the MWCNT disk prepared with 25
wt% phenol resin, were 72.7 MPa (bending strength), 1.5 GPa (Young's modulus), and 1.38 g/cm’ (apparent density).
On the other hand, the mechanical properties of the MWCNT disk prepared with 50 wt% phenol resin were determined
to be 91.4 MPa (bending strength), 2.3 GPa (Young's modulus), and 1.41 g/cm® (apparent density). Our results clearly
indicate that the mechanical strength is improved when the amount of phenol resin in the MWCNT-phenol resin mixture
was increased. However, the recorded mechanical properties were not high enough in comparison with the human bone®.
The reason for the low value can be either due to weak bonding between tubes or binder and the tube

Table 1. Mechanical properties and apparent density of the sintered MWCNT disk.

M . Bending ) Young's Apparent

atcrial strength (MPa) modulus (GPa) density (g/cm’)

MWCNTs disk 72.2 1.53 1.38

with 25 wt%

MWCNTs disk , "

with 50 wt% 1.4 2.36 L4l
Human bone 150 16-18 —_—

Figure 5 shows the optical micrographs of the tissue response to the sintered MWCNT disk with 50 wt. %
phenol resin in the subcutaneous tissue of rat after one week. Figure 5b is the higher magnification optical micrograph of
the rectangle frame shown in the figure 5a. The sintered MWCNT disk implants were encapsulated with thick fibrous
connective tissue, with some lymphocytes (circled in Figure 5b). This tendency was also observed in the sintered
MWOCNT disk with 25 wt % phenol resin. These results are an indication of inflammatory response. On the other hand,
in case of the C/C composite implants, the fibrous connective tissue is thin and no inflammatory response was observed.
Thus, the sintered MWCNT disk prepared with phenol resin as binder is believed to be less biocompatible. One of the
reasons for the inflammatory response is due to the residue of undecomposed phenol resin in the sintered MWCNT disk.
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Figure §, Optical micrographs of the tissue response to the sintered MWCNT disk mixed with 50 wt% in the
subcutaneous tissue of rat after one week, Figure 5b is the high magnification optical micrograph of a squire frame
in the Figure 5a. Lymphocytes are in open circles.

4. CONCLUSION

Sintered multi-walled carbon nanotube disk was produced by SPS under the condition of 1273 K at 80 MPa in
vacuum. As the concentration of the phenol resin is increased in the sintered MWCNT disk, the bending strength and
Young’s modulus increased. However, the recorded mechanical properties were not high enough to consider it as an
alternative to human bone. Though the mechanical properties were improved with higher phenol resin concentration, the
inflammatory response was observed in the tissue exposed to the surface of the sintered MWCNT disk. The
inflammatory response is the residue of undecomposed phenol resin in the sintered MWCNT disk. In order to improve
the biocompatibility of sintered MWCNT disk, the disk has to be annealed at higher temperatures under inert gas
atmosphere to totally convert phenol resin to graphite.
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ABSTRACT - Cadmium Sulfide (CdS) semiconductor particles that operate as a photocatalyst in the
visible light region were deposited on the surface of modified multi-walled carbon nanotubes (MWCNTS)
by chemical bath deposition (CBD) method. The enhancement of photocatalytic activity of
Cd3/MWCNTs was observed in the hydrogen generation experiment carried out using the visible light
radiation and role of MWCNTSs as an electrode was confirmed. Modifying the surfaces of MWCNTSs with
induced defects controlied the particle CdS size. The increase of specific surface area of CdS resulted in
decreased amounts of hydrogen generated. Consequently, the photocatalytic activity of CAS/MWCNTs
was strongly influenced by the state of the surface and electronic properties of MWCNTs.

1. INTRODUCTION

Recently, there has been considerable interest
in hydrogen energy, which is believed to be the
answer for the environmental problem faced by
the mankind at present. From this point of view,
the photocatalytic system that produces hydrogen
with solar energy has been considered very
promising. We have been successful in effectively
splitting hydrogen sulfide molecule using Pt
supported CdS photocatalyst with a specific
morphology (stratified structure) in the visible
light region!!) Though the physical structure of
the particle was very vital for the separation of the
oxidation-reduction reaction sites, the
photocatalytic efficiency of these particles
strongly depended on Pt that acts as an electrode,
As Pt is very costly, alternative material has to be
considered for practical application.

Since the discovery of carbon nanotubes with
unique properties in 1991%) they have been
considered for many applications. We believe that
carbon nanotubes could be wused as CdS
photocatalyst support hecause of their size,
chemical stability, and semiconductor properties.
The deposition of CdS on MWCNTs may
promote the formation of small particles and
prevent particle aggregation.. Additionally, we
desire  to  achieve the separation of
oxidation-reduction reaction sites using the
tubular structure and electric properties of the
ranotubes.

In this paper, we report the effect of the surface
of MWCNTs on their electronic state, and
photoreactivity of CAS/MWCNTS.

2. EXPERIMENT
2.1 Preparation of surface modified MWCNTSs

MWCNTs were synthesized by chemical vapor
decomposition method using metal catalysts
{NanoLab Inc.,). The as-grown samples were
sir-oxtdated and acid treated to remove the metal

catalysts. Then, these samples were treated to
obtain MWCNTs with different surface properties
for the deposition of CdS. Here, we prepared four
types of samples for this study. First, the purified
sample was treated with ozone to make the
surface of the nanotubes have hydrophilic nature.
Here, 100 mg of MWCNTs were dispersed in 300
m! of toluene using ultrasonication. Then, the
suspension was bubbled with ozone gas for one-
hour. The ozonized sample was filtered and
washed out with ethanol. This sample is named as
‘sample A' Then, the sample B was prepared by
annealing the purified nanotubes at 2273 K for 5
hours in high vacuum furnace and treated with
ozone. The annealing treatment improved the
crystallinity of the MWCNTSs surface through the
rearrangement of carbon atoms by thermal energy.
And the ozone treatment was carried out to make
the nanotube surface hydrophilic. Then, samples
C and D were prepared from cut purified
nanotubes. In the case of sample C, 100 mg of
purified MWCNTs was added into 100 mi of
mixed acid (conc.H;SO, (95%): conc.NO; (60%)
=75 ml : 25 ml) solution and ultrascnicated and
stirred for 3 hours. This process facilitates the
cuttinF and surface modification in a single
stepl®™, Then, the cut sample was annealed and
ozonated under conditions stipulated in the
preparation of sample B to obtain sample D.

All the samples were characterized by Raman
spectroscopy (Jobin  Yvon Spex; T64000),
scanning electron microscope (SEM, Hitachi;
4100) and transmission electron microscope
(TEM, Hitachi; HF-2000).

2.2 CdS deposition on MWCNTs

CdS was deposited by CBD method on
MWCNTs samples (A)-(D). The deposition of
CdS particles on MWCNTs were realized by
introducing specified amount of MWCNTs into
100 ml of 0.01M 3CdSQ, - 8H,O0, 1.0M NH;, and
0.01M SC(NH,); mixed solution and heating to
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358 K and allowed to cool down to room
temperature in one hour . The reaction conditions,
such as reaction time, temperature, and
concentration of reagents were kept constant, but
the amount of MWCNTs introduced was adjusted
to maintain the surface area of the sample equal.
CASMWCNTs were analyzed by SEM, TEM,
and XRD.

2.3 Irradiation Experiment

Photocatalytic reactivities of the
CAS/MWCNTs samples were evaluated by
splitting the hydrogen sulfide molecule using the
visible light irradiation. A specified amount of
CdS/MWCNTs samples were introduced into
0.1M Na,S solution. The hydrogen generation
reaction from Na,S solution was assumed to cccur
as follows:

Na,S+H20 - 2Na' + HS™ +OH"

2H' +2¢" > H,

2HS™ 5 2H' +8," +2¢”

= 2HS™ > H,+S,”
Solar spectrum was simulated using Xenon Lamp
(Wakomu-Denso: KXEL-552HPF: 550W). The

amount of hydrogen generated in 4 hours was
recorded.

3. RESULT AND DISCUSSION
3.1 Preparation of MWCNTSs

As shown in Fig.1, the MWCNTs were free of
impurities and confirmed the effectiveness of the
purification process. Then, the ozonized purified
MWCNTs were dispersed well in distilled water
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of cut MWOCNTs
(defects are indicated by arrows)

suggesting that the surface of the nanotubes has
become hydrophilic. The hydrophilic nature of the
surface is believed due to the presence of oxidized
functional groups. The Raman spectrum of
MWCNTs (Fig.2) showed the two main peaks
centered at 1580 ecm™' and 1350 cm™' derived
from crystalline graphite (G-band) and defects or
disordered  crystalline  graphite  (D-band)
respectively. We can discuss the crystallinity of
MWCNTs by comparing the G and D band ratio
(G/D). As shown in Fig.2, we observed the
improvement of the same by annealing the
samples at 2273 K for 5 hours in vacuum. The
TEM micrograph of the cut sample is shown in
Fig. 3. The surface roughness observed in Fig.3
was due to the defects created by the acid
treatment. Cut nanotubes also exhibited affinity
towards water as in the case of sample A. Table.l
shows the results of specific surface area of each
sample measure by using the BET method.
Though the specific surface area of oxidized
MWCNTs is expected to increase!® ¥, the cut and
ozone treated samples showed a decrease in
surface area. Presumably, strong oxidizing power
of the mixed acid solution and ozone may have
converted the graphite sheets into amorphous
carbon, Furthermore, the specific surface area of
annealed samples decreased significantly. This is
believed due to clean, defect-free smoothed
surfaces of the nanotubes.
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Tablel Mesuring results of specific Surface area
3.2 Properties of CdS/MWCNTs

From the XRD patterns of the CdS/MWCNTs
(Fig.d), the presence of cadmium compounds
were identified and found to be that of cubic CdS
and hexagonal cadmium hydroxide (Cd(OH),). As
seen from the TEM photographs in Fig. 35, the
particle sizes of the €dS depositsd on the
nanotubes differ. The UV-VIS spectra of the
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