View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by National Tsing Hua University Institutional Repository

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 13 27 SEPTEMBER 2004

Morphological variation of multiwall carbon nanotubes
In supercritical water oxidation
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Multiwall carbon nanotube@MWNTSs) with different morphology were prepared using supercritical
water (SCW) oxidation and investigated by transmission electron micros¢dp) and electron
energy-loss spectroscopiELS). TEM results indicate that the peeling and sharpening of MWNTs
are influenced by the etching process in SCW oxidation, of which oxidation time and amount of
oxygen used is crucial. A simplified etching model is proposed, which indicates that the difference
of mean etching rate between two adjoining blocks causes the morphological variation of MWNTSs.
The EELS results show change in characteristic energy-loss peaks as a function of total shell
numbers along longitudinal axis of individual peeled tube2@4 American Institute of Physics
[DOI: 10.1063/1.1798393

Multiwall carbon nanotubes(MWNTs)l are carbon lacey carbon films. The characterization of the ultrastructure
nanotubegCNTs) composed of a series of coaxial cylindri- and the EELS measurement of MWNTs were carried out
cal shells(CS9, each CS has different graphene structureusing a transmission electron microscoeEM, Philips,
depending on the helicity and the diameter of the cyliﬁder. Tecnai 20 with a LaB; type filament at an operating voltage
The property of each CS plays an important role on morphoef 200 kv1®
logical variation of MWNTs. For example, Cumings al TEM images show peeling and sharpening of MWNTSs at
used electrically driven vaporization to remove successivalifferent stages of oxidation in SCW and the etching sites
outer CSs of MWNTSs. Collingt al* used current-induced [arrow marks in Figs. (B-1(e)]. The process starts with the
electrical breakdown for stepwise removal of outer CSs ofoutmost end-cap of tube being stripped-off, SCW and O
MWNTs as each layer has different electronic structureattacking on successive end-caps of inner tubes, followed by
Armchair CNTs have several precursor states which might
delay O adsorption at the armchair edf;ewhich enables 7
selective etching between armchair and zigzag tubes by corfaias
trolling the etching time. Understanding the morphological (588
variation of MWNTs is crucial for the design and perfor-
mance of nanodevices. Several techniques have been appli~_, wy)
for opening and etching of CNTSs, including heat treatment in
0,.° air, CO,2 reflux in HNG;,? plasma etching®*! and :
supercritical wateSCW).**™*® However, detailed study of
morphological variation of MWNTs under these drastic oxi-
dation conditions is limited. The aim of the present work is SN
to study the mechanism of morphological variation Of S i
MWNTs in SCW oxidation. The concept of axial etching & 2
rates and iso-etching blocks of CSs are introduced to explai
the morphological variation. Further, electron energy-loss
spectroscopyEELS)}"*° was used to show the peak shifts
as a function of number of layers along longitude axis of a ===
peeled tube.

The MWNTs were prepared by electric-arc discharge
method®® An aliquot of 20 mg of crude MWNTs were
loaded into the reaction cell and followed by introducing
oxygen gas(~2 or 4 mmo) into reaction cell. A high-
pressure liquid chromatograph pump was used to pump d
ionized water into reaction cell at the desired temperaturegames
(400 or 600 °Q until 27.5 MPa operating pressure was at-
tained. The reaction proceeded for 20, 60, and 120 min, re
spectively. After each experiment, the reaction cell was?
cooled to room temperature and MWNTSs were collected in a__
beaker, dispersed in methanol with an ultrasonic bath. The

suspensions were then dropped onto Cu grids coated witFIG. 1. TEM images of MWNTs in SCW oxidation at 27.5 MP@)
60 min, 400 °C, and~-2 mmol O,, (b) 20 min, 400 °C, and-2 mmol G,
(c) and (d) 60 min, 400 °C, and~2 mmol G, (e) 120 min, 600 °C, and
¥Electronic mail: ycling@mx.nthu.edu.tw ~4 mmol O,. The scale bar has a length of 10 nm.
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]
AL= (T-t—capz m) Nine +Nidteagne B, (@)
k=1

where AL=L(B;,1)~L(B;) and Ava g =va g(Bj) ~vae.(Bj+1)-
Equation (4) shows that the sign oAL depends only on
Ava g, since the other terms are positive. From theoretical
calculations’* we expect stronger adsorption of® and G
molecules on zigzag than at armchair edge. Chemisorption
FIG. 2. The geometry of peeled tulfe’ designates the axial etching of occu_rs preferenna”y_ on zigzag tube _edges (_)f MWNTs with
outmost cylindrical shellL.(2), L(3), and L(4) are the residual length of COaxial CSs containing both armchair and zigzag nanotubes
axial etching belong to the same blodj]. when exposed to SCW and,0molecules. The oxidized
nanotubes undergo successive transformation into stable ge-

etching of consecutive inner shells. Different morphology of®Metry with broken C-C pongf%. _
MWNTs are observedFigs. Xa)-1(d)]. To understand the There are thr_ee comblnqtlons that will vary the morphol-
morphological variation of MWNTs and to simplify the de- 9Y 0f MWNTs in SCW oxidation. They ari) vag(B))
scription of MWNTs etching process, we assuii@ the ~vae(Bjsd), () vae(B)>wvae(Bjy), and ()
peeled tubes are the consequences of the etching of a seriése (B) <vae(Bj.1). In case I, MWNTSs consist of a series
of coaxial CSs(2) the intrinsic character of each CS domi- Of similar iso-etching blocks and possess similar axial etch-
nates the axial etching rafe, g (i) for ith shell of peeled ing rate. There are no noticeable divergences in the axial
tubes,(3) successive coaxial CSs with similar properties andetching rates between adjoining blocks. Only a slight differ-
etching rates are defined as iso-etching blo@s and(4) ~ €nce in residual lengths between coaxial CSs is expected,
the etching in the circumferential edge of each CS occury/hich is due to the difference in initial end-cap stripping. A
only after the end-cap in each CS being removed. Figure 8€ries of approximate axial etching of blocks cause quasi-
depicts the geometry of the peeled tubes used for the prg:onical shapes with gentle incline contqéig. 1(a)]. In our
posed model. Lateral shell numbér1,2,...n, is desig- €xperiments, we seldom observed peeled tubes with gentle
nated from the outer to inner CS. The residual lengtntbf ~ incline contour. In case II, the outed; possesses larger
CS is expressed as vae(Bj), which leads to the formation of trapezoid contour
betweenB; and Bj,;. We observed trapezoid contour fre-
n quently in our experiment-igs. Ib) and Xc)]. In case lll,
L(n)=L’ - [T— > tcap(i)] me(n), (1)  theinnerB;,, is more susceptible to SCW oxidation than the
i=1 outer B;, which would delay the end-cap being stripped-off
and generates flat step etched edge in peeled tubes, presum-
ably due to parallel etching rate, as shown in Figd) land
our previous result Furthermore, case Il may cause con-
cave contour of peeled tubes due to the enormous negative
remainder of mean etching rate, which we did not observe.
This is presumably due to the outer CSs prohibiting the inner
shells from reacting with the oxidants and slowing the axial
etching rate of inner CSs while(Bj,,) is close toL(B;).
When particularly severe conditiongncreasing reaction
time and amounts of oxyggrare used in SCW oxidation,
several etched sites appear in the t{ibig. 1(e)]. The result
implies that there are more peeled tubes with diffent
o They could be readily observed and distinguished if adequate
L(B)=L"- [T—tcapz Nk}?A_E_(Bj), (2)  oxidative condition is applied.
k=1 The low-loss EELS spectra along the longitude axis of
whereL (B;) is the residual length in thigh B. N is the total peeled tubes are obtailjed, which proyide additional informa-
number of end-cap in ead® Two adjoining blocks are des- tion aboyt the electromc.structure. FlgureaBshows_EELS
ignated as3; andB, with corresponding mean etching rates spectra in an energy region f“?m 0 to 50 eV obtalned frpm
wne(Bj) and v (B;.), respectively. The difference of re- the peeled sites to unpeeled sites along the longitude axis of

: I, tube in Fig. 3b). The unpeeled sites of tub@adicated as ¢
sidual length between two adjoining blocks IS(B;j,q) o o
~L(B,) and expressed as and d in Fig. 8b)] show two distinct plasmon responses,

with the 7 electrons responding at7 eV and ther+o at

whereL(n) is the residual length afth CS compared to the
pristine oneL’ is the axial etching length of outmost C¥;

is total etching time of peeled tubes,Ji) is time consumed
in the opening step afith cap; v, g (n) is the axial etching

rate of thenth CS.

The peeling of MWNTSs is simplified as a combination of
competitive etching from different blocks. The mean etching
rate,ua g (B)), is used to present similag g (i) in the B;. The
mean opening timet_cap is used to present similar opening of
end-cap in théB. We therefore extend Egl) to the etching
of jth B after SCW oxidation and expressed as

j+1 ~26 eV (arrows. As the number of shells in the same peeled
N1 (R)= T _ = = _ tube reducegindicated as b and a in Fig(&], the 7+o
L(Bje) ~L(B) =~ Tone (Bjra) + tcava'E'(B”l)gl Nk peak shifts to lower energy loss. Ajayah aI.gg have shown

similar results that the energy loss aft+ o plasmon peak
_ — decreases with reducing diameter and decreasing number of
*+ Tupe(B) _tcaP”A-E-(Bi)kz_:lNk' () shells in different MWNTSs. Spectrum b in Fig(e88 shows a
- weak shoulder at-13 eV in the “turning sites” from peeled
Equation(3) is generalized further into E@4) and expressed to unpeeled sites of tube. Interpretations of the 13 eV peak

as range from curvature effects to intershell interactions to the
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of “turning sites” in peeled tubes as scanning probes and
(4) electron emitters is promising.
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