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D
ouble-walled carbon nanotubes
(DWNTs), first observed in 1996,
constitute a unique family of car-

bon nanotubes (CNTs).1,2 DWNTs occupy a

position between the single-walled carbon

nanotubes (SWNTs) and the multiwalled

carbon nanotubes (MWNTs), as they con-

sist of two concentric cylinders of rolled

graphene. DWNTs possess useful electrical

and mechanical properties with potential

applications. Thus, DWNTs and SWNTs have

similar threshold voltages in field electron

emission, but the DWNTs exhibit longer life-

times.3 Unlike SWNTs, which get modified

structurally and electronically upon func-

tionalization, chemical functionalization of

DWNTs surfaces would lead to novel carbon

nanotube materials where the inner tubes

are intact. The stability of DWNTs is con-

trolled by the spacing of the inner and outer

layers but not by the chirality of the tubes;4

therefore, one obtains a mixture of DWNTs

with varying diameters and chirality indices

of the inner and outer tubes. DWNTs have

been prepared by several techniques, such

as arc discharge5 and chemical vapor depo-

sition (CVD) using a mixture of ferrocene
with a hydrocarbon or alcohol (typical hy-
drocarbons are methane, alcohol, n-hexane,
and benzene).6–10 DWNTs have also been
prepared by a sulfur-assisted CVD method
using methane as the carbon source.11,12

Applications of CNTs based on their elec-
trical properties strongly depend on the di-
ameter and helicity as well as parity.2,13

Doping of CNTs by boron and nitrogen ren-
ders them p-type and n-type, respectively.
MWNTs and SWNTs doped with
nitrogen14–17 and boron18,19 have been re-
ported. Boron-doped carbon nanotubes ap-
pear to exhibit enhanced electron field
emission due to the presence of the boron
atom at the nanotube edges.20,21 N-doped
CNTs show n-type behavior regardless of
tube chirality.22

We were interested in the synthesis and
characterization of boron- and nitrogen-
doped DWNTs in view of their potential ap-
plications. We have focused on the low-
doping regime (�1 atom %), where the
fundamental band structure is expected to
be unchanged relative to the all-carbon
model. To our knowledge, except for a re-
port on the preparation of nitrogen-doped
DWNTs by using a mixture of methane, am-
monia, and argon over an
iron�molybdenum catalyst,23 there has
been no detailed study of these materials.
We have prepared nitrogen-doped DWNTs
by the thermal decomposition of a CH4 �

NH3 � Ar mixture as well as a CH4 � pyri-
dine � Ar mixture over a Mo0.1Fe0.9Mg13O
catalyst, prepared by a new procedure. It
may be noted that pyridine has been found
to be a good nitrogen source to prepare
N-doped MWNTs.16 We have prepared
boron-doped DWNTs by the thermal de-
composition of a CH4 � B2H6 � Ar mixture
over the Mo0.1Fe0.9Mg13O catalyst at 950 °C.
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ABSTRACT Double-walled carbon nanotubes (DWNTs) doped with nitrogen and boron have been prepared

by the decomposition of a CH4 � Ar mixture along with pyridine (or NH3) and diborane, respectively, over a

Mo0.1Fe0.9Mg13O catalyst, prepared by the combustion route. The doped DWNTs bave been characterized by

transmission electron microscopy (TEM), X-ray photoelectron spectroscopy, electron energy loss spectroscopy,

and Raman spectroscopy. The dopant concentration is around 1 atom % for both boron and nitrogen. The radial

breathing modes in the Raman spectra have been employed along with TEM to obtain the inner and outer

diameters of the DWNTs. The diameter ranges for the undoped, N-doped (pyridine), N-doped (NH3), and B-doped

DWNTs are 0.73–2.20, 0.74 –2.30, 0.73–2.32, and 0.74 –2.36 nm, respectively, the boron-doped DWNTs giving rise

to a high proportion of the large diameter DWNTs. Besides affecting the G-band in the Raman spectra, N- and B-

doping affect the proportion of semiconducting nanotubes.

KEYWORDS: carbon nanotubes · doped nanotubes · double-walled
nanotubes · Raman spectroscopy · transmission electron microscopy
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The various DWNTs have been characterized with re-

spect to composition and structure. In particular, the ef-

fect of B- and N-doping on the dimensions of the nan-

otubes has been examined by Raman spectroscopy.

RESULTS AND DISCUSSION
While the decomposition of the CH4 � Ar over the

Mo0.1Fe0.9Mg13O catalyst at 950 °C yielded undoped

DWNTs, decomposition of the CH4 � NH3 � Ar and CH4

� pyridine � Ar mixtures gave nitrogen-doped DWNTs.

Decomposition of the CH4 � BH3 � Ar mixture over

the catalyst at 950 °C yielded boron-doped DWNTs. The

N- and B-doped DWNTs could not be produced at tem-

peratures lower than 950 °C. The combustion method

employed for the preparation of the catalyst seems to

help in producing DWNTs ex-
clusively with only a very small
or negligible proportion of
SWNTs.

We have used both trans-
mission electron microscopy
(TEM) and Raman spectros-
copy to characterize the differ-
ent DWNTs samples. TEM al-
lows direct imaging of the
DWNTs and gives indications
for the presence of other spe-
cies along with the DWNTs. In
the TEM images, we seldom
encountered SWNTs or
MWNTs. Besides providing in-
formation on the nature and
dimensions of DWNTs, Raman
spectroscopy helps to charac-
terize the purity and quality of
the DWNTs. Electron energy
loss spectroscopy (EELS), car-
ried out in a high-resolution
electron microscope, and
X-ray photoelectron micros-
copy have been employed to
determine the elemental com-
position of the DWNTs.

Undoped DWNTs obtained
by us generally had outer tube
diameters of 2.2�2.8 nm and
inner tube diameters of
1.4�2.1 nm, as shown by the
high-resolution TEM (HRTEM)
images in Figure 1a,b. In Fig-
ure 1c,d, we show typical HR-
TEM images of purified
nitrogen-doped DWNTs syn-
thesized by using NH3 and py-
ridine as the nitrogen source,
respectively. In Figure 1e,f we

show HRTEM images of the boron-doped DWNTs. The
HRTEM images indicate that the purified samples of the
DWNTs have well-resolved walls and that most of the
amorphous carbon was eliminated from the surface
during the purification process. HRTEM images reveal
that the outer tube diameters of the N-doped DWNTs
prepared by using NH3 as the nitrogen source are in the
1.7–3.2 nm range and the inner tube diameters are in
the 1–2.4 nm range. The interlayer spacing is around
0.38 nm. In the case of N-doped DWNTs prepared by us-
ing pyridine as the nitrogen source, the outer tube di-
ameters are generally in the 1.6 –2.6 nm range, while
the inner tube diameters are in the 0.9 –1.8 nm range.
The interlayer spacing ranges from 0.34 to 0.41 nm.
From the HRTEM studies, we surmise that the diam-
eters of the N-doped DWNTs obtained by using pyri-

Figure 1. HRTEM images of (a,b) undoped DWNTs, (c) N-doped DWNTs using ammonia,
(d) N-doped DWNTs using pyridine, and (e,f) of B-doped DWNTs.
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dine are smaller than those obtained with NH3. Thus,
the diameters of the N-doped DWNTs appear to de-
pend on the nitrogen source and the reaction condi-
tions employed.

HRTEM images of the boron-doped DWNTs show
that they possess larger diameters than the undoped
DWNTs as well as the N-doped DWNTs (Figure 1e,f). The
outer tube diameters of the B-doped DWNTs range
from 2.5 to 4.7 nm, and the inner tube diameters are
in the 1.8 –3.9 nm range. The interlayer spacing ranges
from 0.35 to 0.41 nm. Figure 1f shows the HRTEM image
of a large diameter B-doped DWNT with an outer diam-
eter of 4.7 nm and an inner diameter of 3.9 nm.

It has been reported in the literature that boron
and nitrogen are incorporated to SWNTs to a smaller ex-
tent than in MWNTs.14–19 We have estimated the com-
positions of the N- and B-doped DWNTs prepared by us
by employing X-ray photoelectron spectroscopy. A
core-level X-ray photoelectron spectrumf the N-doped
DWNTs obtained by using NH3 as the N-source is shown
in Figure 2a. The C 1s signal is at 284.3 eV, while the N
1s signal is centered at 399.6 eV, indicating of nitrogen
substitution in the graphene sheet. It is possible that
there is a small amount of amorphous carbon, as sug-
gested by the asymmetry of the C 1s signal, although
most of it gets removed on treatment with hydrogen
(see Experimental Section). The asymmetric shape of
the N 1s peak indicates the existence of at least two
components and could be deconvoluted into two
peaks at 398 and 401.3 eV. The 398 eV feature is charac-
teristic of pyridinic nitrogen (sp2 hybridization), while

the peak centered at 401.3 eV
is due to nitrogen present in
graphene sheets.15 The areas
of the two bands bear a ratio
of 1:1. On the basis of the total
N 1s and C 1s intensities, the
nitrogen-to-carbon ratio in the
nanotubes samples was calcu-
lated by taking the photoion-
ization cross sections of the 1s
levels into account. The aver-
age composition was thus
found to correspond to 1.3
atom % nitrogen. This value is
lower than that reported in the
literature for DWNTs (�2.9
atom %)13 and MWNTs (3–10
atom %).16 The N 1s spectrum
of N-doped DWNTs obtained
by using pyridine as the nitro-
gen source shows mainly the
band at 398 eV, the intensity of
the 401.3 eV band being very
small. Thus, there is an intrinsic
difference in the nature of
N-substitution between the

N-doped DWNTs prepared by using NH3 and pyridine.
Figure 2b shows the core-level spectra of the

B-doped DWNTs. The B 1s feature is at 191.4 eV, and
the C 1s signal is at 284.3 eV. The shift of the B 1s sig-
nal toward higher binding energy compared to that of
pure boron (188 eV) indicates that boron is in the sp2

carbon network. The slight asymmetry of the B 1s sig-
nal would, however, suggest the presence of another
possible mode of substitution. The boron content works
out to be 1 atom %. Around 3 atom % B-doped MWNTs
have been reported.18 EELS measurements in a high-
resolution electron microscope confirmed the presence
of nitrogen as well as boron in the respective doped
DWNTs. The %B and %N were found to be small (�1
atom %), consistent with the XPS data.

The resonance Raman spectrum of DWNTs shows
three main features: the G band, the D band, and bands
due to the radial breathing modes (RBMs). The tangen-
tial stretch G-band modes are in the 1550 –1600 cm�1

range. The disorder-induced D-band is observed be-
tween 1200 and 1450 cm�1. The D-band is activated
in the first-order scattering process by the presence of
in-plane substitutional heteroatoms, vacancies, grain
boundaries, or other defects and by finite size effects,
all of which lower the crystalline symmetry of the quasi-
infinite lattice.24 RBM frequencies provide information
about the nanotube diameter in the case of SWNTS and
DWNTs. We have recorded the Raman spectra of the un-
doped as well as the N- and B-doped DWNTs by using
632.8 nm excitation using a He�Ne laser. The spectra
were collected in a backscattering geometry at room

Figure 2. (a) C 1s and N 1s XPS signals of N-doped DWNTs prepared using ammonia. (b) C 1s and B 1s
signals of B-doped DWNTs.
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temperature. Figure 3a shows the G-bands of the pure
as well as doped DWNTs. The G-band of the N-doped
DWNTs (Py) appears at a lower frequency (1574 cm�1)
compared to that of undoped DWNTs (1575 cm�1),
whereas the G-band of the B-doped DWNTs appears at
a higher frequency (1579 cm�1). The G-band of the
N-doped DWNTs (NH3) also appears at a lower fre-
quency (1571 cm�1). Thus, the shifts of the G-band are
opposite for n- and p-doping of the DWNTs. Such shifts
of the G-band have been reported for B- and N-doped
SWNTs by Yang et al.25 and McGuire et al.26 The small-
intensity shoulder around 1540 cm�1 seen in the spec-
tra of undoped DWNTs shows a decrease in intensity in
the N-doped DWNTs and is negligible in the case of
B-doped DWNTs. This band is related to the metallic na-
ture of the nanotubes,27 and its near absence in N-
and B-doped DWNTs suggests a greater prevalence of
semiconducting nanotubes. The inset in Figure 3a
shows that the intensity of the D-band is high in the
case of the B-doped DWNTs and low in the case of the
N-doped DWNTs. The I(D)/I(G) ratios are 0.04, 0.06, and
0.16 for undoped, N-doped (py), and B-doped DWNTs
respectively.

We observe several RBM bands in the DWNTs (Fig-
ure 3b), resulting from various sizes of the nanotubes,
just as in earlier reports.28 By using the relation � �

248/d, where � is the RBM frequency in cm�1 and d is
the nanotube diameter in nm, we have obtained the di-
ameters of the DWNTs.28 The RBM frequencies and the
corresponding diameters are tabulated in Table 1 for
undoped as well as N- and B-doped DWNTs, along
with (n,m) indices for the intense features. From the
table, we see that the diameter distribution of the nano-
tubes is markedly affected by N- and B-doping. The un-

doped DWNTs show the highest intensity RBM bands
centered at 213 and 189 cm�1, corresponding to diam-
eters of 1.16 and 1.31 nm, respectively. The slightly
lower intensity or medium-intensity RBM bands are at
158, 143, and 132 cm�1, corresponding respectively to
diameters of 1.57, 1.73, and 1.88 nm. The N-doped
DWNTs (Py) show the highest intensity RBM bands cen-
tered at 220 and 214 cm�1, corresponding to diam-
eters of 1.13 and 1.16 nm, respectively. The slightly
lower intensity bands centered at 160 and 142 cm�1

correspond to 1.55 and 1.75 nm diameters, respectively.
The diameters of the N-doped DWNTs (Py) are some-
what smaller compared to those of the undoped
DWNTs. This is, however, not the case with N-doped
DWNTs prepared using NH3 as the nitrogen source. The
DWNTs (NH3) show the highest intensity RBM band at
158 cm�1, corresponding to a diameter of 1.57 nm. The
slightly lower intensity bands centered at 213, 152,
and 147 cm�1 correspond to diameters of 1.16, 1.63,
and 1.69 nm, respectively. Since the nature of

Figure 3. (a) G-bands in the Raman spectra of undoped and doped
DWNTs. Inset shows the D-bands of the same. (b) RBM bands of un-
doped and doped DWNTs.

TABLE 1. RBM Frequencies (cm-1) and Diameter (in
Parentheses, nm) of Undoped and N- and B-Doped
DWNTs

DWNTsa N-DWNTs (Py)b N-DWNTs (NH3)c B-DWNTsd

338 (0.73) 337 (0.74) 334 (0.73) 336 (0.74)
252 (0.98) 241 (1.03) 308 (0.81) 217 (1.14)*
213 (1.16)* 220 (1.13)* 281 (0.88) 201 (1.23)**
199 (1.25) 214 (1.16)* 247 (1.0) 189 (1.31)**
189 (1.31)* 191 (1.30) 213 (1.16)** 177 (1.40)
175 (1.42) 160 (1.55)** 199 (1.25) 163 (1.52)
171 (1.45) 142 (1.75)** 191 (1.30) 151 (1.64)*
158 (1.57)** 134 (1.85) 158 (1.57)* 130 (1.91)**
143 (1.73)** 125 (1.98) 152 (1.63)** 118 (2.10)*
132 (1.88)** 118 (2.10) 147 (1.69)** 105 (2.36)
113 (2.20) 108 (2.30) 134 (1.85)

107 (2.32)

aPossible (n,m) values for the intense bands are as follows: 213 [(7,10)], 189 [(3,15);
(6,13)], 158 [(14,9); (19,2)], 143 [(17,8)], 132 [(18,9); (21,5)]. bPossible (n,m) val-
ues for the intense bands are as follows: 220 [(4,12)], 214 [(7,10)], 160 [(18,3);
(6,16)], 142 [(20,4); (7,18)]. cPossible (n,m) values for the intense bands are as fol-
lows: 213 [(7,10)], 158 [(7,10)], 152 [(13,11); (12,12)], 147 [(21,1); (6,18)]. dPossi-
ble (n,m) values for the intense bands are as follows: 217 [(1,14)], 201 [(3,14);
(7,11)], 189 [(3,15)], 151 [(18,5); (15,9)], 130 [(16,12)], 118 [(5,24); (15,16)]. *High-
est intensity RBM frequency. **Medium intensity RBM frequency.
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N-substitution as well as the nature of the defects is dif-
ferent in the N-doped DWNTs prepared by using NH3

and pyridine, the difference in diameters is not entirely
surprising.

The B-doped DWNTs exhibit a high proportion of
large-diameter DWNTs compared to the undoped or
N-doped DWNTs. The most intense RBM bands of the
B-doped DWNTs are at 217, 151, and 118 cm�1, corre-
sponding to diameters of 1.14, 1.64, and 2.1 nm, respec-
tively. The slightly lower intensity bands centered at
201, 189, and 130 cm�1 correspond to diameters of
1.23, 1.31, and 1.91 nm, respectively. Due to a cutoff fil-
ter, the peaks below 100 cm�1 were not detected.

The diameters of the various DWNTs calculated from
the RBM modes are comparable with those obtained
from the TEM images, but the larger diameter nano-
tubes seen in the TEM images are not registered in the
Raman spectra since the RBM modes below 100 cm�1

could not be recorded by us. We can identify DWNT
pairs by taking the difference between the inner and
outer diameters to be around 0.7 nm. The frequencies
(cm�1) of such pairs of the RBM bands in the case of un-
doped DWNTs are (252,143), (213,132), and (189,113).
The metallic (m) and semiconducting (s) natures of
these pairs are respectively (s,m), (m,m) or (m,s), and
(m,s) or (s,s). In the N-doped DWNTs (py), the pairs are
(241,142), (214,125), (220,134), and (160,108), and they
are (s,s), (m,s), (s,s), and (m,m) or (m,s), respectively. For
N-doped DWNTs (NH3), the pairs are (281,158),
(247,147), (213,134), and (152,107), and these pairs are
respectively (s,s), (s,s) or (s,m), (m,s), and (m,m) or (m,s)
or (s,m) or (s,s). In the B-doped DWNTs, the pairs are
(217,130), (177,118), (189,118), and (151,105), and these
pairs are (s,s), (m,s) or (s,s), (m,s), and (m,m) or (m,s) or
(s,m) or (s,s), respectively. Taking the semiconducting
and metallic nature of all the RBM bands, the ratio of
semiconductor to metallic nanotubes in the case of un-
doped DWNTs works out to be 2:1, while it is 2:1, 2.2:1,
and 2:1, respectively, in the case of N-doped DWNTs
(py), N-doped DWNTs (NH3), and B-doped DWNTs. Thus,
the RBM modes predict a greater proportion of semi-
conducting nanotubes in the doped DWNTs as well.

The electronic absorption spectra of undoped as
well as doped DWNTs show bands in the 900 –1200
nm region due overlapping E22

s (s � semiconductor)
features of the outer tubes and E11

S of inner tubes.29

The absorption bands in the 1600 –2400 nm regions are

due to E11
S of the outer tubes. The absorption bands

due to E11
m (m � metal) of the outer tubes are found

in the 400 – 600 nm region. The metallic feature seems
to prominent in the undoped DWNTs. Accordingly, the
1540 cm�1 G�-band in the Raman spectrum is less
prominent in the doped nanotubes.

The smaller diameter carbon nanotubes are known
to be less stable than their larger diameter counter-
parts and tend to oxidize at lower temperatures. Amor-
phous carbon and carbon nanotubes with defects un-
dergo combustion at lower temperatures. In Figure 4,
we show the thermogravimetric analysis (TGA) curves
of undoped as well as N- and B-doped DWNTs. The de-
composition temperatures of all these doped DWNTs
are comparable to but slightly lower that the decompo-
sition temperature of pure DWNTs. Derivative TGA
curves also shows the same trend. The slight increase
in mass at high temperature may be due to the small
metallic impurity.

CONCLUSION
In conclusion, the Mo0.1Fe0.9Mg13O catalyst pre-

pared by the combustion route preferentially yields
DWNTs, the proportion of SWNTs being very small or
negligible. The use of this catalyst has enabled the syn-
thesis of 1 atom % N- and B-doped DWNTs. The diam-
eters of the nanotubes obtained from the Raman RBM
modes and transmission electron microscopy are com-
parable. The N-doped nanotubes show the G-band in
the Raman spectrum at a lower frequency than the un-
doped ones, while the B-doped nanotubes show an in-
crease in the frequency. The proportion of the metallic
nanotubes appears to decrease on N- or B-doping, but
the average diameter is substantially larger in the
B-doped DWNTs.

EXPERIMENTAL SECTION
Synthesis of DWNTs was carried out in a quartz tube reac-

tor. For each synthesis, 200 mg of the supported Fe�Mo cata-
lyst (Fe�Mo/MgO) was placed in a quartz boat by spreading it
uniformly. The quartz boat was inserted into the center of the
quartz tube (25 mm i.d. and 1 m long) mounted inside an elec-
trical tube furnace. Subsequently, the furnace was heated to 950
°C in an argon atmosphere at a heating rate of 3 °C/min. A mix-
ture of methane and Ar gas was introduced into the reactor. The

flow rates of methane and Ar were maintained at 50 and 150
sccm (standard cubic centimeters per minute), respectively. Af-
ter 20 min, the reactor was cooled to room temperature in an Ar
atmosphere. The resulting black dense mat contained a homo-
geneous dispersion of carbon nanotubes around the oxide
grains. This crude material was carefully collected from the boat
and subjected to purification.

The oxide precursors required to prepare the catalyst for
the synthesis of DWNTs were prepared by the combustion

Figure 4. TGA curves of undoped and doped DWNTs.
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route.30,31 The required amount of (NH4)6Mo7O24 · 4H2O was
added to an aqueous solution containing ferric nitrate
(Fe(NO3)3 · 9H2O) and magnesium nitrate (Mg(NO3)2 · 6H2O) in a
Pyrex dish, keeping the molar ratio of Mo:Fe:MgO at 0.1:0.9:13.
To this mixture was added an appropriate amount of urea (three
times the stoichiometric ratio), which acts as the fuel in the com-
bustion process. The mixture was dissolved by using a mini-
mum amount of distilled water and kept in an oven at 70 °C for
12 h. The Pyrex dish containing the solution was placed in a fur-
nace preheated at 550 °C. The thick orange-red solution immedi-
ately started boiling and underwent dehydration. The resulting
thick paste frothed and blazed with a white flame, with the pro-
duction of a light material which then swelled to the capacity
of the Pyrex dish. The total combustion process was over in 10
min. The combustion product was baked at 550 °C for 3 h and
ground to a fine powder. Preparation of the catalyst by conven-
tional methods, such as wet impigration or coprecipitation,
yields inhomogeneous catalyst particles, whereas the combus-
tion route employed here gives homogeneous catalyst particles.

For obtaining nitrogen-doped DWNTs, the procedure was
similar to that used for undoped DWNTs, expect that ammonia
or pyridine vapor was taken in mixture with CH4.16 For doping ni-
trogen by using ammonia, the supported Fe�Mo catalyst (200
mg) was placed in a quartz boat at the center of the quartz reac-
tor tube. The quartz tube was heated to 950 °C in an Ar atmo-
sphere. Subsequently, CH4 (50 sccm), NH3 (5 sccm), and Ar (150
sccm) were mixed and introduced at the inlet of the reactor tube.
After 20 min, the reactor was cooled to room temperature in an
Ar atmosphere. For N-doping using pyridine, the supported
Fe�Mo catalyst (200 mg) was placed in a quartz boat at the cen-
ter of the quartz reactor tube. The quartz tube was heated to
950 °C in an Ar atmosphere. Subsequently, 40 sccm of CH4 was
passed through a bubbler containing pyridine, which carries the
pyridine vapor to the furnace. These vapors were mixed with
150 sccm of Ar and passed over the MgO-supported catalyst,
maintained at 950 °C for 20 min.

For the synthesis of boron-doped DWNTs, diborane (B2H6)
was used as the boron source, the rest of the procedure being
similar to that for undoped DWNts. B2H6 vapor was generated by
the addition of BF3�diethyl etherate to sodium borohydride in
tetraglyme.18 Fifty sccm of CH4 was mixed and passed along with
B2H6 vapors. These vapors were further mixed along with 150
sccm of Ar and passed over the MgO-supported catalyst pow-
der, maintained at 950 °C for 20 min.

The percentage of DWNTs in all our preparations was 90%
or higher. Such high preferential yields of DWNTs have been re-
ported in the literature.9,10 In order to dissolve the metal nano-
particles in the DWNTs, the as-prepared nanotubes were treated
with concentrated HCl at 60 °C for 24 h. The product was washed
with distilled water, dried, dispersed in ethanol under sonica-
tion, and filtered using Millipore (0.2 �m) filter paper. The fil-
tered product was dried in an oven at 100 °C for 2 h and heated
to 850 °C in a furnace at a rate of 3 °C per minute in flowing hy-
drogen at 100 sccm and held at that temperature for 6 h to re-
move the amorphous carbon present on the nanotube walls.32

The resulting sample was again stirred in concentrated HCl at 60
°C for 3 h and heated in a furnace at 850 °C for 6 h in flowing hy-
drogen (100 sccm). The same procedure was employed to pu-
rify doped DWNTs, except that dilute HCl was used instead of
concentrated HCl. It must be noted that hydrogen treatment at
high temperatures has been found to be a very good method to
eliminate amorphous carbon present on the carbon nano-
tubes.32

We have characterized the undoped and doped DWNTs by
various techniques. Field emission scanning electron micro-
scope (FESEM) images were recorded with a FEI NOVA NANOSEM
600. UV–vis absorption spectra of the nanotubes were recorded
using a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. Ther-
mogravimetric analysis was carried out using a Mettler Toledo
TGA 850 instrument. Raman spectra were recorded with a
LabRAM HR high-resolution Raman spectrometer (Horiba Jobin
Yvon) using a He�Ne laser (� � 630 nm). Transmission electron
microscope images were obtained with a JEOL JEM 3010 instru-
ment. X-ray photoelectron spectroscopy was recorded using a

VG scientific ESCA Laboratory V spectrometer. EELS were re-
corded with a transsmision electron microscope (FEI, TECNAI
F30) equipped with an energy filter for EELS operating at 300
kV.
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