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Abstract

In this paper, carbon nanotubes synthesized by floating catalyst method were purified by liquid-phase oxidation method and treated by hydrogen
plasma with different time. The morphology and microstructure of carbon nanotubes were characterized by transmission electron microscope
(TEM), high-resolution transmission electron microscope (HRTEM), selected area electron diffraction (SAED) and Raman spectroscope. The
results showed that carbon nanotubes with bamboo-like structure changed solid and helical structure with the treatment of hydrogen plasma for
5h and 10 h, and the intensity of D peak in Raman spectrum was larger and larger. The UV—vis absorption spectrum indicated that the absorption
peak of treated carbon nanotubes was redshifted, stronger and narrower than that of untreated carbon nanotubes. However, the effect of hydrogen
plasma treatment on the FT-IR spectrum of carbon nanotubes was slight. The results probably made carbon nanotubes have important applications

in optical absorption material with controllable wavelength.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotubes; Hydrogen plasma; Microscope; Optical properties

1. Introduction

Since their discovery by lijima in 1991 [1], carbon nan-
otubes (CNTs) have attracted considerable attention because of
their unique structure, electric, optical and mechanical properties
[2—4]. Much effort has been made in the study of their potential
applications, especially in optics and field emission [5-7]. How-
ever, the CNTs synthesized by chemical vapor deposition (CVD)
method (including floating catalyst method) are disadvantaged
for the applications in optical and electronic devices because of
the presence of impurities, which can lead to the unstable perfor-
mances of CNTs. Some methods have been used to improve the
properties of CNTs [8—11]. The technology of hydrogen plasma
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treatment is a simple and effective method, which can change the
morphology and structure of CNTs and simultaneously avoid the
introduction of other noncarbonous impurities. Recently, some
authors reported that CNTs can be transformed into nanodia-
monds by hydrogen plasma treatment [12—14]. Also, the field
emission property of CNTs can be improved by hydrogen plasma
treatment because of the bend of graphitic sheets [15—-17]. How-
ever, the obtained results are different in different conditions of
hydrogen plasma treatment, which could lead to the different
properties of treated CNTs.

In this paper, we tried to investigate the changes of mor-
phology, microstructure and optical properties of CNTs by
hydrogen plasma treatment with different time. The morphol-
ogy and microstructure of CNTs were characterized by TEM,
HRTEM and Raman spectrum. Finally, the UV-vis absorption
spectrum and FT-IR spectrum of untreated and treated CNTs
with hydrogen plasma for 5h and 10 h were also analyzed.
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Table 1
The experimental parameters of hydrogen plasma treatment

Samples Microwave power (W) Reaction temperature (K) Reaction pressure (kPa) H, flow rate (sccm) Reaction time (h)
a _ _ _ _ _

1600 1073 6 100 5
c 1600 1073 6 100 10

2. Experimental

The CNTs were synthesized by floating catalyst method at the temperature
of 1023 K, using CoHj as carbon source, Nj as carrier gas and ferrocene as cat-
alyst precursor. The purification of CNTs were made by liquid-phase oxidation
method. First CNTs were immersed in the solution of hydrofluoric acid with
the concentration of 25% for 10 h. Then CNTs were boiled and immersed in the
solution of H»SO4/HNO3 with the ratio of 3/1 for 60 min and 12 h, respectively.
Finally, they were dried at the temperature of 473 K. The CNTs must be rinsed
with deionised water in every step.

The hydrogen plasma treatment of CNTs was carried out by microwave
plasma-enhanced CVD (MPECVD) method. The schematic diagram of
MPECVD setup was shown in Fig. 1. Before the experiment, the powder of
purified CNTs was dispersed onto a salver of Al,O3. The temperature of sub-
strate was controlled by microwave power and chamber pressure. The microwave
power increased gradually from 800 W. After it increased to 1600 W and the sys-
tem was stable, the gas of Hp was introduced. The experimental parameters were
shown in Table 1. For the samples of untreated and treated by hydrogen plasma
for 5h and 10h, respectively, the morphology and microstructure were charac-
terized by Tecnai F 30 TEM and HRTEM (with the accessory of SAED) and
Jobin Yvon HR800 Raman spectroscope. The UV—-vis absorption spectrum and
FT-IR spectrum were tested by UV-3101PC scanning spectrophotometer and
Bio-Red FTS-3000 (Excalibur series), respectively.

3. Results and discussion

Fig. 2(a) and (b) shows the images of CNTs untreated by
hydrogen plasma. It can be observed from Fig. 2(a) that CNT
has distinctly bamboo-like structure. The outer wall of CNT
is smooth and comparatively straight. In the inset of Fig. 2(a),
the SAED pattern of CNTs indicates the presence of the crystal-
plane (002), (100) and (1 10). The intensity of (00 2) is largest
in all. In Fig. 2(b), the graphitic sandwich of CNT can be seen
clearly, which indicates the completed structure of CNT. The
inset of Fig. 2(b) further shows the parallel graphite layers, and
the space between every two layers is about 0.338 nm.

The images of CNTs treated by hydrogen plasma for 5h
are shown in Fig. 2(c) and (d). In comparison with the CNTs
untreated by hydrogen plasma, it can be found that the wall
of CNT is slightly curving. The inner diameter is small, even
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Fig. 1. The schematic diagram of MPECVD experimental setup.

disappears in some regions (arrows in Fig. 2(c)). In the inset
of Fig. 2(c), the SAED pattern is similar to that of untreated
CNTs except the weak intensity of (002). Fig. 2(d) shows that
the inner layers of CNT has disordered structure, but the outer
graphite layers are still parallel to the axis direction of CNT.
The inset of Fig. 2(d) indicates that the completed graphite lay-
ers of CNT have been destroyed. Probably, the change of CNTs
core was brought by the destroyed graphite layers. In the pro-
cess of hydrogen plasma treatment, some C—C bonds were cut
at the defects of CNTs and others were replaced by C—H bonds,
which led to the discontinuity of carbon rings. The incomplete
graphitic layers may sink into the CNTs core at the discontinuity
of carbon rings.

Fig. 2(e)—(g) shows the images of CNTs treated by hydro-
gen plasma for 10 h. It can be found that in Fig. 2(e), the inner
diameter of CNTs has completely disappeared. These CNTs are
enlaced one another, and they become more curved than CNTs
treated by hydrogen plasma for 5 h. Fig. 2(f) shows that the wall
of CNT is contorted and has helical structure as a whole. In
the inset of Fig. 2(f), the SAED pattern indicates the sharp and
bright diffraction rings of CNTs. Differently from the SAED
patterns of CNTs untreated and treated for 5 h, the crystal-plane
of (102) is also observed. In Fig. 2(g), the HRTEM image
shows that the outer diameter of solid CNT becomes smaller
than that of CNT untreated and treated for 5h because of the
helical structure. The inset of Fig. 2(g) indicates the disordered
structure of destroyed graphite layers. In comparison with the
inset of Fig. 2(d), the discontinuous parallel graphitic layers
have entirely turned into out-of-order structure, which is also in
accordance with the contorted and helical structure of CNTs in
Fig. 2(d).

Raman spectrum is a powerful tool of characterizing the
microstructure of CNTs. Fig. 3 shows the Raman spectrum of
untreated and treated CNTs. It indicates the presence of two
strong peaks at about 1351 cm™! and 1572cm™", commonly
known as the first-order D and G bands of CNTs. The peak at
about 1571 cm~! corresponds to an Ezg mode of graphite, which
is due to the sp?-bonded carbon atoms in a two-dimensional
hexagonal graphitic layer. The D band at about 1351 cm™! is
associated with the presence of defects in the hexagonal graphitic
layers [18,19]. Furthermore, the two-order D peak at about
2708 cm™! is also observed. It can be found from Fig. 3 that
all the Raman peaks have tiny blueshift after CNTs were treated
by hydrogen plasma, and the blueshift is larger with the longer
treatment time of hydrogen plasma. The ratio of the intensity
of the D and G bands is known to be correlated to the quality
of CNTs, which is used to estimate the degree of disorder in
graphitic carbon [18]. By calculation, the Ip/Ig ratios of sam-
ples (a), (b) and (c) are found to be 0.578, 0.873 and 1.110,
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respectively. The strong D peak of treated CNTs was attributed
to the wave structure of carbon sheets in tubes. It was estimated
that the in-plain graphite crystallite size of untreated CNTs was
L=4.4nm x (Ip/lg)~" =7.61 nm. For the CNTs treated for 5h
and 10h, respectively, L=5.04 and 3.96 nm, respectively [20].
These results indicate that the structure of graphitic layers has
been destroyed by the treatment of hydrogen plasma. The treat-
ment time of hydrogen plasma is longer, the degree of disorder
of graphitic carbon is larger, which is also in accordance with
the analysis of HRTEM.

The UV-vis absorption spectrum of untreated and treated
CNTs is shown in Fig. 4. Before the test of UV—vis absorp-

tion spectrum, CNTs are dispersed in the solution of ethanol,
and the ratio of CNTs versus ethanol is 2mg versus 100 ml.
Curve (a) is the UV—vis absorption spectrum of untreated CNTs.
A very broad absorption peak appears at about 254 nm, which
originates from the C=C structure of CNTs. After CNTs were
treated by hydrogen plasma for 5h, the position of absorp-
tion peak has slight redshift and the intensity of absorption is
stronger than that of untreated CNTs, which can be observed
in curve (b). However, in curve (c), the absorption intensity
of CNTs treated for 10 h becomes weaker than that of CNTs
treated for Sh. The absorption peak has distinct redshift and
is narrower than that of curves (a) and (b). On the one hand,
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Fig. 2. TEM, HRTEM and SAED images of CNTs untreated and treated by hydrogen plasma: (a, b) untreated; (c, d) treated for 5 h; (e—g) treated for 10 h by hydrogen

plasma.
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Fig. 2. (Continued ).

the treatment of hydrogen plasma destroyed the layered struc-
ture of carbon nanotubes, which changed the layer interaction
and light scattering property of carbon nanotubes. On the other
hand, the width and position of absorption peak were also
related to the ratio of inner radius (#) versus outer radius (R) of
carbon nanotubes. Thinner carbon nanotubes with large value
of r/R tended to have their peaks position redshifted and to
have narrower peaks [21]. By hydrogen plasma treatment, the
inner walls of carbon nanotubes were destroyed and only outer
walls had completed layered structure, which were shown in
HRTEM images of carbon nanotubes. The thinner completed
graphitic layers led to the redshift and narrowness of absorp-
tion peak. Furthermore, the absorption peak of carbon nanotubes

could be attributed to the w-plasmon resonance in dielectric ten-
sor of carbon nanotubes. The -plasmon represented a plasma
oscillation of delocalized states polarized along the nanotubes
axis and the collective excitation of the m-electron system, in
which the dispersion relation of m-plasmon was similar to that
of the graphite plane [22,23]. The redshift of absorption peak
was predicted to arise from an enhanced coupling of the -
plasmon density fluctuations on the inner and outer surfaces
of carbon nanotubes [24]. The destroyed and curved inner
graphitic layers which was introduced by hydrogen plasma
treatment changed the interaction between outer and inner
layers, and the discontinuous inner graphitic structure could
also change the interaction between w-electron system, which
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Fig. 3. Raman spectrum of CNTs untreated and treated by hydrogen plasma:
(a) untreated; (b) treated for 5 h; (c) treated for 10 h by hydrogen plasma.

brought the redshift and narrowness of absorption peak of carbon
nanotubes.

Fig. 5 shows the FT-IR spectrum of different samples. The
carbonyl stretch and the C—O bond stretch are observed at
about 1703cm~! and 1155cm™!, respectively. The peak at
about 1703 cm™! originated from the carbonyl stretch of the car-
boxylic acid groups of the purification treatment and the peak at
about 1155cm™! may be attributed to the C—O bond stretches
of CNT—O—C and C—OH units. The peaks at about 1299 cm™~!
and 1580 cm™! were assigned for bending of C—H (out-of-plain)
and bending of C—H (in-plain). The peaks at about 962 cm™! and
1400 cm~! were related to —OH vibration and stretch. The peak
at about 1089 cm™! was the overlap of C—O stretch and C—C
stretch. Comparing the three curves in Fig. 5, the weak peak at
about 1580 cm ™! appeared after CNTs were treated by hydrogen
plasma, which was brought by C—H bond. These results indicate
that the treatment of hydrogen plasma does not introduce new
functional groups other than C—H bond.

In our experiment, the treatment of hydrogen plasma changed
the morphology and destroyed the graphitic layers structure of
CNTs, but the graphitic structure of CNTs was not changed. The
CNTs with high-quality has ordered sandwich of graphite and
small defects. After CNTs were treated by hydrogen plasma, the
disordered structure of graphite and the defects of graphite were
formed. With the increase of treatment time, the defects and dis-
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Fig. 4. UV-vis absorption spectrum of CNTs untreated and treated by hydrogen
plasma: (a) untreated; (b) treated for 5 h; (c) treated for 10 h by hydrogen plasma.

(c)

YWY

(b)

1580

(a)

WW
1400 4703

962 ' 1299
1155

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm-1)

Transmittance

Fig. 5. FT-IR spectrum of CNTs untreated and treated by hydrogen plasma: (a)
untreated; (b) treated for 5 h; (c) treated for 10 h by hydrogen plasma.

ordered degree were stronger and stronger, moreover, the inner
walls of CNTs were changed prior to the outer walls. On the
one hand, it was arosen from the hydrogen plasma; on the other
hand, it came from the high temperature treatment of 1073 K
for 5h and 10h, respectively. First, the inner shell rearrange-
ment of CNTs happened by the high temperature. In the process
of inner shell rearrangement, the inner shell was destroyed and
broken and the C—C bonds were partly replaced by C—H bonds
with the effect of hydrogen plasma. About the reaction between
hydrogen and inner carbon atoms, on the one hand, the surface
defect sites of CNTs played a role as a hydrogen approaching
path; on the other hand, the tops of CNTs were opened partly
by the purification of CNTs, which also increased the reaction
between hydrogen plasma and inner layers of CNTs. Hydro-
gen plasma treatment changed the morphology and structure of
CNTs, and it is also significative for the further investigation of
optical properties and optical applications of CNTs, especially
as light-invisible material with controllable wavelength.

4. Conclusions

In this paper, purified CNTs with bamboo-like structure
turned into solid and helical structure by the treatment of hydro-
gen plasma for 5h and 10h, respectively, and the parallel and
complete graphitic layers have become defective and disordered.
However, the treatment of hydrogen plasma did not change the
graphitic structure of CNTs. The UV-vis absorption band of
CNTs had slight redshift and the absorption peak was narrower
than that of untreated CNTs with the increase of treatment time.
However, the treatment of hydrogen plasma had only slight
effect on the FT-IR spectrum of CNTs.
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