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The characterization and hydrogen storage capacity of multi-walled carbon nanotubes (MWCNTs) have been
studied in the present work. MWCNTs with high purity and bulk yield were achieved from a mixture of cam-
phor/alcohol on a Ni/zeolite support by aerosol-assisted chemical vapor deposition (AACVD). The morphology,
surface quality and structure of MWCNTSs were characterized by transmission electron microscopy (TEM). Crys-
tallinity and defects of the MWCNTs were studied by Raman spectroscopy and thermo gravimetric analysis
(TGA). Hydrogen storage properties of MWCNTs were investigated using a quartz crystal microbalance (QCM).
Values between 1.2 and 2.0 wt.% of adsorbed H, were reached depending on the exposure pressure. The results
also showed that the remaining zeolite present in the as-prepared MWCNT powder adsorbs hydrogen, allowing
better adsorption performance of the CNT12 and CNT13 samples. The hydrogen adsorption behavior of CNTs is
significantly affected by their structural and morphological characteristics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are among the most interesting materials
in current nanotechnological research, due to their low chemical activ-
ity, high aspect to ratio, high mechanical strength, and conductivity [1].
There have been extensive reports in recent years to demonstrate the
growth of CNTs under different conditions [2-4]. Among CNTs synthesis
methods, chemical vapor deposition (CVD) is the most suitable and eco-
nomic method at low temperatures and ambient pressure when com-
pared with laser, or arc process [5]. However, these methods are
associated with a low yield and the formation of many undesired prod-
ucts [5]. On the other hand, aerosol assisted chemical vapor deposition
(AACVD) offers more opportunities to obtain larger amounts of CNTs.
Using AACVD, various inorganic porous materials were also investigated
as support materials by researchers in producing single- and multi-
walled CNTs [2,3]. These studies showed that the resulting structure,
the morphology and applications are dependent on the experimental
conditions [2,3]. The applications for CNTs have enormous potentials
such as novel nanoscale electronic devices, electron field emitters, ener-
gy storage and energy conversion devices, sensors, and lithium ion
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batteries [4-7]. Recently, attention has focused on carbon-based mate-
rials due to the usage of CNTs as a safe hydrogen storage medium
[5,8-11]. To date, many studies have revealed that hydrogen storage ca-
pacity is enhanced by added metals to carbon structures, such as Fe, Ni,
Co, Cu, Au, Ag, Pt, Ca, Li, K, Al and Pd [3,5,12-14] or by using CNT-based
composites [15-17]; however, the properties of hydrogen storage in
these materials is still being researched at a basic level. Actually, the re-
producibility of the reported hydrogen storage capacity of CNTs is poor,
and the mechanism of how hydrogen is stored in CNTs remains unclear
[8]. Liu et al. pointed out that certain amount of hydrogen (less than
1.7 wt.% under a pressure of ~12 MPa and at room temperature) can
be stored in CNTs [8], which indicate that CNTs cannot fulfill the bench-
mark of 6.5 wt.% set by the U.S. Department of Energy (DOE) for hydro-
gen storage systems [8,13,18]. Recently, very low values of hydrogen
storage capacity of CNTs started to emerge, in particular, those experi-
mentally obtained at room temperature. The reproducibility of the re-
ported high hydrogen capacity of CNTs is poor, and the mechanism of
how the hydrogen is stored in CNTs remains unclear [8]. However, ex-
perimental studies on hydrogen storage of CNTs and CNT-based hybrid
structures, as well as, the hydrogen adsorption mechanism and hydro-
gen adsorption sites are studied [5,13].

In the present work, synthesis of MWCNTSs has been obtained in an
AACVD process under nitrogen and argon flow, and their hydrogen ad-
sorption capacity at room temperature under different loading pres-
sures were studied. Zeolite is investigated as a suitable support for
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growing CNTs and storing hydrogen, allowing better adsorption
performance in between carbon nanotubes. Transmission electron
microscopy (TEM), thermal gravimetric analysis (TGA) and Raman
spectroscopy were used to evaluate the structure, grade of graphitiza-
tion and quality characteristics of MWCNTSs.

2. Experimental details
2.1. Preparation of MWCNT

MWCNTs were synthesized using an aerosol-assisted CVD method.
Approximately 2.0 g of camphor, mixed with 10 mL of isopropyl alcohol
were placed in an ultrasonic nebulizer. Pure nitrogen (N,) and argon
(Ar) gas were used to transport the precursor mist generated in the
atomization chamber to a horizontal quartz tube (length: 50 cm, diam-
eter: 3.0 cm) inserted in a furnace. For CNT12 and CNT13 samples, nickel
particles were used as catalyst impregnated in zeolite (molecular sieve:
alkalimetal aluminum silicate/calcium, Chromatograph grade, linde/
Coast engineering laboratory/Redondo Beach CA-USA). While for
CNT11, only nickel particles were employed, as shown in Table 1. The
mist (camphor mixed with alcohol) was pyrolyzed over catalyst-
pregnated zeolite at 800 °C under a flow of 1 L/min for 20 min. When
the system was cooled naturally to room temperature (RT), the black-
ened zeolite was collected for characterization.

2.2. Sample characterization

Structural characterization was done with a high-resolution trans-
mission electron microscope (HRTEM, Tecnai F20 FEG-S/TEM) operated
at 200 kV. TEM samples were ultrasonically dispersed in isopropyl alco-
hol and then collected in an ultrathin holey carbon-coated Cu grid. Ther-
mogravimetric analysis (TGA) of blackened zeolite was performed with
a TA Instruments, TGA Q50, under nitrogen gas and heated from room
temperature (RT) to 800 °C with the heating rate of 10 °C/min. Micro-
Raman spectra were recorded at RT on a LabRam 010 from ISA using a
He-Ne laser with wavelength of 632.8 nm at 5.5 mW. The Raman sys-
tem uses a backscattering geometry, where the incident beam is linearly
polarized and the spectral detection unpolarized. The objective lens of
the microscope was an Olympus Mplan10x (numerical aperture 0.9).

As-prepared MWCNT powders grown by aerosol-assisted CVD were
deposited at RT on top-face of a microbalance quartz crystal (QC) used
as support-substrate. The powder was dispersed in isopropyl alcohol
using an ultrasonic bath for 7 min. The suspension formed was deposit-
ed using a dropper onto the QC and then dried to room air at RT. Then,
the QC was located in the head of a quartz crystal microbalance system
(from MDC model SQM-310) placed inside a vacuum chamber. The
chamber was pumped down to 7 x 10~ Torr using turbo and rotatory
pumps. A gate valve placed between the chamber and the turbo pump
to isolate the chamber from the vacuum, allowed pressurizing with hy-
drogen gas injecting it through a needle valve. The mass changes upon
hydrogen adsorption were determined by in-situ monitoring of the
changes in the resonance frequency of the QC as function of time
while the sample was exposed to hydrogen for 8 min. After H, exposure,
the chamber was again pumped down to 7 x 10~ ® Torr, the process was
repeated by injecting hydrogen until reaching a higher pressure. In-
creasing pressures between 3 and 45 Torr (measured with a capacitive
gauge, Baratron from MKS instruments) were used in the different

Table 1

hydrogenation cycles for studying the pressure effect on the hydrogen
storage behavior at RT of the MWCNTs.

The relationship between the mass added to the QC due to the H,
adsorption by the CNTs and the shift in its resonance frequency, Af, is
represented by the Sauerbrey's equation [19-21]:

2
2,

A W ors

m

where fis the QC resonant frequency, p is the density, p is the shear
modulus of the QC and A is the area covered by the mass. This equation
indicates that a negative variation of the resonance frequency is due to a
mass gain. Details about the use of this equation and method for the de-
termination of mass gained by a QC can be found in [22] where a study
of hydrogen absorption in films and Pd clusters using a microbalance
quartz crystal system was reported.

3. Results and discussion

Apart from the first studies on the synthesis of CNTs, there are
plenty of reports using thermal decomposition of many hydrocar-
bons on zeolites (such as Y-type high-silica zeolite (HSZ-390HUA),
or aluminophosphate crystals (AFI))) as mesoporous substrates or sup-
port [2]. However, it is difficult to compare the present results with
those reported, because the CVD method presents more sensitive pa-
rameters and conditions (temperature, flow, gas carrier) on CNTSs pro-
duction. However, from the viewpoint of the present research, the
results obtained using camphor/alcohol as precursor material, are com-
parable with other results in the production of CNTs on a large scale.
Most precursors used for the synthesis of CNTs are derived from hydro-
carbons such as methane, ethane, acetylene, benzene, ethanol, as well
as some alkyl chains (C;, and C;¢ alkanes) [23] which have been used
as carbon sources of CNT synthesis. However, these precursors do not
exhibit a high performance in the synthesis of CNTs.

Comparing camphor (CgH;60) with the most commonly used CNT
precursors, Kumar et al. [2,3] reported mass production of CNTs from
camphor using CVD, and established the growth condition of MWCNTSs
and SWCNTs using Fe-Co catalyst impregnated in zeolite support.
MWCNTs were grown at a temperatures as low 550 °C, whereas
SWCNTs were grown at 900 °C. These studies confirm that SWCNTSs or
MWCNTSs can be selectively grown by proper selection of catalyst mate-
rials and their concentration [3].

Based on the above, it was found that for the synthesis of CNTs using
a mixture of camphor/alcohol, the performance is dependent on the cat-
alyst materials, gas carrier, and support used. TEM micrographs of the
MWCNTs are shown in Figs. 1 and 2. Fully growth of MWCNTSs was ob-
tained when N, was used as gas carrier (Fig. 1). Fig. 2 shows TEM images
of MWCNTs made by AACVD using argon as gas carrier. These images
clearly reveal that the formed products are nanotubes with average di-
ameters of 20 nm and 200 nm for CNT12 and CNT13, respectively. As
shown in Fig. 1(a-d), Ni particles were attached on the tips of the
CNTs, indicating the formation of graphene shells around the Ni parti-
cles and the continuous movements of the Ni particles produced the
CNTs. While in Fig. 2(a-d), the CNTs presented chain structures when
they were synthesized with argon. Ni-filled CNTs and their chain struc-
tures were formed, as shown in Fig. 2(a). Some defects are observed on
the graphitic layers. Furthermore, most of the outer surface of the tube

Experimental condition, intensity ratio of Raman spectra and hydrogen storage capacity of MWCNTs.

Sample Catalyst Support Carrier gas Intensity ratio Intensity ratio H, storage capacity
(Ip/lc) (Ie'/lc) (wt.%)

CNT11 Ni - N, 1.02 0.50 15

CNT12 Ni Zeolite N, 0.77 0.82 17

CNT13 Ni Zeolite Ar 0.63 0.84 2.1
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Fig. 1. TEM images of the MWCNTs produced by AACVD of a mixture camphor/alcohol. (a, ¢) Low magnification TEM images of the CNT12. (b, d) Zoom of the dotted frame in (a) and (b),
showing nickel particle on the tips of the CNTs.

wall is free of amorphous carbon layer (Fig. 2(e,f)). When argon is used, The high-magnification TEM image shows that many small defects are
the ordered structures are destroyed and large numbers of defects are observed on the surface of CNTs, and the degree of crystallinity
presented in the graphitic layers. Thus, there is a lower crystallinity. decreases.

Fig. 2. (a-f) TEM images of CNT13 produced by AACVD. (b) The dotted frame in (a) with increased magnification. Panels (d) and (f) zoom from the dotted frames in (c) and (e) shown two
as-grown CNTs.
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The CNT purity was determined based on thermogravimetric analy-
sis (TGA) of an as-grown sample from room temperature to 800 °C at
10 °C/min. Fig. 3 shown that an initial weight loss of around 0.20-
0.25% within the 60-100 °C temperature range, which may be due to
the removal of volatile organic impurities inherited with the base sup-
port material. On the other hand, Fig. 3 showed that thermal degrada-
tion started at 613 °C (CNT11), 567 °C (CNT12), and 689 °C (CNT13),
and was completely decomposed around 800 °C. The TGA weight loss
suggests that the purity of CNTs is >96%. Nevertheless, the TGA data
shown as well that the CNTs grown over zeolite and nickel (CNT12
and CNT13) support had a higher percentage of residual metal. The
amount of metal catalyst in the sample of nanotubes has been shown
to affect the combustion rate and the onset of oxidation temperature
[24]. The higher oxidation onset temperature for the CNTs grown indi-
cates a low graphitization degree and presence of a many defects and
disorder.

Raman scattering has been performed to confirm the degree of crys-
tallinity of the nanotubes. Fig. 4 shows the Raman spectra of the
MW(CNTs. As shown in Fig. 4, two distinct peaks were observed at
about 1325 and 1579 cm™ ! corresponding respectively to the disorder
of the graphite structure (D-band (Ip)) and to the high-frequency E,
firs-order mode of graphite structure (G-band (Is)). The intensity ratio
(Ip/lg) is indicative of the crystallinity of the nanotubes [1,4]. From the
Raman spectra in Fig. 4 and Table 1, a lower intensity ratio Ip/I; of
1.02 (CNT11), 0.77 (CNT12), and 0.63 (CNT13) have been established,
lower than the ratios reported by Bao et al. [1], respectively; this is a sig-
nature of the defects contained in graphene walls and a low degree of
crystallinity. In addition, there is a weak G’ band at 2660 cm™ !, indicat-
ing a very poor order for the CNTs. The ratio of G’ band to G band (Ig/I;)
is also calculated to estimate the quality of the CNTs (Table 1). These re-
sults of Raman spectroscopy are in good agreement with our TEM and
TGA observation. Many researchers reported that defect sites in CNTs
could adsorb hydrogen molecules in comparison to ideal hexagonal
structures of CNTs [13].

We examined the hydrogen storage properties of the as-prepared
CNTs. Fig. 5 shows the weight percentage of H, adsorbed at RT by the
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Fig. 4. Raman spectra of MWCNTs grown by AACVD.

MWCNTs when exposed to successive cycles of H increasing pressures
ranging between 3 and 45 Torr. A sample composed only of zeolite
powder was used for studying the effect of the presence of this micropo-
rous aluminosilicate used as support during the growth of some sam-
ples on the H, storage capacity. The simple hydrogen injection process
into the vacuum chamber induces a shift of the QC resonance frequency
not associated to mass gain by hydrogen adsorption of the samples. To
rule out this effect and a possible error in the determination of the
amount of hydrogen adsorbed shown in Fig. 5, a bare microbalance
quartz crystal was exposed to the same cycles of loading and hydrogen
unloading performed on the CNTs samples. We found that the QC reso-
nance frequency was shifted about 3.3 Hz when the chamber was filled
with hydrogen. Therefore, this frequency shift was subtracted from the
values determined using the CNT samples.

Fig. 5 shows that the three samples of MWCNTSs exhibit different ad-
sorption behaviors upon H, exposure. The sample CNT11 reached
1.4 wt.% during the first exposure using just 3 Torr of Hp, value that
did not vary significantly with increased H, pressure, where percent-
ages between 1.2 and 1.5 were obtained. On the contrary, the samples
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Fig. 3. Thermogravimetric analysis of the MWCNTs grown at 800 °C on nickel impregnated in zeolite.
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Fig. 5. Hydrogen storage capacity at RT from the MWCNTs exposed to various H, pres-
sures. A sample composed only of zeolite was used as comparison.

CNT12 and CNT13 showed dependence regarding the H, pressure. The
weight percentage values of the sample CNT12 increased significantly
between 3 and 20 Torr reaching a maximum of about 2.3 at 20 Torr,
as depicted in Fig. 5. Then, the adsorbed H, dropped at higher pressures
down to 1.2 at 43 Torr. The peak at 20 Torr is attributed to a sudden
filling of the MWCNTSs and voids generated among the agglomerated
carbon nanotubes as well as to a stress effect of the first monolayer of
adsorbed H; leading to a higher value in the QC resonance frequency
and, therefore, of mass gained [25]. The sample CNT13 showed a
gradual increase of the H, amount adsorbed as pressure increased
reaching a maximum value of about 2.1 at the highest exposure pres-
sure of 43 Torr. These weight percentages are comparable or higher
than other reported values of H, storage capacities at RT by non-
pretreated/doped carbon nanotubes [8,12,18,26-30]. Finally, the last
curve corresponding to a sample made of zeolite indicates that the mi-
croporous aluminosilicate particles adsorb hydrogen, which increased
as pressure increased. The porous character of the zeolite with pore di-
ameter as small as 2 nm increases the specific surface area of whole
sample and the pore-channels formed help to provide more adsorption
sites for the hydrogen molecule. This would help to understand the bet-
ter Hy adsorption capacity of the samples CNT12 and CNT13, which con-
tain zeolite particles, mixed with carbon nanotubes. On the other hand,
these results of hydrogen adsorption performance from the samples are
correlated with their structural and morphological characteristics. The
samples CNT12 and CNT13 with lower crystallinity degree and higher
presence of defects exhibit a better H, storage capacity, in fact, the sam-
ple CNT13 with larger average diameter of the carbon tubes and minor
walls graphitization revealed the best behavior upon H, exposure. This
would corroborate the thesis that defect sites, tube width and low crys-
tallinity would promote an enhancement in the H, storage properties of
the MWCNTs.

The reversible character of the hydrogen adsorption-desorption
process at RT in these CNT samples when the vacuum chamber is loaded
and gas unloaded was also evaluated. The study was made monitoring
for each sample the value changes of the QC resonance frequency “in
vacuum” (base resonance frequency) after each loading/gas unloading
cycle. The results showed that maximum differences of the base fre-
quency between successive cycles were less than 9 x 10~°% (~7 Hz) re-
vealing that the CNTs practically released all the hydrogen adsorbed
when the chamber is unloaded by pumping down. The changes of the
base resonance frequency between successive cycles of loading and hy-
drogen unloading were mainly detected in the samples CNT12 and
CNT13. In these cases the value decreased slightly after each cycle due
mainly to the zeolite effect whose nanopores kept some hydrogen mol-
ecules occluded thus avoiding a complete desorption when a pumping
down of the chamber is performed. This hydrogen partial retention
led to an increase in the sample mass and, therefore, a decrease of the
base QC resonance frequency (see Sauerbrey's equation). Fig. 6 shows
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Fig. 6. Values of base resonance frequency of quartz crystal for the sample CNT13 recorded
during different hydrogen exposure cycles.

precisely the values of the base QC resonance frequency of the sample
CNT13 during the cycles performed at various hydrogen pressures.

The values of hydrogen adsorption of CNT samples (Fig. 5) are repro-
ducible to the extent that the absorption study of a certain sample is car-
ried out under the same experimental conditions. Same conditions
mean: i) that the sample is exposed to the same process of loading
and hydrogen unloading (cycles number and exposure pressures),
ii) to reach the same vacuum conditions in the chamber, and iii) that
the temperature of the microbalance quartz crystal is kept constant dur-
ing the H, adsoption experiments. The latter, is very important, because
the QC resonance frequency changes with the temperature variation.
For this reason, special care is focused on the cooling system of the
microbalance where the temperature of water used as coolant is kept
constant at 19 °C.

4. Conclusion

In this study, MWCNTs were produced by AACVD using a camphor/
alcohol mixture and Ni catalyst and zeolite as precursors. The identified
characteristics of as-synthesized MWCNTSs as well as hydrogen storage
capacity were studied. TEM micrographs revealed that the formed
MWCNTs have an average diameter in between 20 nm and 50 nm.
Also, some defects and a low degree of crystallinity are observed on
the graphitic layers. From Raman spectroscopy we conclude that the re-
sults are in good agreement with our TEM and TGA observation. The H,
storage results showed that the samples grown using zeolite in the sup-
port together with a lower crystallinity of their carbonaceous structure
exhibit higher values of adsorbed H, (weight percentages), as well as
a behavior dependent on the hydrogen pressure.

Primary novelty statement

Hydrogen adsorption capacities of multi-wall carbon nanotubes
(MWCNTs) at room temperature under loading pressures were studied.
Defects and a low degree of crystallinity are observed on the graphitic
layers by TEM, TGA and RS. The defects sites, the tube width and the
low crystallinity would promote an enhancement in the H2 storage
properties of the MWCNTs.
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