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We report an x-ray absorption fine structure study at the iodine-K edge of the local structure in iodine-doped
carbon nanotubes. The iodine-carbon host interaction is shown to be weaker in multiwalled carbon nanotubes
(MWNTs) than in single-walled carbon nanotubes (SWNTs). Todine species are only localized at the surface of
the external tube for MWNTSs, whereas iodine species enter inside SWNTs. For doped SWNTs, both the
experimental and the theoretical EXAFS spectra allow us to establish the structure of the iodine chain as

disordered pentaiodide at the saturation level.
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I. INTRODUCTION

The tuning of the carbon nanotube electronic properties
has been found to be possible by creating charge transfer
compounds analogous to graphite intercalation compounds.!
Graphite and single-walled carbon nanotubes (SWNTs) have
been shown to be amphoteric as they can be doped with
either donors (K, Rb) or acceptors (Br,).?

Iodine has been successfully intercalated into SWNTs.?
However, the intercalation site and the form of the doping
species are still a controversial point. Raman results suggest
charged polyiodide chains Is~ and I3~ to be distributed
throughout the iodine-doped SWNTs (I-SWNTs).? Based on
a comparison between the pressure behavior of the Raman
modes of I-SWNTs, it has been suggested that (I,)~ mol-
ecules might reside both in the interstitial channels and in-
side the tubes in SWNTs bundles.’ In the same way, resolu-
tion Z-contrast scanning transmission electron microscopy
images have revealed the incorporation of iodine atoms in
the form of helical chains inside the SWNTs.® Nevertheless,
the overall composition IC;, suggests that substantial iodine
species are also incorporated in the interstitial position be-
tween tubes in the bundles® as many tubes are unfilled. Fur-
thermore, x-ray and neutron diffraction investigations of
I-SWNTs showed that (I,)” species are mainly localized in-
side the tubes.” Nevertheless, the detailed knowledge about
the structure of iodine-doped carbon nanotubes, especially
the local geometry around the iodine ions, the number of
nearest neighbors of iodine ions, and the distance between
iodine ions and carbon atoms are still open questions.

Concerning the iodine intercalation of multiwalled nano-
tubes (MWNTSs), the doping process is probably the most
unclear. A Raman study reveals the presence of iodine spe-
cies (I,)” in iodine-doped MWNTs (I-MWNTs) but cannot
give a direct evidence of a charge transfer since the tangen-
tial modes of the nanotubes seem to be not affected by the
presence of iodine chains.* Considering the stoichiometry of
such samples (IC,), iodine is assumed to be located only
inside the tubes of different inner diameters.* This assump-
tion is consistent with the fact that the spacing between
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graphene sheets in MWNTS is almost the same as in graphite
which cannot accommodate iodine species.! It appears that
both the intercalation site and the structure of the doping
species in carbon nanotubes are still an open question.

In the aim to light these points, the x-ray absorption spec-
troscopy (XAS) appears to be a very promising technique to
measure the molecular parameters of charged polyiodide
chains in carbon nanotubes, especially the local geometry
around the iodine ions, the number of the nearest neighbors
of iodine ions, and the distance between iodine ions and
carbon atoms. XAS has been successfully used to study the
local structure around alkali ions inserted into SWNTs
bundles.® Atomic selectivity and short range sensitivity allow
us to measure the I-I EXAFS response in different phases.
The I K edge is the most appropriate absorption threshold to
be studied due to the high energy (E,=33.169 keV), leading
to a high penetration depth. Experimental work on polyiod-
ine anions, iodine-doped pol(octylthiophene), and I, in dif-
ferent states of matter were carried out using the extended
x-ray absorption fine structure (EXAFS) technique to study
the form of the iodine species.”!? In the present paper, we
report the results of an EXAFS investigation of the (I,)”
structure in single-walled and multiwalled carbon nanotubes.
The different iodine-doped carbon nanostructures (I-MWNTs
and I-SWNTs) from different origins are doped using exactly
the same procedure. The behavior observed for multiwalled
carbon nanotubes turns out to be radically different from the
one observed for [-.SWNTs. We present herein direct proofs
of selective doping depending on the structural properties of
carbon nanostructures.

II. EXPERIMENT
A. Samples

Three different kinds of SWNTs samples were used.
SWNTs were prepared in our laboratory by the electric arc
method.!"! Commercial HIPCO'> and carbon solution
samples13 were also studied. In all cases, the raw materials
were characterized by x-ray diffraction in order to select only
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parts of the samples with an intense (10) reflection peak of
the bundles. Consequently, all the selected samples contain a
large amount of bundles. MWNTs were also synthesized by
the electric arc method.'* After outgassing and annealing the
samples at 250 °C for 24 h under a dynamical vacuum, io-
dine doping of the carbon materials is achieved by immers-
ing the nanomaterials in molten iodine in an evacuated
quartz tube at a temperature 7=140 °C for several days to
perform a saturation doping.> Most of the iodine in excess is
removed by the cold point method. However, x-ray diffrac-
tions performed after the sample preparation show that crys-
talline I, particles are present in the powder. Consequently,
after doping, materials were separated into two parts: a ref-
erence set of materials and a second set washed by ethanol
several times in order to remove all the iodine in excess.

B. Experimental setup

Low temperature (10 K) XAS experiments are performed
at the beamline BM 29 at the ESRF facility. Spectra were
measured at the iodine K edge (E,=33.169 keV) in the trans-
mission mode with a double Si(311) crystal monochromator.
Ionization chambers were used to detect the signals.

C. Data analysis

The EXAFS oscillations y(k) are extracted for XAS data
using a standard procedure.'>'® After the background sub-
traction and edge step normalization of the absorption data,
the x(k) signals are obtained. The radial structure function
FT(k*x(k)) is obtained by the Fourier transform of k>y(k).
The Fourier transform window has been chosen to start at a
very low k (=1.7 A™") since the scattering amplitude of car-
bon atoms is rather high in the 1.5-5 A~! k range. Accord-
ing to ab initio calculations using the FEFF program,'® no
multiple scattering is predicted in such samples.

III. RESULTS

Figure 1 shows the EXAFS oscillations ky(k) of iodine-
doped carbon nanostructures, respectively, -MWNTs and
I-SWNTs. They all display a good signal up to 17 A~!. The
EXAFS spectra of IMWNTs and I-SWNTs display differ-
ences around 3.2, 5.6, 7, and 9.2 Al (arrows in Fig. 1). The
local arrangement of iodine in -MWNTs is well simulated
using ab initio FEFF calculations by considering the struc-
ture of the I, crystal up to 5 A around iodine (Fig. 2). This
result appears surprising since ionic (I,)” species are evi-
denced by micro-Raman spectroscopy in the low frequency
range of all nanotubes.>*7 This discrepancy could be due to
excessive iodine present in our macroscopic samples as neu-
tral I, crystallites. Indeed, x-ray absorption spectroscopy
probes the bulk of the sample whereas micro-Raman probes
a small depth of well-dispersed clusters. Because I, crystal-
lites evaporate very quickly in contact with air, the Raman
response is only given by (I,)” species interacting with the
tubes.

Unlike I-MWNTs, the I, crystal structure does not allow
us to simulate properly the local arrangement of iodine in
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FIG. 1. EXAFS spectra at the iodine K edge of the unwashed (a)
I-MWNTs and (b) I-SWNTs.

I-SWNTs. The slight differences between EXAFS oscilla-
tions of -MWNTs and I-SWNTs are probably due to a pe-
culiar intercalation site available in I-SWNTs but not in
I-MWNTs. The difference between -MWNTs and I-SWNTs
can be explained either in terms of distinct intercalation sites
between both samples or in terms of different interaction
energies between iodine and carbon nanostructures. Con-
cerning the interaction energies, thermogravimetric analysis
experiments have shown that different energies are required
to remove iodine from I-MWNTs and I-SWNTs, respec-
tively. Indeed, the loss of iodine begins at room temperature
for MWNTs* and only at 100 °C for SWNTs.? In order to get
rid of excess iodine I, crystal clusters which are not interca-
lated, all the samples were washed with ethanol. We found
out that iodine was no longer present in - MWNTSs as evi-
denced by XAS since no absorption edge is observed after
washing. Since iodine can be removed easily by washing, the
interactions between iodine and the carbon network are sup-
posed to be weak in -MWNTs. By contrast, after washing,

@

(b)

k.x (k)

1 1 1 M 1 M L i 1 1 1 M 1

2 4 6 8 10 12 14 16

k (A

FIG. 2. Experimental EXAFS signal of the -IMWNTs sample
(a) and theoretical ab initio spectrum of I, crystal clusters (b).
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FIG. 3. Back Fourier transform of the experimental spectrum
and the fit taking into account one shell of iodine and one shell of
carbon; inset: Fourier transform FT[k3y(k)] of the experimental
EXAFS spectrum; note that the difference between the peak posi-
tion (2.5 A) and the real I-I distance (2.73 A) is due to a phase
term.

an iodine absorption edge is still observable on washed
[-SWNTs, meaning that iodine is still present in this type of
carbon nanostructures. Thus, we could consider that specific
sites in I-SWNTs prevent iodine removing. The interstitial
site between three SWNTs within the bundles could explain
this behavior. However, according to the large van der Waals
iodine diameter (=4 A), a penetration of iodine chains in the
interstitial site has a low probability [available space =2.6 A
in diameter for (10,10) SWNTs, taking into account the Van
der Waals radius]. The other sites available (outside and in-
side the tube for MWNTs, outside the bundles and inside the
tube for SWNTSs) are present in both samples, with a number
of internal sites being much more important in SWNTs. It
was already shown for MWNTSs (even with a few walls) that
only the outer tube is affected by the intercalation process.!”
As I, in the molten phase is known to dissociate into very
oxidizing iodium I* species and polyiodide 1,7, it is as-
sumed that I" attacks the tube ends and the defect sites, mak-
ing possible the entrance of polyiodide species inside tubes.
Hence, the SWNTSs, because of their unique layer, are prob-
ably much easier to open with respect to MWNTs for which
several layers have to be destroyed. Thus, since iodine is
completely removed under washing in MWNTSs, we suggest
that iodine is only adsorbed at the surface of the outer shell
in this kind of nanostructures, in good agreement with x-ray
diffraction’ and Raman spectroscopy results.!” Hence, we as-
sume that iodine can penetrate SWNTs but not MWNTs.
Since the EXAFS signal of I-doped nanotubes is domi-
nated by I, crystal clusters, even for -SWNTSs, we will con-
sider in the following, only washed SWNTs samples. Con-
cerning the local arrangement of iodine in washed I-SWNTs,
the Fourier transform FT(k3y(k)) of the experimental EX-
AFS spectrum as a function of a nonphase corrected radial
distance is shown in the inset of Fig. 3. The FT(k>x(k)) gives
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TABLE 1. Structural parameters deduced from the least squares
fit of the first shells of the I-doped SWNTs samples. N is the coor-
dination number, R the fitted I-I or I-C distance, o the Debye-
Waller factor and AFE the energy shift.

Todine shell Carbon shell

N 0.8 22
o’ 0.0016 0.02
AE 12.11 2.8
R 2.74 3.02

rise to only one peak located around 2.74 A. The structural
parameters of the first coordination shell of I-SWNTs are
fitted using the theoretical electronic parameters (backscat-
tered amplitudes, phases, and the mean free path) calculated
by FEFF. By considering only iodine first neighbors, the
agreement between the filtered experimental EXAFS signal
and the fit is not really satisfactory. There are some discrep-
ancies at low k. As the backscattered amplitude contribution
of the carbon atoms is important at low k, a second set of fits
is performed taking into account both the iodine neighbors
and the carbon neighbors. In this case, a very good agree-
ment between the experimental data and the fit is obtained as
shown in Fig. 3. The structural parameters extracted, respec-
tively, the number of neighbors N, the interatomic distance
R, the square of the Debye-Waller factor o2, are given in
Table I. We can first note that the Debye-Waller factor asso-
ciated with the disorder in the structure is quite low in the
case of the iodine-iodine distance and quite high for the
iodine-carbon distance. Depending on the localization of the
iodine chains with respect to the carbon network, we expect
a distribution of iodine-carbon distances and then a large
Debye Waller factor 02(0.02 A?). EXAFS experiments on an
iodine-doped polymer determined the I-I distance and the
number of neighbors as a function of the chain length.!” The
(I;)~ chain is formed with an I-I first distance of 2.9 A
whereas the number of neighbors is 1.2 and the Is~ chain
leads to a first I-I distance of 2.73 A and a coordination
number close to 0.85. In our -SWNTs samples, we found
out a number of neighbours of about 0.8 and an I-I distance
around 2.74 A. These structural parameters suggest the pres-
ence of Is~ chains in our sample doped at saturation. This
result is in good agreement with the work of Aasmundtveit et
al.'® and Gregorian et al.,* since they assume the presence of
only I5s~ chains at a saturation level for polymer and SWNTs,
respectively. The structural model for this I5~ chain suggests
two I, molecules surrounding an I” ion. Nevertheless, the
long bond in pentaiodine (between the central I™ and the
external I, molecules) should give rise to a signal around
3.2-3.3 A. This signal is not observed in our samples, prob-
ably because of large fluctuations in this bond (due to the
presence of the extra electron). Other authors came to the
same conclusion for iodine-doped polymers.!?

However, unlike those EXAFS results, Raman spectros-
copy experiments also suggest the presence of I3~ chains.
Indeed, the couple of peaks in the low frequency region,
around 110 and 172 cm™! are generally assigned to the re-
sponse of I;~ and I5~ chains, respectively.>>’ However, this
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FIG. 4. Raman spectra of iodine doped SWNTs: Top, carbon
solution samples; bottom and middle, HIPCO samples. Micro-
Raman spectra were measured using the 514.5 nm excitation line.

assumption relies only on the work of Teitelbaum and
co-workers'® in which the Raman signal is ascribed to I,
molecules weakly interacting with distorted I~ chains. But
depending on the type of molecules (respectively, one and
two I3~ chains interacting with only one I, molecule), the
frequencies associated with iodine modes might shift of
about 10 cm™! (respectively, 104 and 162 cm™ or 110 and
172 cm™").!® Raman spectra of our I-SWNTs are shown in
Fig. 4. The low frequency region is sample dependent. The
top spectrum displays a couple of peaks around 108 and
162 cm™!, whereas the other two have peaks around 110 and
175 cm™!. In addition, the Raman spectra depend on the ex-
citation wavelength, so that it looks quite tricky to assign
unambiguously these peaks to specific I,~ chains. Conse-
quently, we assume that Raman spectroscopy can give direct
proofs on the charge transfer but only some insights about
the structure of the I, chains intercalated.

In order to confirm our assumptions about the presence of
Is~ chains exclusively, we also performed ab initio FEFF
simulations to better discuss both the iodine chain structure
and its localization within the bundles. EXAFS spectra simu-
lations are shown in Fig. 5. The I~ chain gives rise to an
EXAFS response in total disagreement with the experimental
data. Consequently, as previously assumed from the fit of our
data, we do not observe I3~ chains in our samples. The sym-
metric Is~ chain with its two I-I distances (centered at 2.73 A
and around 3.25 A) also gives rise to a signal in complete
disagreement with the experimental data (Fig. 5), so that the
presence of the ordered symmetric 15~ chain in our samples
is ruled out. However, if we consider an I5 chain (noted IsR
in Fig. 5) with a large distribution of I-I second neighbors
(due to the presence of the delocalized extra charge), the
large fluctuations kill out the response of the second I-I dis-
tance. Under this assumption, the experimental EXAFS re-
sponse is quite well simulated (in terms of the phase and
amplitude). The signal is actually perfectly reproduced in the
5.5-17 A~! k range, where the response is dominated by
the I-I distance. Nevertheless, we can notice some slight dis-
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FIG. 5. Experimental and simulated EXAFS spectra of several
probable environments around the iodine absorbing atom. Inset:
back scattering amplitudes of the iodine-iodine and iodine-carbon
pair of atoms; drawings of the different (I,,)” chains.

crepancies between both EXAFS spectra in the low k region
(k<5 A~"). These differences probably arise from the car-
bon atom environment around the iodine species which is not
taken into account. Indeed, the carbon atoms contribution is
mainly expected in the 1-5 A~' k range where the back-
scattering amplitude reaches a maximum (inset Fig. 5). Con-
sequently, we assume that the experimental EXAFS signal
essentially arises from the very disordered I5~ chains inside
SWNTs.

The question now concerns the different possible insertion
sites of the iodine chains in the nanotube host matrix. The
interstitial site, which is usually reported as one of the pref-
erential sites of the iodine species insertion in I-SWNTs
bundles, seems to be ruled out from the quantitative analysis
of the EXAFS results. If iodine was localized, respectively,
in between two or three tubes within the bundle, the number
of carbon neighbors would be, respectively, 12 or 18 for a
(10,10) nanotube bundle in the ideal case. In a normal case,
this number would be lower but significantly higher than 2.
Thus, the first argument to rule out this site is that the num-
ber of carbon neighbors should be larger than the one found
(around 2, see Table I). In addition, an I-C distance of about
3 A is incompatible with a position between tubes where the
distance available is not large enough. In addition, the ex-
tremely weak expansion of the 2D triangular lattice under the
intercalation of iodine in SWNTs bundles, stated from the
neutrons diffraction experiment’ rules out an intercalation
site within the interstitial sites of bundles. On the other hand,
ethanol washing removes the iodine species at the surface of
MWNTs. This result implies that the surface of SWNTs
bundles is also free of iodine species after washing. Conse-
quently, we conclude that the iodine Is~ chains are mainly
located inside SWNTs.

IV. CONCLUSION

To summarize, we have shown that EXAFS investigations
on iodine-doped carbon nanostructures can bring very useful
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information on the structural properties of these compounds.
We have first compared the iodine intercalation process in
different carbon nanostructures. The study has evidenced two
different kinds of interactions between the iodine chains and
the carbon network, a weak interaction in I-MWNTSs and a
stronger one in [-SWNTs. The EXAFS results state the pres-
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ence of (I,)” species inside the tubes for .SWNTs. The latter
one is still occupied after washing, meaning that SWNTs
protect the iodine species. We also find out that iodine is
mainly present as disordered Is~ chains in the I-SWNTs
samples, in good agreement with other works related to
samples doped at the saturation level.
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