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Abstract

The storage of hydrogen in carbon nanotubes requires appropriate chemical activators in suitable geometry. In this study, the role of boron
substitution in carbon nanotubes is demonstrated for activation and storage of hydrogen.
© 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

All three components of the hydrogen economy, namely, pro-
duction, storage and application of hydrogen have been pos-
ing challenges to the scientific community for the past several
decades. Developing a safe and reliable hydrogen storage tech-
nology that meets performance and cost requirements is criti-
cal to use hydrogen as a fuel for both vehicular and stationary
power generation. Storage of hydrogen is attempted in various
approaches involving gas phase storage with compressed hy-
drogen gas tanks, liquid hydrogen tanks and in solid substrates
like metal hydrides, carbon-based materials/high surface area
sorbants such as metal-organic frameworks (MOFs) and chem-
ical hydrogen storage using complex hydrides. Among the var-
ious options of hydrogen storage, only storage in solid state
materials seems to be promising. The scientific community in
its anxiety and enthusiasm has come up with remarkable but
not reproducible results for hydrogen storage in solid state. The
desirable storage capacity for viable commercial exploitation
of hydrogen as energy source is 6.5 wt% as postulated by US-
DOE. However, any figure up to 67 wt% has been claimed as
possible storage capacity in solids especially in carbon-based
materials [ 1-4]. This situation is critical demanding definite and

* Corresponding author.
E-mail address: bvnathan@iitm.ac.in (B. Viswanathan).

exploratory solutions from practicing scientists. The essential
questions that require immediate attention are:

(i) Are the carbon materials appropriate for solid state hydro-
gen storage?

(ii) If this is to be true, what types of materials or treatments
for the existing carbon materials are suitable to achieve the
desirable levels of hydrogen storage?

(iii) What are the stumbling blocks in achieving the desirable
storage of hydrogen in solid state?

(iv) Where does the lacuna lie? Is it in the theoretical founda-
tion of the postulate or is it in our inability to experimen-
tally realize the desired levels of storage?

Against this background, the need for an activator for hydro-
genation in carbon materials is realized, which should be easily
hydridable than carbon and facilitate migration of the disso-
ciated hydrogen to carbon surface. The pure carbon surface
cannot activate hydrogen molecule, which is clear from the re-
cent inelastic neutron scattering experiments which has shown
that binding strength of hydrogen molecule is almost the same
for all kinds of carbon materials and the magnitude of interac-
tion is around 5 kJ/mol [5,6]. There must be strong interaction
between the hydrogen and carbon surface (chemisorption)
to give rise to high storage capacity. For chemisorption, the
hydrogen molecule should be activated. When doping carbon
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nanomaterials with alkali metal (Na, K), transition metals (Fe)
and alloys (TiAlp.1 V.04, Ti-6A1-4V and NiO-MgO), the stor-
age mechanism is different, as the metals involved form hy-
drides and the metal hydride could not store more than its
number of atomic combinations [7-11]. The alternative may
be heteroatoms like N, P, S and B. They seem to be promis-
ing as activators [12,13] by activating hydrogen molecule due
to their hydriding property and the higher redox potential than
carbon.

In this study the importance, gradation and the geometrical
positions of boron substitution in carbon nanotubes (CNTs) for
hydrogen activation were studied through density functional
theory (DFT). In correlation to theoretical results, experiments
were carried out to show the role of boron atoms for hydrogen
activation. Pure CNTs and boron containing carbon nanotubes
(BCNTs) were prepared by using various templates such as
zeolite, clay and alumina membranes. The prepared pure and
BCNTs have been characterized by XRD, Raman spectrum,
IR, CP MAS NMR, TEM and high pressure hydrogen adsorp-
tion measurements. The variation of template and the carbon

precursor causes differences in the morphology. The chemical
environment of boron and its relevance towards hydrogen stor-
age application is also examined in correlation to theoretical
results.

2. Computational methods

For the theoretical calculations the model has been con-
structed with three arm chair type (4,4) CNTs, which form a
3.65 A inter tubular space as shown in Fig. 1. The details about
the model construction and methodology used are given in our
earlier communication [ 14]. The substitution of boron atoms are
carried out at the edge positions of the nanotube, which show
the minimum potential energy for the cluster. Computations
using DFT have been carried out on the optimized configura-
tion obtained using universal force field (UFF 1.02) parameter
[15]. Cerius? software was used for the force field calculations
and the single point energy calculations on the optimized con-
figurations obtained from force field have been carried out us-
ing Gaussian 03 with Becke’s three parameter hybrid function

Fig. 1. (a) The hydrogen molecule interaction with the boron atom substituted in the UFF optimized CNT (4, 4) cluster, where the terminal positions are
saturated with hydrogen. (b) Hydrogen interaction with the boron atoms substituted in the adjacent positions of the carbon nanotube. (c) Hydrogen interaction
with the alternate positions of the carbon nanotube (the arrow indicated are boron atom).
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Fig. 2. The transition state energy profile of the boron substituted CNT cluster calculated by DFT method (B3LYP) with 6-31g (p, d) basis set.

with LYP correlation function (B3LYP) and 6-31G (p, d) as
basis set [16—18]. The total energy, H-H bond distance as well
as the dissociation energy of hydrogen was obtained from these
calculations.

To study the reaction mechanism, a simple cluster model
with 14 carbon atoms has been chosen. The cluster model is
the terminal and reactive part in the SWNT for the hydrogen
interaction and hydrogenation as shown in Fig. 2. The clus-
ter was fully optimized with density functional B3LYP method
with 6-31G (p, d) basis set. The nature of stationary points
thus obtained was characterized by frequency calculations. All
the transition states corresponding to hydrogen migration were
located and characterized as saddle points using the frequency
calculations. The geometric parameters and the nature of the
imaginary frequencies were examined using the graphical in-
terface program, Gauss View 03 [19]. All the DFT calculations
were performed using Gaussian 03 in a cluster of IBM Linux
machine.

3. Experimental section
3.1. Materials used

Tetrahydrofuran was dried over sodium and distilled be-
fore use. 1,4-Divinyl benzene and hydrofluoric acid, (all from
Merck) were used as received. Acetylene (99.95%), hydro-
gen (99.98%) and argon (99.99%) were used with no further
purification. Alumina template membranes (0.2 um pore di-
ameter and 60 pm thick) were obtained commercially (What-
man Anodisc Membrane Filters, Whatman Inc.). H-zeolite-Y
(Sud Chmie Pvt Ltd., India) and Na-montmorillonite used
for the preparation of Al-pillared clay. AICIl3 - 6H,O (S.D.

Fine-Chem Ltd., India) was used as source of aluminum ion
for the preparation of Al-pillared clays. Helium (99.99%) and
hydrogen (99.98%) were purified using a liquid nitrogen trap
and activated carbon trap prior to hydrogen sorption experi-
ments. Commercial activated carbons Calgon and CDX-975
were used to compare the hydrogen storage capacity with
prepared CNTs.

3.2. Synthesis of pure and BCNTs

Pure carbon nanotubes (CNT1) were prepared by using
polyphenylacetylene polymer as the carbon source by us-
ing alumina membrane as template. The polyphenyl acety-
lene/alumina composite was prepared by adding 10ml of 5%
w/w polyphenyl acetylene in dichloromethane to the alumina
membrane applying vacuum from the bottom. The entire poly-
mer solution penetrates inside the pores of the membrane by
the mild suction applied. The solvent was evaporated slowly
and the membrane was dried in vacuum at 373K for 10 min.
The composite was then polished with fine neutral alumina
powder to remove the surface layers and ultrasonicated for
20 min to remove the residual alumina powder used for polish-
ing. The composite was then carbonized by heating in argon
atmosphere at 1173 K for 6 h at a heating rate of 10 K/min. This
resulted in the deposition of carbon on the channel walls of the
membrane. The carbon/alumina composite was then placed in
48% HF to free the nanotubes. The tubes were washed with
distilled water to remove HF [20,21].

Boron containing carbon nanotubes (BCNT1) were prepared
by using the boron containing polymer as the carbon precursor.
Stable cross-linked n-conjugated hydroborane polymer pre-
pared by hydroboration polymerization of 1,4-divinylbenzene

(2007), doi: 10.1016/j.ijhydene.2007.07.042

Please cite this article as: Sankaran M, et al. Boron substituted carbon nanotubes—How appropriate are they for hydrogen storage?. Int J Hydrogen Energy

31

33

35

37

39

41

43

45

47

49

51

53

55

57

59


http://dx.doi.org/10.1016/j.ijhydene.2007.07.042

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

HE2900

4 M. Sankaran et al./International Journal of Hydrogen Energy 11 (1111) 1II-111

and diborane in THF medium. In situ polymerization has
been carried out over the alumina membrane template in THF
medium under nitrogen atmosphere. After the polymerization,
the membranes were removed and polished with alumina pow-
der to remove the adhered polymers. The polymer/alumina
composite membranes have been carbonized at 900°C for
6h in argon atmosphere. The carbon/alumina composite was
treated with 48% HF for 24h to remove the template and
washed with distilled water followed by drying at 100°C
(BCNT1).

Other pure and BCNTs were prepared by chemical vapour
deposition (CVD) method by using H-zeolite Y (CNT2 and
BCNT?2) and Al-pillared clay (CNT3 and BCNT3) as template.
Al-pillaring of clay has been carried out using aluminum poly-
cationic species ([Al;304 (OH)yy (H20)]2]7+) [22,23]. The
polycations are prepared by the partial base hydrolysis of a
dilute solution of aluminum chloride. Acetylene (5 ml/min) has
been used as a carbon source and for boron source in situ gen-
eration of borane gas by the addition of concentrated=H,SO4 to
the NaBHy in THF medium, carbonized at 900 °C in argon at-
mosphere. The carbon/zeolite and carbon/clay composite have
been treated with 48% HF for 24 h and the undissolved carbon
was washed with distilled water and dried at 100 °C. Various
routes have been evolved for the synthesis of boron doped
nanotubes, including arc discharge, laser ablation, substitution
reactions and pyrolysis of precursors like acetylene—diborane
mixtures in a flow of helium and hydrogen [24-26]. In the arc
discharge and laser ablation techniques to produce CNTs, dif-
ficulties are encountered in the control of size and alignment
of the nanotubes. Further, these techniques require purification
processes to separate the CNTs from the catalyst particles used
in the synthesis. In the present case metal or metal oxide cat-
alyst were not used and this will avoid the presence of metal
impurities in CNTs and facilitates the study of the effect of
heteroatom alone.

3.3. Materials characterization

The BCNTs prepared were characterized by powder X-
ray diffraction using Shimadzu XD-D1 X-ray diffractometer
with Ni-filtered Cu K, radiation (1 = 1.5418 A). FT-IR Shi-
madzu 8400 series was used for IR studies in the range of
400-4000cm™~!. Transmission electron micrographs (TEM)
were recorded with a JEOL-JEM 100SX microscope, working
at a 100kV accelerating voltage. TEM sampling grids were
prepared by placing 2 ul of the sample dispersed in ethanol
solution on a carbon-coated grid and the solution was evap-
orated at room temperature. Scanning electron microscopic
(SEM) images were obtained using Philips XL 30 instru-
ment. Carbon and boron nuclear magnetic resonance (!3C-
and ''"B-NMR) have been utilized to investigate the chemical
environment of the CNTs. All MAS '3C- and ''B-NMR have
been recorded using BRUKER probe head with a zirconium
rotor of 4 mm diameter in Bruker AVANCE™ 400 MHz instru-
ment. Boric acid has been chosen as reference at 0 ppm for !'B
NMR. The entire spectrum was recorded at a spinning speed
of 12kHz.

3.4. Hydrogen absorption measurement

Volumetric low pressure and high pressure hydrogen adsorp-
tion measurements have been carried out using custom built
volumetric and Seivert’s apparatus. The high pressure adsorp-
tion apparatus consists of reservoir cell and a cylindrical sam-
ple cell of known volume (33.8 cm?). All possible care for the
possible sources of leak was carefully taken and long blank
run tests were carried out. Care has been taken to avoid the
errors due to factors such as temperature instability, leaks and
additional pressure and temperature effects caused by expand-
ing the hydrogen from the reservoir to the sample cell. The
volume of the system was determined by measuring accurately
those of the single components at lower pressures using he-
lium gas. The measurements were carried out by utilizing the
systematic procedure as follows: Typically the mass of the car-
bon samples used for hydrogen storage measurements is in the
region of 100-300 mg. Prior to measurement, the samples are
degassed and heated at 300 °C for approximately 6 h in vacuum
of 107> Torr. The whole system has been pressurized at the
desired value by hydrogen and change in pressure was moni-
tored. The change in the pressure was recorded by a pressure
transducer, after the equilibrium was reached. All the hydrogen
adsorption measurements have been carried out at room tem-
perature. The experiments have been repeated under the same
conditions for various pressures. The hydrogen compressibility
factors were utilized for the calculations.

4. Results and discussion
4.1. Theoretical study

The quantum chemical calculation has been carried on the
cluster model as shown in Fig. 1 to find the hydrogen in-
teraction in pure and boron substituted CNT. From the re-
sults, it appears that substitution of carbon by boron atom
appears to favour the activation and dissociation of hydro-
gen molecule. The total energy, H-H bond distance and the
dissociation energy of hydrogen molecule obtained from the
DFT calculation are given in Table 1. The essential out come
from the calculations are the dissociation energy of hydrogen
in its free state is 4.76 eV, and remains unaltered when it is
placed in between the pure CNTs (4.51eV). The substitution
of boron atom in the CNT shows interesting results, such as
single boron substitution in CNT cannot activate the hydro-
gen molecule, whereas two boron atoms are essential for the
hydrogen activation. The dissociation energy of hydrogen for
single boron substitution is 5.95eV whereas when two boron
atoms are substituted in adjacent positions the dissociation en-
ergy is reduced to 3.88eV. It is further decreased to 0.28 eV
when two boron atoms are substituted in the alternate positions.
Though the calculated dissociation energy values are unreal-
istically small, they definitely indicate that the dissociation of
hydrogen molecule is a facile process on heteroatom substi-
tuted CNTs. Even though the calculated dissociation energy is
small, the process of hydrogen storage may involve other bar-
riers including mass transport and hence could not be achieved
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Table 1

The bond length and dissociation energy of hydrogen on the CNTs calculated using B3LYP with 6-31g (p, d) basis set on the UFF optimized structure

Substitution Total energy (Hartrees) Bond length Hj— H» (A) Dissociation energy (eV)
H, —1.175 0.708 4.76

CNT —3686.5502 - -

CNT + H» —3687.7161 0.776 4.51

BCNT —3671.7254 - -

BCNT + Hp —3672.9440 0.818 5.95

2BCNT (adjacent) —3658.6666 - -

2BCNT (adjacent) + Hp —3659.8092 0.913 3.88

2BCNT (alternate) —3659.3491 - -

2BCNT (alternate) + Hp —3660.3594 0.928 0.28

Table 2
The transition state optimized parameters of the cluster and the value of the activation energy calculated by B3LYP with 6-31G (p, d) basis set
Substitution E* 1 (eV) E* 11 (eV) H,-H, (A) X-H (A) C-H;® (A) C-H," (A)
Two boron substituted CNT cluster (adjacent) 2.22 2.98 1.95 1.31 2.59 2.72
Two boron substituted CNT cluster (alternate) 1.5 2.33 2.95 1.47 1.47 2.34
4F = E (transition state) — E (reactant).
bShortest C—H bond distance.
a b
3 4
= 3
g 2
Z 2
g 3z
£ CNT1 £
- =
BCNT1
20 40 60 80 1000 1250 1500 1750 2000
20 Raman shift (cm 1)

Fig. 3. X-ray diffraction pattern (a) and Raman spectra (b) of pure and boron containing carbon nanotubes (CNT1 and BCNT1).

at such low energies. From the calculation, it is observed that
the substitution of boron at alternate positions is favourable
for hydrogen activation rather than substitution at adjacent po-
sitions. It can be substantiated that boron-boron bond length
is a key factor for H-H bond activation. An alternate position
of B substitution seems to be favourable for the activation of
hydrogen, wherein bonding appears to be similar to that of
diborane [27,28].

Essentially the hydrogen activation and subsequent hydro-
genation of carbon atoms of BCNTs are conceived by the path-
way shown in Fig. 2. In this alternate substitution configura-
tion, the overall activation barrier is considerably reduced to
nearly 1.5 eV, whereas for the situation of substitution at adja-
cent positions the activation barrier is of the order of 2.22eV.
This is an indication that the substitution at alternate position
is geometrically more favourable than adjacent substitution for
hydrogenation of carbon atoms of CNT, while the C—H forma-

tion is not that favourable for the system where boron substitu-
tion is effected at adjacent position. The results substantiating
these statements are given in Table 2.

4.2. Experimental study

4.2.1. Characterization of pure and BCNTs prepared by
template assisted synthesis

4.2.1.1. CNTs prepared from alumina membrane as the tem-
plate. X-ray diffraction study has been carried out on the
CNTs produced by alumina membrane as template and the
diffractograms are shown in Fig. 3a. The CNTs produced
were graphitic in nature and the diffraction at 20 = 26° cor-
responds to (002) plane of hexagonal graphite (JCPDS car
files, no. 41-1487). The graphitic natures of CNTs are mainly
due to the carbonization of the carbon precursors at 900 °C.
There exist a shift in the d value for (002) plane, which is

(2007), doi: 10.1016/j.ijhydene.2007.07.042
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Fig. 4. (a and b) SEM and TEM images of the pure carbon nanotubes (CNT1), respectively, (c and d). SEM and TEM images of the boron substituted carbon

nanotubes (BCNT1), respectively.

attributed to the substitution of boron in the carbon network.
The intensities of in-plane reflections particularly for the 110
reflection at 20 = 32° are weaker in the case of BCNTI; this
may be due to the presence of localized BC3 domains slightly
influencing the periodic atomic arrangement of the hexagonal
carbon network [29].

Raman spectra (Fig. 3b) show the D-peak (1350 cm™1) due to
the disorder-induced phonon mode (breathing mode, A14-band)
and the G-peak (1594cm™!) assigned to the Raman-allowed
phonon mode (Ezg-band). The CNTs synthesized showed the
same grade of disorderness in the graphitic structure. The CNTs
produced by the polymer precursor using alumina membrane
as template show the same intensity of D and G band character.
This is due to the more graphitic nature with higher degree of
disorderliness. The disorder is created by the tubular morphol-
ogy and the substitutional effect of boron in the CNTs. There
also exists a shift in the Raman D-band due to the substitutional
effect of boron in the carbon lattice.

From the SEM (Fig. 4a and c¢) the morphology of tubular
and well-aligned bundles of pure and boron containing carbon
nanotubes (CNT and BCNT1) samples are well seen.

The HR-TEM (Fig. 4b and d) of CNT1 and BCNT1 after
the carbonization at 900 °C for 6 h shows hollow tubes with
slight deformation in the end of the tube, probably caused
by the ultrasonication and vigorous HF treatment. Micrograph
also indicates the formation of cylindrical, hollow and trans-
parent tubes. The outer diameter of the tube is less than the
(approximately 150 nm) channel diameter of the template used
(also a layer of amorphous carbon on the wall of the tube is

seen). Though the carbon tubes produced by this method are
not completely graphitic in nature, as those produced by arc-
discharge process, their disordered structure is quite typical of
fibres or nanotubes produced by decomposition of hydrocar-
bons, as is evident from the amorphous carbon on the wall
of the CNT.

4.2.1.2. CNTs prepared from zeolite as template. The XRD
pattern of CNTs prepared from zeolite as template is shown in
Fig. 5a. The predominant (2 0 0) plane at 20=24.1° of graphitic
peak is observed for both CNT2 and BCNT2. However,
BCNT2 showed a predominant peak at 20 = 32° corresponds
to (111) diffraction of boron carbide (boron carbide, JCPDS
files, no. 86-1128). This recommends the presence of boron
in carbon.

Raman studies (Fig. 5b) showed the graphitic D-band and
G-band for the prepared CNTs using zeolite as template. The
FWHM and the intensity of the D-band are higher than the G-
band in BCNT2 compared to CNT2, which signify the greater
disorderliness due to boron substitution in the CNTs. The D-
band increases with increase in the disorder which is normally
represented by the Ip /I ratio. Usually the Ip/Ig ratio increases
with (i) increasing the amount of amorphous carbon in the
material and (ii) decreasing the graphite crystal size. From the
studies it is found that Ip/Ig ratio increased. This indicates the
substitution of boron in the carbon frame work and decrease of
the graphitization process.

The SEM images of CNT2 and BCNT2 showed amorphous
and fibrous nature of the CNTs produced. Usually CNTs

(2007), doi: 10.1016/j.ijhydene.2007.07.042
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Fig. 5. (a and b) X-ray diffraction pattern and Raman spectra of pure and boron containing carbon nanotubes (CNT2 and BCNT2), respectively.

Fig. 6. SEM and TEM images of the carbon nanotubes: (a and c¢). SEM images of CNT2 and BCNT2 (b and d) TEM images of carbon nanotubes CNT2 and

BCNT?2 prepared from zeolite as template, respectively.

produced by CVD method leads to the formation of nan-
otubes with disordered structure, amorphous carbon and fibres
[30,31], which as can be seen from the TEM images (Fig. 6b
and d).

4.2.1.3. CNTs prepared from clay as template. The XRD pat-
tern and Raman spectrum of CNT3 and BCNT3 are shown in
Fig. 7. Graphitic nature of the CNTs produced is seen in Fig.
7a. Predominant (002) plane of graphite at 20 = 23.8° and
(001) plane at 20 equal to 45.1° are viewed. BCNT3 showed
a broad peak at 26 = 32° corresponds to (11 1) diffraction of

boron carbide, indicates presence of boron in carbon lattice.
From the Raman analysis, well-resolved D-bands and G-bands
are shown for both the CNTs, where BCNT3 showed broad
peaks with high FWHM compared to pure CNT3. This can be
attributed to the increased disorderliness by boron substitution
in the CNTs. The shift in the d-values is not significant by
the substitution of heteroatom into the carbon lattice. However,
Raman spectrum showed well-resolved D-band characteristic
peak for destabilization.

SEM and TEM images of CNTs prepared from clay as tem-
plate are shown in Fig. 8. SEM images showed layered type

(2007), doi: 10.1016/j.ijhydene.2007.07.042
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Fig. 7. (a and b) X-ray diffraction pattern and Raman spectra of pure and

Raman shift (cm™)

boron containing carbon nanotubes (CNT3 and BCNT3), respectively.

Fig. 8. (a and b) SEM and TEM pictures of pure carbon nanotube (CNT3) prepared from clay as template. (c and d) SEM and TEM images of boron

containing carbon nanotubes (BCNT3), respectively.

structure with amorphous nature. Peculiarly BCNT3 showed
layered structure with special open arrangement. TEM images
showed layered and disordered structure with amorphous and
fibrous carbon. Since no catalyst has been used for the synthesis
of CNTs, it is worth pointing out that the nanotubes produced
by template synthesis under normal experimental conditions
are almost free from impurities.

4.2.1.4. IR spectra of BCNTs. The boron substitution in the
carbon network displayed an effective downshift of the vibra-
tions, which is attributed to the much lower force constant by

B—C than that of C—C force constant. The presence of band at
1250cm™! corresponds to C—B bond in all the samples (Fig.
9). Usually C-B band occurs at 1050-1200cm ™! increase in
the frequency is correlated to higher carbon contents [32]. This
shows that the prepared CNTs are having higher carbon con-
tents by the synthetic strategy applied. The formation of band at
645 cm~! in the BCNTs (2 and 3) sample mainly corresponds
to the B-B entity in the carbon network.

4.2.1.5. Solid state 3C & "B MAS NMR of BCNTs. The
chemical environment of the CNTs has been characterized

(2007), doi: 10.1016/j.ijhydene.2007.07.042
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Fig. 9. FT-IR spectrum of the boron containing carbon nanotubes (BCNTs).

by NMR experiments. In the '3C CP MAS NMR experiment
graphitic nature of the CNTs are well evident from the spec-
trum by the characteristic peak at 129 ppm (Fig. 10a) for the
BCNTI. The ''B MAS NMR experiment shows the environ-
ment of boron in carbon network. In ''B MAS NMR the dipolar
interaction is only possible by the homonuclear B-B interac-
tion, whereas in MAS condition the heteroatom '3C shows very
low nuclear spin and the interaction is negligible. Though the
possibility of second-order quadrupole interaction is due to ''B
(I =3/2), the MAS (magic angle spinning) does eliminate sec-
ondary quadrupole interaction and the line shape is due to main
interaction only. Second-order quadrupole interaction does not
contribute to the line shape [29]. In the experiments two differ-
ent chemical environments are observed for the BCNT1 which
is prepared by polymer precursor route (Fig. 10b). There is a
clear indication that boron atoms are bonded to carbon atom in
two different environments and there is no possible quadrupole
interaction due to B—B bond and also the hetero nuclear inter-
action with 13C is very weak. BCNT2 shows a broad spectrum
and has the possibility of multiple environment and presence
of BB entity. These results reveal that boron atoms are present
in two different chemical environments for BCNT1 prepared
by polymer route.

4.2.2. Hydrogen absorption studies

Hydrogen absorption activity of CNTs have been carried
out at various temperatures —196, 25, 100 and 150°C at
0-760 mmHg pressure. The absorption at room temperature is
negligible; however, absorption isotherm at 77 K shows that
at this temperature the condensation of hydrogen is not pos-
sible and it requires either low temperature of 20K or higher
pressure. The values of specific surface area (SSA) evaluated
by BET method using nitrogen gas absorption at —196 °C and
the maximum hydrogen absorption at 760 mmHg of pressure
for various temperatures are given in Table 3. From the re-

I/\\\/\MMWWW
| 1 1 1 1 1
200 150 100 50 0
ppm
b
BCNT 2
BCNT 1

L e L L S B

100 50 0 -50
ppm

Fig. 10. (a) 13C CP MAS NMR of BCNTI and (b) !B MAS NMR spectrum
of boron containing carbon nanotubes prepared by different methods (BCNT1
and BCNT2).

Table 3
The hydrogen absorption activity of carbon materials at different temperatures
at 1 atm pressure and specific surface area measured by BET method

Samples SSA (m?/g)  Volume of hydrogen absorbed at 1atm
(cm3/g) at various temperatures (°C)
—196 25 100 150
BCNT1 523 127 - 16.5 -
CNT2 633 28.0 - 3.42 -
BCNT2 62.3 3.22 - 2.38 4.73
CNT3 48.8 - - 3.0 -
BCNT3 32.7 1.09 - 1.7 -
CDX-975 325 28.1 0.53 2.83 4.18
Calgon 931 138 0.70 0.43 -

sults, it is seen that hydrogen absorption at —196 °C showed
a maximum of 1.2wt% for the boron containing carbon
nanotubes (BCNT1) and high surface area Calgon activated
carbon.

(2007), doi: 10.1016/j.ijhydene.2007.07.042

Please cite this article as: Sankaran M, et al. Boron substituted carbon nanotubes—How appropriate are they for hydrogen storage?. Int J Hydrogen Energy

35

37


http://dx.doi.org/10.1016/j.ijhydene.2007.07.042

11

13

15

17

21

23

25

27

29

31

33

HE2900

10 M. Sankaran et al./International Journal of Hydrogen Energy 11 (1111) 1II-111
2.0 Acknowledgements
] v EE:ITI We thank Council of Scientific and Industrial Research
CNT2 (CSIR), New Delhi, India, for the fellowship to one of us
159 —=—BCNT2 (M.S.) and MNRE Government of India, for financial support.
o ——CNT3
[0) J
S o— BCNT3 References
=3 —&— Calgon
T 1.0+ —— CDX-975 [1] Dillon AC, Jones KM, Bekkedahl TA, Kiang CH, Bethune DS, Heben
‘6 MIJ. Storage of hydrogen in single-walled carbon nanotubes. Nature
X 1997,386:377-9.
; [2] Hynek S, Fuller W, Bentley J. Hydrogen storage by carbon sorption. Int

0.0 T T T r
0 20 40 60 80
Pressure (bar)

Fig. 11. High pressure hydrogen adsorption activity of various carbon mate-
rials.

High pressure hydrogen adsorption measurements (Fig. 11)
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