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Thermal Behavior of Fluorinated Double-Walled Carbon Nanotubes

L. G. Bulusheva,® P. N. Gevko! A. V. Okotrub, Yu. V. Lavskayal N. F. YudanoV!
L. I. Yudanova! O. G. Abrosimov E. M. Pazhetno¥,A.l. Boronin* and E. Flahadt

NikolaevInstitute of Inorganic Chemistry SB RAS, pr. Akustentieva 3, Neosibirsk 630090,
Russian Federation, Boreskdastitute of Catalysis SB RAS, pr. Ak.drantieva 5, Neosibirsk 630090,
Russian Federation, and CIRIMAT, UMR CNRS 5085/ LCMIE, Centre Interuniversitaire de Recherche et
d’'Ingenierie des Materiaux, Universiteaul-Sabatie, 31062 Toulouse cedex 9, France

Double-walled carbon nanotubes (DWNTS), produced by a catalytic chemical vapor deposition method,
have been fluorinated using a volatile mixture of Befhd Bpk. Optical absorption spectroscopic study
on the product detected nonfluorinated nanotubes, which could correspond to the inner walls of DWNTSs.
The fluorinated DWNTSs have been annealed in vacuum at fixed temperatures, and X-ray photoelectron
spectroscopy showed almost no fluorine in the sample heated t6@0Comparison between X-ray
fluorescent C K spectra of the pristine DWNT sample and the annealed fluorinated sample revealed
change of the atomic structure of graphitic shells in the process of thermal defluorination.

Introduction product indicated the disappearance of radial breathing modes
below 250 cm* originating from the outer shells of DWNTS;
the inner tube shells remained intact.

In the present work, fluorination of DWNTs was per-

Fluorinated carbon nanotubes can be freed of fluorine
atoms with hydrazine treatment and annealing in an inert
atmospheré.The latter method is more attractive owing to i
its promise for controlled removal of fluorine with variation ~[°rMed at room temperature using gaseouss@she fluo-

of temperature. At present, the process of thermal defluori- rinating agent. The change in the struciure _and electronic
nation has been examined in more detail for single-walled St&t€ Of the fluorinated DWNTSs with an annealing was exam-
carbon nanotubes (SWNT&Bystematic investigation of the ined by means of optical absorption, X-ray photoelectron,
spectroscopic characteristics of fluorinated SWNTs under and X-ray fluorescent spectroscopy methods.

different annealing temperatures indicated that the fluorine ) ]

loss usually takes place between 100 and 208 Raman Experimental Section

spec_troscopy showed thgt the_ thermal recovery of the  pwNTs were produced by catalytic chemical vapor deposition
fluorinated SWNTs to their original state is not complete (CCVD) decomposition of Ciiover Mg _CoO solid solution
and the higher relative intensity of the disorder mode for containing a small addition of molybdentifter the CCVD, the
defluorinated sample compared to that for the pristine one catalyst and byproducts were removed by treatment of the sample
could be due to creation of defects and amorphous carbon. with concentrated aqueous HCI solution. High-resolution transmis-
IR spectroscopic study of the products of thermal decom- sion electron microscopy showed that a typical sample consists of
position of fluorinated SWNTSs has showed that the fluorine ~80% DWNTSs, 20% SWNTSs, and a few triple-walled nanotubes.
is driven off the tubes in the form of various fluorocarbon The diameter distribution of the DWNTSs ranged from 0.5 to 2.5
specieg. Extraction of carbon atoms from the fluorinated nm for the inner tubes and from 1.2 to 3.2 nm for the outer tubes.
SWNT walls could be a reason for tube cuttfng. Fluorination of DWNTs was carried out following a procedure
Double-walled carbon nanotubes (DWNTS) consisting of previously applie'd to arc-produced multiyvall carbon nanotl?be_s.
two concentric shells could possess a specific reactivity, aSA sample placed in a teflon flask was held in a vapor over a solution

N of BrFs in Br, for 7 days. Thereafter, the flask content was dried
compared to SWNTs. Fluorination of DWNTs has been by a flow of N, up to the termination of Brevolution. The structure

carried out with fluorine gas ?t 200 and has yielded @ of the product was examined by a JEM-2010 transmission electron
product with Cl 3 composition’ A Raman spectrum of the  mjcroscope (TEM) and a Solver Pro (NT-MDT) atomic force
microscope (AFM).

1’é‘gﬁgsagv'?r?;ittit'lfeo;f"ggg?”siicSChemis"y- Optical absorption spectra of DWNT samples were recorded
8 Université Paul-Sabdiie yeIs: using a Shimadzu UV 3101 PC instrument in a wavelength range
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Figure 1. TEM image of the fluorinated DWNT sample. Temperature, C
o ) Figure 2. TG and DTG curves for the fluorinated DWNT sample
nated nanotube-containing powders have been suspended in ethan@lecomposed in He atmosphere with heating rate ofQ/@nin.

and heptane, respectively, followed by their sonication in a bath
for ~1 h. Thin films were deposited on sapphire substrates using Ta
an airbrush. Evaporation of the solvent was aided by heating the / \
substrate during airbrushing at about “@®. The homogeneity of |

the obtained film was controlled visually.

X-ray photoelectron spectra (XPS) of DWNT samples were
collected on a “VG Escalab HP” spectrometer using the Al Ko
radiation (hv= 1486.6 eV). The spectrometer energy scales were
calibrated against the Augf and Cu2p; lines with binding energy
of 84.0 and 932.7 eV, respectively. A sample was suspended in
freon and then spread on a tantalum holder, which prior to sample
application was cleaned by argon bombardment. The holder coated
with fluorinated DWNT sample was resistively heated in the T T T T T T T 1
preparation chamber of the spectrometer at 190, 270, 300, and 0 100 200 _309 400 500 600 700 800
500°C for a half hour. The temperature was measured with-a Pt Binding energy (eV)

Pt/Rh thermocouple spot-welded to the back of the holder. After Figure 3. XPS overall spectra of the tantalum holder surface (1) and the
heating, the sample was cooled to room temperature, and its Xpsfluorinated DWNT sample (2).

spectrum was recorded. The base pressure in the spectrometer . . - -
chamber during the experiments was @nbar; the main gases 1 he differential TG (DTG) curve exhibits two minimums

were CO, CQ, and HO. The Curve_ﬁtting of the XPS spectra was located around-100 and at~480°C. The first Weight'loss
carried out using a Gaussian and Lorentzian function convolution. Step could be attributed to water desorption; the second one

X-ray fluorescent C I& spectra of polycrystalline nontextured is indicative of exothermic decomposition of the fluorinated
graphite and pristine and fluorinated DWNTs were recorded with carbon species. Taking into account the TG results, the
a laboratory spectrometer. The samples were coated onto a coppefemperature of the fluorinated sample annealing in a vacuum
support. To study the effect of thermal annealing on the electronic \ya5 no more than 50%C.
structure of fluorinated DWNTSs, the sample was annealed in the Figure 3 compares the overall spectra for the tantalum
vacuum chamber of an X-ray tube at the fixed temperatures during holder and the fluorinated sample of DWNTs. The holder
10 min and then cooled down to the temperature of liquid nitrogen. .

surface was not completely covered with substance, and thus,

The operating conditions of the X-ray tube with the copper cathode . . .
wereU = 6 kV, | = 0.5 A. A single crystal of ammonium tantalum lines are present in the XPS spectrum of the inves-

biphthalate (NHAP) was used as an analyzing crystal. How this tigated sample. This spectrum exhibits three main peaks
crystal is used to obtain the CoKspectrum was described —corresponding to the C 1s, F 1s, and O 1s lines; the low-
elsewheré? Determination of the X-ray band energy was accurate energy features are indicative of a small amount of bromine
to +0.15 eV with a spectral resolution 0.5 eV. The spectra  in the sample. Notice that the fluorinated DWNT sample

were normalized with reference to the maximum intensity. contains a significant level of oxygen. It could be caused by
_ . high surface area of the sample and presence of the electro-
Results and Discussion negative fluorine atoms, increasing the chemisorption of the

A TEM image of the fluorinated sample is presented in oxygen-containing mo.IecuPé.Further.more,.reaction of the
Figure 1. As can be seen from the image, the applied fluorinated DWNTs with atmospheric moisture cannot be

fluorination procedure is not destructive to nanotubes. The &Xcluded: _
DWNTSs are in the individual form or combined into thin ~_ The C 1s spectra of the fluorinated DWNT sample and

bundles. A thermogravimetric (TG) curve for the decomposi- th_at annealed at the different temperatures are compared in
tion of the fluorinated sample in a helium atmosphere is Figure 4. The spectrum of fluorinated DWNTs has two
shown in Figure 2. The heating rate was “@min. One clearly defined maximums, A and C, with energy of 284_1.6
can see that the sample lost weight starting fres0 °C, and 288.5 eV; a shoulder, B, around 285.9 eV; and a high-

and during the process, the overall weight loss wad%. energy wide feature, D, around 293.7 eV. The maximum A
has the same energy as the principal C 1s peak of the pristine

(10) Okotrub, A. V.; Bulusheva, L. Grullerene Sci. Technoll998, 6,
405. (11) Wang, Y.-Q.; Sherwood, P. M. AChem. Mater2004,16, 5427.
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Figure 6. C 1s spectra of pristine DWNT sample (1) and fluorinated DWNT
sample annealed at 50C (2).

different temperatures.
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sample results in rather rapid lowering of the intensity of
components B, C, and D in the temperature range of 20
270 °C, and the feature D is virtually absent in the C 1s
spectrum of the sample annealed at 2Z(Q(insert in Figure

B 5a). Components B and C are slowly changed with additional

heating beyond 300C, and they still exist in the final
c \ spectrum. Similar behavior of components B and C is indica-

e

190°C

L

tive of their assignment to the same specimens wig 35
composition. The separation of the B and C features co-
incides with the value characteristic of graphite fluoride,
50 100 150 200 250 300 C,F* produced using the same fluorination method, that
Temperature, °C supports the suggestion about the covalent character of the
Figure 5. (a) Decomposition of C 1s spectra of the fluorinated DWNT ~C—F bond in the fluorinated DWNTSs. A slight change in the
sample heated at different temperatures; insert shows anzdgnification B/C ratio with heating is due to the contribution from the
?gecgr:rﬁ)g;?nné tl%.ﬂgt;%g:gezﬂfé!on of the spectral features ratio, depending on oxygen-grafted carbon with binding energy@2§§_0 ev.
Figure 6 compares the C 1s spectra of the pristine DWNT

DWNTSs and corresponds to the nonfluorinated carbon spe-Sample and the fluorinated sample heated at&Gample
cies. The maximum C is attributed to carbon atoms bounded@nnealing results in a broadening of the C 1s spectrum and
to fluorine atoms, and the shoulder B is due to carbon atoms @n increase in intensity in the region of 28283 eV. The
directly connected to the CF groups. Furthermore, the Observed spectral variation indicates a difference between
oxygen-grafted carbon atoms have binding energy close tothe electronic state of carbon atoms in the pristine sample
the shoulder B positiof?, although the portion of oxygen- ~ and in the fluorine- and heat-treated sample.
containing groups estimated from XPS data is considerably ~The structural modifications of the fluorinated DWNT
lower than that of the CF groups. The wide feature D is Sample with annealing were studied by optical absorption
assigned to the carbon atoms comprising the &l Ck spectroscopy. The spectra of the pristine DWNT sample, the
groupst3 fluorinated one and the fluorinated sample annealed in
Results of deconvolution of the C 1s spectra of the fluori- Vacuum at temperatures ranging from 100 to 4@Dare
nated DWNT sample and the sample annealed at°t90  compared in Figure 7. The features in the energy region of
and 270°C are presented in Figure 5a. The low-intensity 0-6-1.3 eV and 1.3-2.0 eV correspond, respectively, to the
feature D was not fitted, and the ratio of the carbon atoms first and second interband electronic transitions of the semi-
corresponding to it was determined by the intensity integra- conducting nanotubes. The absorption lines between 2.0 and
tion after the background subtraction. The integral intensity 3-O €V are mainly assigned to the first interband transitions
of the maximum A in the spectrum of nonheated fluorinated Of the metallic carbon nanotub&sFluorination results in a
sample is equal to-47%. Variation in the spectral compo- considerable decrease in the sample absorption; however,
nents ratio depending on the annealing temperature is showrfhe features become more clearly resolved as compared to

in Figure 5b. The thermal treatment of the fluorinated DWNT those in the spectrum of pristine DWNTSs. A similar effect
is usually observed when using a surfactant for carbon nano-
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(12) Marcoux, P. R.; Schreiber, J.; Batalil, P.; Lefrant, S.; Renouard, J.;
Jacob, G.; Albertini, D.; Mevellec, J.-YPhys. Chem. Chem. Phys.  (14) Asanov, |. P.; Paasonen, V. M.; Mazalov, L. N.; Nazarov, ARSss.
2002,4, 2278. J. Struct. Chem1998,39, 928.
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Figure 7. Background-corrected optical absorption spectra of the pristine 0 0.5 1.0 1.5 20 25 30 35 40
DWNT sample (1), fluorinated DWNT sample (2), and fluorinated sample Hm

annealed at temperatures 100 (3), 200 (4), 300 (5), anc*@Q@®). Figure 8. AFM image of the fluorinated DWNT sample annealed at 200

[4LH

tube isolatiornt® and in our case, it could be associated with P 2  L10 —~
an increase in intertube distance as a result of fluorination.
The optical absorption spectrum of the fluorinated DWNTs
(Figure 7, trace 2) is virtually identical to the spectrum
measured for the nonfluorinated DWNT suspended in sodium
cholate!’ Existence of peculiarities in the optical spectrum
of the fluorinated sample indicates that part of the DWNTSs
remained intact or attached a small portion of fluorine atoms
having no considerable effect on the density of electronic ; 3
states around the Fermi level. Assignment of the spectral " %%ﬁ 20
features for the fluorinated DWNTs has been made in ref Ry 45FC
18. Since the core tubes of DWNTs mainly absorb in the 272 274 276 278 280 282 284

spectral region examined, we conclude some of them are Photon energy (eV)

nonfluorinated.

Annealing of the fluorinated DWNTSs causes a change in 1.0
the optical absorption spectrum; in particular, the features
are broadened and their intensities are lowered. Possibly, it
is indicative that some low-fluorinated nanotubes are dis-
rupted with sample heating. The spectrum of the sample,
annealed at 400C and almost free of fluorine, still has more
fine structure than the spectrum of pristine nonfluorinated
DWNTs. The better resolution of optical features is achieved [
with debundling of nanotubes, and hence, the fluorinated 0.0
samples consist of smaller-diameter ropes. Retention of 272 274 276 278 280 282 284 286
tubular species in the heat-treated sample was supported by Photon e
the AFM examination (Figure 8). Figure 9. (a) C Ko spectra of fluorinated DWNT samples annealed at

The electronic structure of the DWNT samples was probed different temperatures; (b) C Kepectra measured for the pristine DWNT

sample (1), fluorinated sample annealed at 460(2), and graphite (3).
using X-ray fluorescent spectroscopy (Figure 9). A @ K
spectrum arises as a result of electron transitions from occu-of the fluorinated sample before and after annealing are simi-
pied valence states to a previously created core hole. Owinglar in appearance, the origin of their spectral features is
to the dipole selection rules and localization of the core different. In the spectrum of the sample heated at 450
orbitals, the spectrum contains data on the density of the (contained trace of fluorine), the maximum A corresponds
occupied C 2p states. Cokspectra of the fluorinated DWNT  to the z-system of the graphitic-like particles, the intense
sample and the sample annealed at temperatures from 15@aximum C is attributed to the-system, and the shoulder
to 450°C are compared in Figure 9a. The spectra exhibit B is formed as a result of X-ray transitions of both types of
three main features, lettered A, B, and C, and the intensity electrons?® Since fluorination of DWNTSs leaves part of the
and structure are not changed monotonically with the

annealing temperature. Despite the fact that thexpectra ~ (18) Gevko, P. N.; Bulusheva, L. G.; Okotrub, A. V.; Yudanov, N. F.;
Yushina, I. V.; Grachev, K. A.; Pugachev, A. M.; Surovtsev, N. V;

Flahaut, EFullerenes, Nanotubes, Carbon Nanostr@d06 14, 233.
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inner walls unfluorinated, the Cd&spectrum of the fluori-  the topological defects has shown a decrease in the density
nated DWNT sample can be considered a composition of theof high-energy states and a short-wave shift of the main
spectra of graphitic and fluorographitic particles. It follows maximum C? related to the theoretical spectrum of carbon
from the interpretation of the C & spectrum of graphite  atoms located at the vacancy bound&rfhe intensity of
fluoride GF?° that the maximums A and C of the fluorine- the maximum A in the spectrum of topological defects was
containing samples arise from the participation of the close to thatin the spectrum of the perfect graphitic network.
electrons of the CF groups. Therefore, the spectra of fluori- The C Ka spectrum of the defluorinated sample exhibits an
nated samples heated at mild temperatures and at temperaenhanced intensity in the maximum A, as compared to that
tures above 30€C cannot be directly compared. The spectral of the graphite spectrum (Figure 9b). Hence, we conclude
changes at the early stages of sample annealing are relatethe fluorinated DWNT sample annealed at £&Dstill may

to the defluorination process. The fluorinated samples contain a portion of vacancies, which remained unrecon-
annealed at the highest temperatures, as the XPS datatructed due to an insufficiently high temperature.

showed, contain only traces of fluorine, and changes ob- .

served in the density of C 2p states are more likely to result Conclusion

from a rearrangement of the graphitic network. Interaction of DWNTSs with a gaseous Br&nd Bp mix-
Figure 9b compares the Cokspectra of pristine DWNTS,  ture at room temperature results mainly in covalent attach-
a fluorinated sample annealed at 4%0) and graphite. The  ment of fluorine atoms to the outer tube shells. Fluorination
spectrum of the pristine DWNTs has the highest intensity of DWNTSs resolves the features of the optical absorption
of the short-wave maximum A that is indicative of a large spectrum, allowing the observation of the configuration of
portion of defects in the tube walls. The similar enhancement the inner shells. TG ana|ysis and XPS examination of the
of the density of weak bonding states has been detected influorinated DWNT sample revealed the fluorine removal
the C Ko spectrum of HIPCO SWNTs subjected to a pegins at 100°C, and decomposition of the fluorocarbon
multistage purification. Comparison of this spectrum with particles is ended at500 °C. The thermal defluorination
the theoretical C i spectra plotted as the result of quantum- of the DWNT sample has virtually no effect on the structure
chemical calculations on carbon tube models revealed theof the inner tube shells and considerably changes the
occurrence of a substantial quantity of 2-fold coordinated electronic state of carbon from the outer shells. During
carbon atoms, which could constitute zigzag-like boundaries annealing, fluorine atoms leave the sample, together with
of large holes in the graphitic shefi’5The C Ko spectrum  carbon atoms of the graphitic network, creating vacancies
of the annealed fluorinated sample exhibits a lowering of \hich, under the enhanced temperature conditions, are likely

the maximum A intensity, a short-wave shift of the main o be partially reconstructed by the formation of topological
maximum C, and an increase in the shoulder B intensity. defects.

These changes suggest a distinction between the electronic
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