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lodine-doped multiwall carbon nanotub&@sMWNTs) were characterized by means of Raman
scattering and thermogravimetric analysis. The results show that multiwall carbon nanotubes
(MWNTSs) can be effectively doped by iodine and exchange electrons with iodine. lodine atoms
form charged polyiodide chains inside tubes of different inner diameter, which is similar to the
iodine-doped single-wall carbon nanotudéSWNTSs), but can not intercalate into the graphene
walls of MWNTSs. The Raman scattering behavior of -MWNTSs exhibits some differences from that
of I-SWNTs and the low-dimensional conductive hydrocarbon-iodine complex “penflege”
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Carbon nanotubes and graphite are polymorph solids700 °C for aboti 1 h to open ended nanotubes. Scanning
They can be doped by guest species. In many instances, tleéectron microscopy and transmission electron microscopy
doping leads to charge transfer between the guest species(TEM) images showed that the MWNTs were purely multi-
dopant atom or moleculaand the host. Both graphitand  walled, dispersive, end open, and randomly oriented. On an
single-wall carbon nanotudWNT)?~° have been shown to average, the graphene walls of the MWNTs consist of 15
be amphoteric in character, that is, they can exchange eletayers and the inner diameters of the MWNTSs range from 0.5
trons with a dopant to form a corresponding positively orto 7.5 nm with a mean of 3.66 nm. Intercalation was carried
negatively charged counterion. However, it is of interest toout by immersing the MWNTs into molten iodihén an
note that iodine can dope effectively into SWNTS, evacuated quartz tube at a temperaflirel40 °C ordinarily
whereas it can not intercalate into graphiteecause of its  for one week. In order to remove excess physisorbed iodine,
large van der Waals diametéd.396 nm® and interatomic  the samples were heat treated as follows. The end of the
spacing (0.27 nm incompatible with any spacing of the quartz tube containing the doped MWNTs was heated to
basal plane in graphifél® Raman scattering showed charged about 70 °C for 5—6 h, while the other end was submerged in
polyiodide ions to be distributed throughout the dopediiquid nitrogen to collect the vaporized iodine.

SWNTSs bundle$.The images of atomic resolutidhicontrast TGA experiments were carried out using a Rheometric
scanning transmission electron microscopyere taken for  Scientific ThermoGravimetric Analyzer TGA MK II. The
the doped nanotubes which protruded beyond the ends of thgymple was heated from 16 °C to 700 °C at a rate of 2 °C/min
iodine-doped bundles, revealing the incorporation of iodingp ultrapure Ar gas flow(8 ml/min) while monitoring the
atoms in the form of helical chains inside the SWNT. Den-Weight loss. Raman Scattering Spectra were recorded by the
sity functional calculations and topological considerationspjjor Super Labram with a typical resolution of 1 crh Al
confirmed that charge transfer actually occurs between iothe spectra reported here were measured in backscattering
dine and the nanotube wall in the case of linear andls™  geometry using 514.5 and 632.8 nm laser excitation wave-
intercalated molecules. lengths. Typically, a low laser power of 20 kW/énvas used

To date, a few studies on the iodine-doped carbon nanqy avoid sample heating, and a spatial resolution of less than
tubes have mainly focused on the iodine-doped SWNT$ um was achieved using a microscope with a x06bjec-
(I-SWNT9),>~" but little is known about the iodine-doped +jye lens.

MWNTs (I-MWNTs). In this letter, we characterize the Figure 1 shows TGA curves of pristir@ and I-doped
I-MWNTSs by thermogravimetric analysi@GA) and Raman () MWNT samples. Two noticeable weight losses could be

scattering spectroscopy. Some common features and dissimipserved for I-MWNTS: the first weight loss commenced at
larities between I-MWNTs and I-SWNTs were observed.  5om temperature and ended Bt 200°C, the second oc-

The MWNTs used in this study were synthesized by the,,ired atT~420°C and did not finish up to 700°C. By
arc discharge methdtand subsequently oxidized in air at comparison with the TGA curve of purified MWNTsurve a
in Fig. 1) where only one weight loss starting Bt-530°C
¥Electronic mail: wyzhou@aphy.iphy.ac.cn was observed, it is evident that the first loss shown in curve
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FIG. 1. TGA curves of pristinéa) and I-dopedb) MWNT samples. ®)

cattering Intensity (arb. units)

170
1358
3 158

o
5
1
«
[EY
»
(@]
(o]
=
=
@
2]
©
o
=}
2
>
(o]
—
o
—
>0
¢
o
[%)]
7]
o
=
—_
=0
(0]
5
—
)
=
o
=
QD
—
@
Q.
S

iodine in MWNTSs and its commencing temperature is differ-
ent from that of I-SWNTgat T~100°0.% The commencing
temperature of the second weight loss is about 100 °C lowel
than that of the purified pristine MWNTSs. The weight loss in
MWNTs as well as in -MWNTSs at a higher temperature is A ; .
likely to be related to the carbonization procés.
In Fig. 2 are presented Raman scattering spe€fra Raman Shift (cm™)

=300 K and 514.5 nm laser excitatjoof pristine (a) and G2 R H'=300 K and 514.5 nm | itatipof prist

. . . 2. Raman speci = an .0 Nm laser excitat pristine
I-MWNT Samplles[freSh (b), kept in desiccator for one year (8 and I-doped MWNT sampledresh (b), kept in and desiccator for one
(c) and nearly iodine free after TGA measureméa, re-  year (c), almost removed, after TGA measuremend), and removing
moving iodine by heating the sample for 5 h at about 673 Kiodine by heating the samplerfé h atabout 673 K under a vacuum of

R — 4

under a vacuum of I0* Pa(e)]. For pristine MWNTs, sev- 10" Pa(@].
eral radial breathing modes are located in the range of 110— L _ _ _
270 cm * corresponding to the inner diagrams of MWNTs in (13) ~ linear chguln complexes, refpl)ecnv_ely, and to assign
the range of 0.9—2 nm according to theoretical predictidns. the weak 137 cm as that from [5) "~ chain. _
Experimental observation of the radial breathing modes of ~ The intensity of the strongest peedenoted a$,) in the
MWNTs was also reported by Andet alX4 However, for a low frequency region is close to that & band(denoted as
fresh iodine-doped samplig. 2b)], two new bands not Ig) around 1583 cm! assigned to a tangential C-atom dis-

associated with MWNTs are observed distinctly @g=  Placement mode, i.el;/Ig~1, for fresh I-MWNTSs. As out-
~170s (s=strong) and~111m (m=middle) cm * in the diffusing of iodine occurs ceaselessly at room temperature,

the intensity atwo=~170s cm™* decreased, /15<1. After
ngoving iodine designedly by heating/l ;<1 [Fig. 2(€)],
andl, is comparable to the intensities of the breathing modes
be expected if neutral or dissociative molecular iodihg{ of the undoped MWNTS, which means that most of iodine in
the I-MWNTs has been deintercalated. When the time and

were present in the samples. This indicates that no exceSSingperature of heat treatment increase, neither ¢ band
@odine e_xis?s in the_sample after _removing excess physhor (I3) ! bands was observed at low f,requency range, in-
isorbed iodine effectively although iodine can ooze slowlydicating a complete removal of iodine. As most of the inter-
out of the as-prepared iodine-intercalated MWN-I:Sl at ro0Mygated jodine was removed by heating the sample, several
temperature. In Fig. (), a new peak at 13Vcm * (W gham neaks appeared beside or overriding on the broad
=weak, which appears in Raman spectra of moderatelyyands at 170 and 111 ¢h [Fig. 2e)]. These new sharp
I-SWNTs® can be observed for a sample kept in a desiccatobeaks can be assigned as the breathing mode peaks corre-
at room temperature for one year. It is very interesting thakponding to the undoped MWNTSs. This implies that iodine
both the intensity and the frequency of these three new bandgtercalation of MWNTSs is reversible.

for I-MWNTs remarkably mimic those for I-SWNTsBy As indicated in Fig. &), most of the intercalated iodine
comparison of the Raman spectra of I-MWNTs with that ofwas removed after a TGA test. We can estimate the compo-
I-SWNTs and hydrocarbon—iodine complex “perylene sition of a sample by the first weight loss in the TGA curve.
1, 40," ¥ they are very similar to each other regarding theAn average composition for a fresh I-MWNTSs is close to
peak position and the relative intensities of the peaks in th¢C,y;—this ratio of I:C is far lower than that of IG for

low frequency region. It is reasonable to attribute the strong-SWNTs® First-principle calculation showed that in a
170 and middle 111 cit peaks and their overtone progres- simple (10, 10 SWNT of 1.36 nm in diameter, iodine can
sions to resonant Raman scattering from chardefi ¢ and  exist stably in forms of helical chains with a period of 12.5,

1 1
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low frequency region, and their harmonic seriesv{?2...)
also appear despite their weak intensities. We did not obser
any Raman peaks around 215 ¢hRef. 15 which would
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FIG. 3. Raman spectra of pristine MWNT& and I-MWNTs(b) taken with
632.8 nm excitation T=300 K).

5, or 1.5 nm, which is consistent with tixecontrast images
of I-SWNTs. The calculation reveals the saturation doping
levels of IG g and IG in the(10, 10 SWNTs with the iodine

strands of 1.5 and 5 nm helical periods, respectively. For
SWNT with a larger diameter, there would be sufficient room
for more chains. Provided the incorporated iodine exists, i
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motes resonant scattering from particular diameter t&bes.
This result, therefore, reveals further that iodine, in the form
of linearls~ andl;~ molecules, intercalates into the inner-
most tubes of different diameters of the MWNTSs.

Due to a transfer of carbom-electrons to the intercalant,
a contraction of the hexagonal rings along the cylindrical
wall is expected,which may result in an upshift of the fre-
quencies of the tangential mode for iodine-intercalated car-
bon nanotubes. The high-frequency Raman triplet of SWNTs
was strongly affected by polyiodide chain intercalation. The
shift of these modes for I-SWNTs could be as large as 8
cm 18 However, the frequency of the -CC stretching
Raman-activeG mode at 1583 cm' for purified MWNTs
was hardly dependent of iodine intercalation. This observa-
tion can be understood by taking into account the fact that
multishelled carbon nanotubes contain tubes with different
diameters that contribute to tl@& mode in Raman spectrum
separately®~*® The intensity of the Raman peak can be ap-
proximated by the number of bonds. Because the number of
bonds is proportional to the tube radius, tubes with the larg-
est radius will dominate the spectrum if the Raman cross
section is assumed to be constant for different tube diam-
eters. Since the MWNTSs in our present study consist of, on
average, 15 layers and the tangential stretching mode around

4582 cm ! is dominated by the outer shells, while iodine

ions incorporate exclusively in the innermost tube and the

r1nteracti0n between iodine and the carbon on outer shell is

forms of helical chains, exclusively inside the innermost tube>Mall, it is reasonable that the effect of iodine intercalation
of the MWNTs with an average thickness of 15 layers and aiP" the tangential stretching mode is very small.
average diameter of 3.66 nm, the estimated composition

ICs90 Ccan be scaled to a composition of |G where C

This work is supported by NSFC and “973” National
Key Basic Research Project.

counts only the carbon on the innermost tube wall. In other

words, |G would correspond to a composition of I-SWNTs
with a diameter of 3.66 nm. Therefore, from the TGA data of
the I-MWNTSs, one may infer that iodine or iodine chains can

not be incorporated into the graphene multishells of the
MWNTSs, which could be attributed to the fact that the spac-
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