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Abstract

The interaction of atomic (D) and molecular (D2) deuterium, as present in a (D + D2) gas mixture, with single-wall carbon
nanotubes (SWNTs) has been studied by means of a combination of scanning electron microscopy, transmission electron
microscopy and X-ray photoelectron spectroscopy. The SWNT samples were exposed to the gas mixture, produced by thermal
dissociation of D2 on a hot W filament, its temperature, TW, being kept at 1020 and 1550 K for a deuterium pressure of 0.6
and 60 Pa, respectively. Prolonged interaction of the low-pressure (D + D2) gas mixture produced at TW = 1020 K leads to a
conglomeration of the SWNT bundles into larger diameter ropes of square and triangular cross-section, covered by nano-
aggregates of graphite material. Both the coalescence of single SWNTs and a massive reconstruction of bundles of SWNTs
into a ‘‘coral reef’’-like structure were found to occur after prolonged exposure of SWNTs to the high-pressure (D + D2)
gas mixture produced at TW = 1550 K. This structure is formed by the encapsulated Fe nanoparticles and deuterocarbon-like
species appearing as a result of the deuterium interaction with the SWNT bundles accompanied by partial erosion of the
SWNT material. The XPS valence-band spectra disclose electronic features characteristic for a hydrogen-plasma modified
multi-wall carbon nanotube (MWNT)-like structure as a result of an intensive (D + D2) induced transformation of the SWNTs
into the ‘‘coral reef’’-like structure.
! 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen (deuterium) interaction with single-wall
carbon nanotubes (SWNTs) has attracted much theo-
retical and experimental interest recently [1–19]. One
of the main reasons for this interest was due to the
possibility of using SWNTs for hydrogen storage.
However, the promising considerable storage capacity
of hydrogen in SWNTs, reported by some authors

[2,3], has still not been experimentally confirmed, as
reported by independent groups of scientists [13–15].
Nevertheless, several important observations with re-
gard to hydrogen (deuterium) interaction as well as
hydrogen (deuterium) induced transformation of car-
bon nanostructures have been made. The results
are interesting for many scientific and technological
applications such as semiconductor technology, catal-
ysis, astrophysics and fusion plasma physics; to
summarize:

• Two kinds of interaction can occur between hydrogen
(deuterium) and SWNTs [1,6,9,18]: molecular physi-
sorption inside and outside the nanotube as well as
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chemisorption of hydrogen (deuterium) atoms. The
molecularly adsorbed hydrogen (deuterium) species
are weakly adsorbed (binding energy lower than
0.1 eV [1,6,12]) whereas the dissociatively adsorbed
hydrogen (deuterium) forms covalent C–H (C–D) spe-
cies (binding energymore than 2–3 eV [1,10,18]). Dillon
et al. [19] also identified an intermediate state between
the physi- and chemisorption of hydrogen, which was
also considered to be suitable for hydrogen storage.

• The electronic and atomic structure of SWNTs
undergo dramatic changes with hydrogen chemisorp-
tion as shown from first principles total energy and
electronic structure calculations [5,18]. Upon hydro-
genation the structure of SWNTs undergoes a mas-
sive reconstruction and the newly formed structures
appearing are stabilized by the formation of new dia-
mond-like C–C bonds [5].

• The complex character of energetic hydrogen interac-
tion with SWNTs has been dealt using a molecular
dynamics simulations method [16,17]. In the incident
energy interval 1–3 eV the hydrogen atoms chemisorb
onto the outer wall of the SWNTs, forming an exohe-
dral H-tube complex [16]. The reaction barrier for H
chemisorption on an undistorted perfect nanotube
was estimated to be about 1 eV [16], whereas the cor-
responding value calculated for a torsion strained
nanotube was found to be small compared to kT at
300 K [20].

• High-temperature thermal treatments have a strong
influence on the structural and microtextural charac-
teristics of SWNTs [21–23]. Coalescence of SWNTs
annealed at temperatures of 1673–2273 K in the pres-
ence of Ar [21–23] and H2 [21] has been observed. At
temperatures above 2273 K bundles of SWNTs coa-
lesce forming multi-wall carbon nanotubes
(MWNTs). The process of this structural evolution
has been computer-simulated [23].

• It is still unclear as to what the influence of residual
Fe, used as a catalyst in the production of SWNTs,
is on the structure of the SWNTs. The Fe impurities
were considered to a!ect the thermal coalescence of
SWNTs through defects introduced by a chemical
modification in the SWNTs [24]. However, in a
recently published report [25] it was shown that sim-
ilar thermally induced changes of the structure of
SWNTs can occur without a metal catalyst.

In this work our interest is focused primarily on the
structural and chemical modification of SWNTs after
prolonged interaction with a mixture of molecular
(D2) and atomic (D) deuterium gas. This subject has
stimulated growing interest lately [5,18], although exper-
imental activity is still rather low. The major issue is to
how the atomic and molecular deuterium treatment will
a!ect the structural and chemical evolution of SWNTs
at di!erent temperatures. In order to elucidate this point

we used the combination of X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).

2. Experimental

As-produced HiPco SWNTs were purchased from
Carbon Nanotechnology, Inc. Material was preliminary
dispersed in isopropanol at 300 K for 5–7 h in an ultra-
sonic bath and was then deposited on a 1 · 1 cm Si(100)
substrate. After drying at room temperature, the samples
were placed within a quartz cell [26,27] connected to a
UHV glass system [28]. Both the heating of the SWNTs
and their interaction with deuterium has been performed
in situ in two steps. In the first step all samples were
heated at 670 K in a vacuum (10!5 Pa) for 8 h, then at
670 K in 133 Pa deuterium for 2 h, and finally they were
heated again in vacuum at 1000 K for 1 h after the system
was evacuated to a pressure below 10!6 Pa. In the second
step the quartz cell was maintained in a cooling bath at
78 K or 273 K and the SWNT samples were exposed to
a mixture of molecular (D2) and atomic (D) deuterium
gas, produced by the thermal dissociation of D2 on a
hot tungsten filament (10 cm long and 2.7 · 10!2 cm in
diameter), suspended in a quartz cell at a distance of
2.5 cm from the samples. The temperatures of the resis-
tively heated tungsten filament (TW) was 1020 K and
1550 K, as measured during dissociation of deuterium
at pressures of 0.6 and 60 Pa, respectively, using an opti-
cal pyrometer (Mikron M190, USA). Deuterium was
purified by di!usion through a hot palladium thimble.

Morphological and chemical examination of the
SWNT material before and after thermal and atomic
deuterium treatment was performed ex situ in separate
analytical systems. SEM observation (LEO 1550 FEG
SEM) was carried out to study the SWNT surface mor-
phology. TEM studies (Philips CM30 Twin (S)TEM),
on the other hand, were used to obtain information
regarding the structure of separate bundles of carbon
nanotubes. XPS analysis (PHI Quantera scanning
X-ray microprobe) in the low-photoelectron binding
energy range allowed the electronic structure of the
SWNTs, as well as the nature of carbon specimens
formed after interaction with thermally atomised deute-
rium, to be identified.

The TEM specimens of selected samples of SWNTs
were prepared in cross-section using the recipe described
in Ref. [29], but instead of M-bond 610 the Gatan G1
two-component epoxy resin was used. Also, SWNT
material scraped from the original samples was analysed
by TEM. For this purpose the samples were prepared by
adding isopropanol and dispersing the suspended tubes
in an ultrasonic bath for several minutes. A drop of
the suspension was then placed onto a holey carbon film
coated copper grid and air dried for TEM observation.
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3. Results

3.1. Determination of the deuterium atomisation e!ciency
by TDMS

Thermal dissociation of deuterium at 0.6 Pa on a hot
tungsten filament is a clean, low yield source of atomic
D, for which the e!ciency is well defined [27,30,31].
The equilibrium atomic deuterium pressure generated
under our experimental conditions (TW = 1020 K,
P(D2) = 0.6 Pa) was !10"7 Pa [27].

D2 atomisation at 60 Pa is however, accompanied by
gas phase recombination of the deuterium atoms be-
cause the mean free path of deuterium atoms produced
on the hot W filament is much shorter (<0.1 cm) than
the distance between the W filament and the SWNT
sample. Such a source, i.e., a gas mixture of
(D + D2), for atomic deuterium adsorption experiments
is rather ill-defined. Nevertheless, it is possible to eval-
uate its e!ciency in creating atomic D experimentally
using an annealed gold film as a selective detector of
atomic deuterium in the temperature range 78–300 K
[27].

In separate experiments, the thin Au layers (40 nm
thick) were evaporated on the inner wall of the quartz
cell at 78 K and exposed in situ to the (D + D2) gas mix-
ture at pressures P(D2) of 0.6 and 60 Pa, at TW of
1020 K and 1550 K, respectively. The deuterium adsor-
bate coverage was subsequently determined using the
thermal desorption mass spectroscopy (TDMS) method
[26,27]. A mass spectrometer was applied as the selective
detector of the deuterium pressure in the gas phase. The
TDMS spectra, taken after the same exposure time as
was used for the SWNT samples, are presented in Fig. 1.

TDMS peaks appearing below 200 K in both thermal
desorption spectra, are assigned to surface states of an
adatomic deuterium adsorbate whereas the TDMS peak
within a temperature range 200–290 K is associated with
the penetration of D species within the Au film [27]. A
direct comparison of the amount of deuterium desorbed
within both TDMS peaks shows that the relative e!-
ciency of the reactive (D + D2) gas mixture production
at 1550 K and 60 Pa is about 4 times higher than the
corresponding one at 1020 K and 0.6 Pa. The deuterium
gas mixture produced under the former condition im-
pacts the Au film with higher thermal energy, leading
to a significant incorporation of deuterium atoms within
the Au film at 78 K (see high-temperature TDMS peak
of spectrum 2 in Fig. 1).

3.2. SEM analysis

Fig. 2a shows the SEM image of a SWNT sample
after interaction with molecular deuterium at
P(D2) = 133 Pa and 670 K for 2 h. This procedure was
applied to all investigated SWNT samples, prior to the

atomised deuterium treatment. Fig. 2b shows the SEM
image of the SWNTs after 1 h exposure at 273 K to
the (D + D2) gas mixture produced at TW = 1020 K
and P(D2) = 0.6 Pa. Fig. 2c and d, on the other hand,
show the SEM images of the SWNT samples after 1 h
exposure at 78 and 273 K, respectively, to the
(D + D2) gas mixture produced on the hot tungsten fila-
ment at TW = 1550 K and a pressure P(D2) of 60 Pa.

Prolonged interaction with atomic deuterium pro-
duced at TW = 1020 K leads to visible transformation
of the SWNTs. Large carbon ropes (50–80 nm in diam-
eter) appear (see deeper planes of the SEM image in Fig.
2b) in addition to disordered bundles of SWNTs, which
were also observed in the original material before the
atomised deuterium treatment (Fig. 2a). Distinct
changes in the SEM image were observed after exposing
the SWNTs to the (D + D2) gas mixture produced at
TW = 1550 K (Fig. 2c and d); it can be seen that the bun-
dles of SWNTs have become shorter, forming a kind of
‘‘coral reef’’ structure.

Partial (D + D2) interaction induced degradation of
the SWNT material was observed when it remained in
a cooling bath at 78 K (Fig. 2c), and extended degrada-
tion when kept at 273 K (Fig. 2d).
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Fig. 1. TDMS spectra of deuterium from thin Au films. The
adsorption temperature was 78 K. Spectrum (1) was obtained after
60 min exposure to atomic D generated on a hot W filament
(TW = 1020 K) at a D2 pressure, P(D2), of 0.6 Pa. Spectrum (2) was
obtained after 60 min exposure to a (D + D2) gas mixture produced on
a hot W filament (TW = 1550 K) at a D2 pressure, P(D2), of 60 Pa.
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3.3. TEM analysis

TEM examination has been realised in two ways. The
SWNTmaterial, scraped from the samples, was analysed
after each deuterium treatment procedure.However, a se-
lected SWNT sample was investigated in cross-section in
order to evaluate the real thickness of the SWNT layer
and to reveal the distribution of the SWNT material as
exposed to the (D + D2) gas mixture without the scraping
induced deformation of the SWNT layer.

3.3.1. Cross-sectional TEM analysis
The SWNT sample after 1 h interaction with the

(D + D2) gas mixture produced at TW = 1020 K and
P(D2) = 0.6 Pa has been analysed in cross-section. Fig.
3a shows the result of this analysis. Randomly distrib-
uted bundles of SWNTs form a carbon nanotube layer
of thickness between 200 nm and 600 nm. These bun-
dles, however, are not homogeneous in diameter. The
diameter, as measured directly from the cross-sectional
TEM images (Fig. 3), was in the range of 20–80 nm, in

Fig. 2. SEM images of SWNTs: (a) after heating in vacuum (10!5 Pa) at 670 K for 8 h, then heating in D2 (133 Pa) at 670 K for 2 h and finally
heating in vacuum (10!5 Pa) at 1000 K for 1 h, (b) after the procedure in (a) followed by exposing the SWNTs for 60 min to atomic deuterium
produced on a hot W filament (TW = 1020 K) at P(D2) = 0.6 Pa. The temperature of the SWNT sample was kept at 273 K, (c) after the procedure in
(a) followed by a (D + D2) gas mixture treatment at 78 K for 60 min. The (D + D2) gas mixture was produced on a hot W filament (TW = 1550 K) at
P(D2) = 60 Pa, (d) after the procedure in (a) followed by a (D + D2) gas mixture treatment at 273 K for 60 min. The source of deuterium was the
same as in (c).
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good agreement with the corresponding values observed
by SEM (Fig. 2b).

3.3.2. TEM analysis of the scraped SWNT material
Fig. 4 shows TEM images of the SWNT material

scraped from the SWNT sample after prolonged interac-
tion with the (D + D2) gas mixture produced at
TW = 1020 K. The high-magnification TEM image of se-
lected SWNT bundles (Fig. 4a) shows the surface of
SWNT bundles to be torn and coated with amorphous
carbon material. In addition to the SWNT bundles
exhibiting a diameter between 20 and 25 nm, thicker
ropes (40–80 nm in diameter) have also been detected
(Fig. 4b). Single nanotubes were not observed in the
scraped SWNT material. An analysis of the cross-sec-
tion shape of the selected ropes (marked 1 and 2 in
Fig. 4b) is presented in the discussion.

The material scraped from the SWNT sample, which
was exposed to the (D + D2) gas mixture produced at
TW = 1550 K, exhibits a di!erential structural morphol-
ogy depending on the temperature of the SWNTs (Figs.
5 and 6). In the TEM image (a) of Fig. 5, recorded for
the SWNT material kept at 78 K during the (D + D2)
interaction, we found evidence for single nanotubes
(1.1–1.3 nm in diameter) and SWNTs assembled into
bundles consisting of 2–10 nanotubes of the same diam-
eter. Only a few SWNT bundles, similar to those ob-
served in the pristine material, were observed. SWNTs

with diameters double those of single-wall nanotubes
(2.2–2.6 nm) were found to be associated with the bun-
dle of SWNTs as shown in Fig. 5b.

Significant transformation of the SWNT material,
kept at 273 K during the (D + D2) interaction, is re-
vealed in the TEM images of Fig. 6. Neither the single
nanotubes nor the bundles formed by long SWNTs are
observed. Instead a ‘‘coral reef’’-like structure is ob-
served (Fig. 6a). This structure is formed by nanoparti-
cles and nanocapsules, 10–40 nm in length, isolated by a
thin carbon skin, 2.5 nm thick (see Fig. 6b). The TEM
images, which display the ‘‘coral reef’’-like structure,
were also found occasionally in the SWNT material kept
at 78 K during the (D + D2) interaction, in correspon-
dence with the SEM observations depicted in Fig. 2c
and d.

3.4. XPS analysis

XPS element analysis was used to determine the sur-
face concentration of Fe impurities in the SWNT mate-
rial and valence-band photoelectron spectra were
investigated to characterise the electronic states of
SWNTs as a result of their interaction with deuterium,
using X-ray excitation (monochromatic AlKa X-ray
source, 1486.6 eV). All spectra were acquired with a
0.1 eV/step energy interval and were calibrated relative
to the reference C 1s XPS peak at 284.8 eV.

Fig. 3. Cross-sectional TEM images of the SWNT sample after its exposure to atomic deuterium produced on a hot W filament at TW = 1020 K and
P(D2) = 0.6 Pa for 60 min. The temperature of the SWNT sample was kept at 273 K. Image (a) illustrates the large cross-sectional area whereas
images (b) and (c) show the magnification of selected parts of image (a).
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The surface of the deuterium treated SWNT samples as
well as the surface of the corresponding samples after
3 min of Ar+ sputtering were analysed. The argon ion
gunwas operated at 1 kV and a sputter rate of 1.5 nm/min.

Table 1 shows the results of the analysis of the Fe sur-
face concentration in various SWNT samples after deu-
terium treatment as described in Section 2. It can be seen
that the surface concentration of Fe in pristine SWNT
material di!ers from the bulk concentrationa as deter-
mined by Carbon Nanotechnology Inc., the reason
being that Fe nanoparticles, included within SWNTs,
are screened by carbon material. A significant increase
in Fe surface concentration is however, observed after
intensive (D + D2) treatment resulting in a massive
reconstruction of bundles of SWNTs into a ‘‘coral
reef’’-like structure and partial degradation of SWNT
material (see Figs. 2c, d, and 6).

Fig. 7a shows the XPS valence-band spectra of the
SWNT sample, which was exposed to a low deuterium
atomic gas phase density (TW = 1020 K, P(D2) = 0.6 Pa,
P(D) ! 10"7 Pa), before (line 1), and after (line 2) argon
ion sputtering. Fig. 7b on the other hand, shows the cor-
responding spectra obtained after interaction with the
(D + D2) gas mixture generated at TW = 1550 K and
P(D2) = 60 Pa.

Three broad peak areas, characterised by weakly dis-
tinguished features, can be seen in the XPS valence-band
spectrum in the binding energy (BE) range of 2–10, 16–
19 and #26 eV, respectively (Fig. 7a, line 1). This spec-
trum can be interpreted as a superposition of features
from SWNT [32,33] and graphite-like species [34].
Graphite-like species are removed from the SWNT sam-

Fig. 4. TEM images of the SWNT material scraped from the samples
presented in Fig. 3. High-magnification TEM image (a) shows the
SWNT bundle, and the low-magnification TEM image (b) presents
thick ropes of bundles characterised by square- (1) and triangular-
cross-sections (2).

Fig. 5. High-magnification TEM images of the SWNT material
scraped from the sample after its exposure at 78 K to the (D + D2)
gas mixture produced on a hot W filament (TW = 1550 K) at
P(D2) = 60 Pa. Image (a) shows a bundle of single nanotubes. Image
(b) reveals the coalescence of the outer bundle of nanotubes (marked
by the arrow). A small Fe nanoparticle, included within the SWNT
bundle is also shown in (b).
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ple during Ar+ sputtering, making the peaks at 9 and
18 eV BE, characteristic for SWNTs [32,33], more dis-
tinct (see Fig. 7a, line 2).

The XPS valence-band spectra of the SWNT material
after intensive (D + D2) treatment exhibit more distinct
features (Fig. 7b). The peaks at 5.1 and 24 eV BE were
found to be associated with graphite-like species [34]
while the latter peak is associated with MWNTs [35].
Argon ion sputtering of this material causes the
low BE XPS peak to decrease whereas the higher
energy XPS peak is split into two states at !21 and
!24 eV BE.

4. Discussion

It is important in this discussion to distinguish two
di!erent experimental conditions in which the SWNT–
deuterium interaction was carried out. In the first, a
low density atomic deuterium gas phase, generated at
P(D2) = 0.6 Pa and TW = 1020 K, was impacted on the

Fig. 6. (a) TEM image of the SWNT material scraped from the sample
after exposing it to the (D + D2) gas mixture at 273 K for 60 min. The
(D + D2) gas mixture was produced on a hot W filament
(TW = 1550 K) at P(D2) = 60 Pa, (b) zoomed-in view of a selected
area in (a). Binding Energy (eV)
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Fig. 7. The XPS valence-band spectra of the SWNT samples, which
were exposed for 60 min to the (D + D2) gas mixture generated on a
hot W filament at: (a) TW = 1020 K, P(D2) = 0.6 Pa and (b)
TW = 1550 K, P(D2) = 60 Pa. Lines 1 show the spectra of the ‘‘as
received’’ SWNT samples whereas lines 2 represent the spectra after
3 min of mild Argon ion sputtering (sputter rate was 1.5 nm/min).

Table 1
Surface concentration of Fe in SWNT material after deuterium
treatment at various experimental conditions, as determined by XPS

SWNT material Relative atomic Fe
surface concentration (%)

Original pristine material 0.4 (3.1a)
After atomic deuterium treatment
(TW = 1020 K, P(D2) = 0.6 Pa)
for 60 min at 273 K

0.6

After (D + D2) gas mixture treatment
(TW = 1550 K, P(D2) = 60 Pa)
for 60 min at 273 K

9.4

a Bulk concentration—originated from the Certificate of Analysis
performed at Carbon Nanotechnology Inc.
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SWNT samples which were kept at 273 K. In the sec-
ond, the SWNT material, kept at 78 or 273 K, was ex-
posed more intensively by the (D + D2) gas mixture
produced at TW = 1550 K and P(D2) = 60 Pa. The deu-
terium particles, produced in this experimental regime,
collide with the SWNT material with relatively higher
thermal energy (T 6 1550 K, kT 6 0.13 eV), and with
an e!ciency 4 times higher than detected under low
D2 pressure conditions (Section 3.1). Evidently, both
the deuterium atoms and thermal D2 molecules are ac-
tive in the interaction process with the surface of the
SWNTs and the higher deuterium particle density re-
sults in a significantly higher deuterium adsorption
e!ciency.

From the results presented it is obvious that pro-
longed interaction of the gas with low atomic deuterium
concentration (TW = 1020 K and P(D2) = 0.6 Pa) with
the SWNT bundles, a"ects their size and relative lay-
out. Both SEM (Fig. 2b) and TEM (Figs. 3 and 4)
images disclose the formation of SWNT ropes 40–
80 nm in diameter, in addition to bundles of 20–25 nm
in diameter, which were also present in the pristine
material prior to atomic deuterium treatment (Fig. 2a).
Both the thickness and the cross-section shape of these
ropes appeared to be inhomogeneous. Especially inter-
esting was to identify the ropes of triangular and square
cross-sections (Fig. 4b). That observation leads us to
suppose that the ropes were formed as a result of a con-
glomeration of SWNT bundles. In order to verify our
assumption we analyzed the cross-section shapes of
two ropes selected in Fig. 4b. The first one, marked by
1 in Fig. 4b, shows a square-shaped cross-section, while
the second, marked by 2 in Fig. 4b, shows a triangular-
shape. Magnifications of the selected rope areas (1 and
2) are presented in Fig. 8 together with a geometric anal-
ysis of their cross-section shape. For a model consider-
ation we have taken the SWNT bundle diameter to be
25 nm as we found in Fig. 4a. Using the simple analyti-
cal formulae, modeling the cross-sections of ropes 1 and
2 (Fig. 8), for the corresponding values of the square
(Rs) and triangular (Rt) cross-section diagonals we
arrived at 61 and 47 nm, respectively. These values
are close to those as measured directly by TEM (see
images 1 and 2 of Fig. 8), Rs = 60 nm and Rt = 48 nm,
respectively.

The conglomeration of SWNTs into thicker ropes as
a result of prolonged atomic deuterium interaction can
be interpreted as follows:

The deuterium atoms generated under molecular con-
ditions impact the SWNTs with low thermal energy
(kT 6 0.09 eV) but still high enough to form chemisorbed
C–D groups. The reaction barrier for chemisorption was
estimated theoretically to be 1 eV for perfect nanotubes
[16] and small compared to kT at 300 K (0.03 eV) for
highly distorted carbon nanotubes [20]. The last value
seems to be more representative for the SWNT material

presented in this paper (Fig. 2a). The SWNT material,
maintained at low constant temperature (273 K), accom-
modates energy of the deuterium atoms produced on the
hot W filament at 1020 K. Due to the low energy of the D
atoms this reaction is limited to the near surface region.
The appearing C–D groups initiate the formation of deu-
terocarbon species as a result of their prolonged interac-
tion with atomic deuterium.However, the energy of theD
atoms impinging on the SWNT surface covered by the
deuterium and deuterocarbon species is too low to re-
move all products of this interaction from the surface.
These ones are aggregated on the outer walls of the
SWNT bundles leading to a deformation of their surface
and cause the SWNT bundles to be torn (Fig. 4a) and be
coated with amorphous carbon material (see Fig. 7a in
Section 3.4). The adjacent bundles path together and gen-
erate a common inter-bundle tube region formed by sur-
faces of tearing bundles giving rise to the thick ropes
formation. This ‘‘patching and tearing’’ mechanism was
proposedmore recently by Lopez et al. [23] to understand
the SWNT toMWNT transformation. Nevertheless, this
mechanism also seems to be responsible for the formation
of SWNT ropes via SWNT bundle conglomeration.

A dramatic change of the SWNT structure has been
observed after intensive interaction with the (D + D2)
gas mixture generated at TW = 1550 K and P(D2) =
60 Pa. The SWNT material kept at 78 and 273 K has

Fig. 8. The analysis of the cross-sectional shapes of two SWNT ropes
selected in Fig. 4b. The TEM image magnifications of the square- (1)
and triangular- (2) cross-section areas are shown on top. Below are
presented their schematic model approximation together with, placed
in the bottom, the formulas relating square- (Rs) and triangular- (Rt)
cross-section diagonals of the corresponding SWNT ropes to the
SWNT bundle diameter (a).

1080 W. Lisowski et al. / Carbon 43 (2005) 1073–1083



undergone massive reconstruction into the ‘‘coral reef’’-
like structure (Fig. 2c and d, respectively). It can be seen
that part of the SWNT material, kept at 273 K, is lost
(Fig. 2d) due to its interaction with deuterium, probably
via volatile deuterocarbon species desorption [36,37]. The
SWNT degradation process is moderated at 78 K allow-
ing the SWNT structures, being the intermediate prod-
ucts of this interaction, to be observed. Within the
SWNT material kept at 78 K we found terminated single
carbon tubes (Fig. 5a) and bundles in which the outer
tubes have been a!ected by significant erosion as well,
as diameter doubling coalescence (Fig. 5b). It is worth
noting that SWNT coalescence has been observed previ-
ously after the SWNT annealing under Ar flow, but at a
temperature higher than 1800 K [21,22]. In our experi-
mental conditions the process is initiated at a much lower
temperature probably by deuterium induced chemical
erosion [36,37] of the neighbouring tubes of the bundle.
Such a deformation of the SWNTs gives rise to their coa-
lescence according to the ‘‘patching and tearing’’ mecha-
nism [23].

Particularly interesting seems to be the formation of
the ‘‘coral reef’’-like carbon nanostructures as a result
of prolonged thermal (D + D2) gas mixture treatment
(Fig. 2c and d). TEM images disclose more details of
this structure (Fig. 6). One can distinguish nanocapsules
and nanoparticles isolated by a thin carbon skin. The
formation of similar carbon structures has been reported
previously as a result of various experimental proce-
dures [38,39]. Yasuda et al. [38] applied electrochemical
preparation of polyyne-containing carbons followed by
an electron beam irradiation treatment at 873 K and
low pressure. On the other hand, Teunissen et al. [39]
used methane high-temperature encapsulation of the
bimetallic particles on alumina. However, in both cases
small particles of metals [38,39], oxides [39] or carbides
[40] worked as a core to form the nanoparticles and
nanocapsules. Our original SWNT material consists of
!3.1% Fe. XPS results showed that after interaction
with the thermal (D + D2) gas mixture, part of the car-
bon material is lost causing the relative Fe content to
be higher than 9% (Table 1). Such a high Fe concentra-
tion suggests that the Fe particle encapsulation path-
way can contribute to the transformation of the SWNT
structure leading to the formation of the ‘‘coral-reef’’
structure. On the other hand, the Fe particle size in-
cluded within the SWNTs is smaller than 5 nm in diam-
eter (Fig. 5b), whereas the size of nanoencapsulated
areas was measured to be 10–30 nm (Fig. 6). That is
an indication that the encapsulation of Fe nanoparticles
is only one of the mechanisms responsible for the
destructive transformation of carbon nanotubes. We
should also take into consideration the encapsulation
of deuterium and deuterocarbon species, being the prod-
ucts of the SWNT–deuterium interaction. Ma et al. [17]
considered D encapsulation in the carbon nanotubes to

be possible, but at an incident energy higher than 15 eV.
Deuterium atoms trapped on the inner side of the car-
bon wall form a metastable state characterised by a
binding energy of 0.172 eV. However, deuterium atoms
trapped below the surface [41,42] or on the surface pre-
covered with C–D species can adsorb with much lower
energy. The latter process results in a (D + D2) impact
induced reaction with C–D adspecies [37] and finally
erosion of the carbon material [36,37]. Light deuterocar-
bon species appearing as a product of the direct deute-
rium impact, can be removed from the carbon
material via an Eley–Rideal mechanism [36]. However,
part of the deuterocarbon species appearing at high deu-
terium coverage can remain on the surface further initi-
ating the massive reconstruction of the SWNTs.

It is reasonable to assume that such a massive recon-
struction of SWNTs is accompanied by significant
changes in the electronic structure [18]. Our XPS spectra
recorded in the valence-band energy range (Fig. 7b) pro-
vide evidence for these changes. The SWNT material is
transformed into a ‘‘coral reef’’-like carbon nanostruc-
ture exhibiting valence-band electronic structure fea-
tures similar to those observed on hydrogen-plasma
modified MWNTs films [35]. The presence of deutero-
carbon species within this material can be derived from
a split of the XPS peak at "24 eV (Fig. 7b). We believe
that the XPS peak appearing at "21 eV can be attrib-
uted to deuterocarbon material confined within this
structure. This peak becomes more distinct after the sur-
face region ("4.5 nm in depth) of the transformed
SWNT material was removed by argon ion sputtering
(compare lines 1and 2 in Fig. 7b), thus providing strong
evidence that this peak can be attributed to deeper layers
within the transformed SWNT structure. The deutero-
carbon-like nature of the species associated with this
peak is supported by the XPS results of Cavell et al.
[43] who reported the binding energy of methane from
their XPS spectra in the valence regime to be 23 eV. This
value is in good agreement with the peak observed with-
in the split XPS valence-band energy range (see line 2 in
Fig. 7b). A similar splitting of peaks in the XPS valence-
band spectrum was observed by Yu et al. [35] for
MWNT films after hydrogen plasma treatment.

5. Conclusions

Prolonged interaction of SWNTs with atomic deute-
rium from the (D + D2) gas mixture, produced on a hot
W filament at TW = 1020 K and P(D2) = 0.6 Pa, leads to
a conglomeration of SWNT bundles into large diameter
rope type nanotubes covered by nano-aggregates of
graphite material. The SWNT material undergoes a
transformation into a ‘‘coral reef’’-like carbon nano-
structure after prolonged exposure of the SWNTs to
the (D + D2) gas mixture produced at TW = 1550 K
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and P(D2) = 60 Pa. This structure is formed by encapsu-
lated Fe nanoparticles and deuterocarbon-like species
which appear as a result of deuterium interaction with
SWNT bundles and is accompanied by partial erosion
of the SWNT material. The electronic structure of the
SWNTs, transformed due to intensive deuterium inter-
action, exhibits features characteristic for hydrogen-
plasma modified MWNTs.
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