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Mineral magnetite was used as metallic oxide catalysts in the synthesis of Multi-Walled

Carbon Nanotubes (MWCNTs) by Aerosol Assisted Chemical Vapor Deposition (AACVD).

The structural and morphological information of MWCNTs was obtained by X-ray

Diffraction (XRD), Raman Spectroscopy (RS), Scanning Electron Microscopy (SEM), and

Transmission Electron Microscopy (TEM). The hydrogen storage capacity and the gas

adsorption kinetics of the MWCNTs exposed to H2 at different pressures were determined

using a quartz crystal microbalance (QCM). It was found that the hydrogen adsorption

capacity was strongly dependent on the chemical, structural and morphological charac-

teristics of the MWCNTs which, in turn, depend on the proportion of the starting materials

(mineral magnetite and zeolite) used for the synthesis by AACVD. However, no a clear

correlation was found between each one of these characteristics and the adsorption

properties since the sample was affected by gas exposure during the H2 loading/unloading

cycles. The maximum adsorption capacity was 1.76 wt% at 44 Torr of H2 exposure pressure.

The adsorption kinetics was determined by in situ monitoring the QCM resonance fre-

quency. As expected, a faster H2 adsorption kinetics of the MWCNTs occurred when the

sample was exposed to higher H2 pressures. In general, there are measurable H2 adsorption

between 60 s and 100 s before reaching saturation.
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Table 1 e Description of the samples regarding to the
content of mineral magnetite and zeolite and yields
obtained in the synthesis by AACVD.

Sample Magnetite (%) Zeolite (%) Others (%) Yield (%)

M1 98 e 2 39.1

M2 80 e 20 34.4

M3 78 20 2 27.4
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Introduction

During the last decade, there has been an increasing interest

in the synthesis of carbon nanotubes (CNTs) mainly due to its

versatility and functionality in a wide range of applications

from electronics to medicine. CNTs are carbonaceous com-

pounds with a unique tubular structure (single- or multi-

walled), large specific surface area, and good chemical and

thermal stability. These special characteristics of the CNTs

provide a series of interesting properties and applications

[1e3]. Recently, attention has been focused on the usage of

CNTs as a safe hydrogen storage medium [3e8]. Nevertheless,

studies on experimental quantification of hydrogen storage

capacity of CNTs are still very few, and the hydrogen storage

into CNTs and the factors affecting the adsorption remains

still unclear [5,8]. Liu et al. pointed out that certain amount of

hydrogen (less than 1.7 wt% under a pressure of around

12 MPa at room temperature) can be stored in CNTs [5], which

indicate that CNTs cannot fulfill the benchmark of 6.5 wt% set

by the U.S. Department of Energy (DoE) for hydrogen storage

systems, established in 2010 [5e8]. The DoE targets set for the

year 2020 [9] has been a hydrogen gravimetric capacity of

5.5 wt% with a volumetric capacity of 40 g/L, respectively. The

storage by adsorption on carbon materials has definite ad-

vantages from the safety perspective such that some form of

conversion is required to release the hydrogen for use. The

research on hydrogen storage in carbon materials (graphene,

graphene oxide (GO), and CNTs (single walled- and multi

walled-CNTs)) was dominated by announcements of high

storage capacities in carbon nanostructures. However, theo-

retical and experimental studies on hydrogen storage of CNTs

and CNT-based hybrid structures are continually being stud-

ied [5,8,10e12]. The hydrogen storage capacity for carbon

materials have been reported between 0.1 and 10 wt% [5].

However, the big challenge of finding a material capable of

storing very high amounts of hydrogen, at ambient conditions

as to make this fuel also economically viable has still to be

overcome. For example, Aboutalebi et al. reported that two

dimensional (2D) carbon materials such as graphene, gra-

phene oxide (GO), and graphene oxide-multiwalled carbon

nanotubes (GO-MWCNTs) composite can enhance the

hydrogen storage [11]. They reported that the hydrogen stor-

age capacity in GO-MWCNTs composites was improved up to

2.6 wt% at room temperature. The strong synergistic effect of

the intercalation of MWCNTs as 1-D spacers within GO

frameworks resulted in a high hydrogen storage capacity.

However, Jiang et al. point out that certain metal organic

frameworks-multiwalled carbon nanotube (MOF-MWCNTs)

hybrid composites could enhance hydrogen storage capacity

[12]. Hybrid composites can store 2.02 w% at 77 K under 1 bar.

On the other hand, it is believed that modification of CNTs by

addingmetals (such as Ni, Fe, Co, Cd, Cu, Au, Ag, and Pt) [13,14]

and/or metal oxides (such as Fe2O3, Fe3O4, ZnO, and TiO2)

[15,16] to the carbon structure provides the most suitable

methods for enhancing the hydrogen storage capacity and

facilitating the practical use of CNTs in vehicles [3]. Metals

have been intensively studied as catalyst for the growth of

CNTs which can be expensive or not friendly to the environ-

ment. In the case of metal oxides such as iron oxide, which
present lower cost and toxicity, are widely used to incorporate

magnetic properties in CNTs [17e23]. A number of new com-

pounds are continuously being introduced as hydrogen stor-

age materials, and the hydrogen adsorption mechanism and

hydrogen adsorption sites are being studied [3,4].

In this research work, Multi-Walled Carbon Nanotubes

(MWCNTs) were synthesized by an Aerosol Assisted Chemical

Vapor Deposition (AACVD) process using low cost raw mate-

rial (Chilean mineral magnetite), with and without zeolite as

support, and camphor as the carbon source. The MWCNTs

obtained were characterized by X-ray diffraction, Raman

spectroscopy, and electron microscopy (SEM and TEM) tech-

niques and the hydrogen storage capacity were studied. The

hydrogen adsorption capacity of the as-prepared MWCNTs at

room temperature was determined by means of a quartz

crystal microbalance using different pressures of hydrogen

exposure. The maximum adsorption capacity was 1.76 wt% at

44 Torr of hydrogen exposure pressure at room temperature,

which indicate that theMWCNTs cannot fulfill the benchmark

set by the US Department of Energy (DoE) for 2020 [9].
Experimental details

Synthesis of MWCNTs

MWCNTs were grown using an AACVD method. The reaction

was carried out in a home-made ultrasonic spray pyrolysis

system. The mineral magnetite catalyst (0.5 g of total mass)

was located in the center of a quartz tube of 25.4mmdiameter

size and 510 mm long. The catalyst with or without zeolite

(support) was placed inside a furnace with 15 cm of heat zone.

A solution of camphor in ethanol (10 mle2% w/w) as carbo-

naceous source was placed in the ultrasonic nebulizer. The

proportion of catalyst/support used in the synthesis is shown

on Table 1. The furnace was heated to 800 �C and the nebuli-

zationwasmaintained for 30min. Afterwards, the systemwas

cooled down to room temperature (RT) using the own thermal

inertia of the equipment.When the systemwas cooled to RT, a

blackened powder was obtained in the middle of quartz tube,

which was collected for characterization without purification

process, see Fig. 1.
Sample characterization

The crystalline structure of the powders was determined

using a Bruker D8 X-ray diffractometer (XRD) with CuKa1,2
radiation operated at 40 kV and 30 mA. Raman spectra of the

samples were obtained at RT on a LabRam 010 from ISA to

identify the structure and degree of crystallinity of the CNTs.
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Fig. 1 e Image of MWCNTs powder grown by AACVD inside

the quartz tube.

Fig. 2 e X-ray diffraction patterns of the samples (M1, M2,

and M3) without purification.
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A HeeNe laser with a wavelength of 632.8 nm at 5.5 mW was

used as the Raman excitation source. A scanning electron

microscope (SEM, FEI Quanta 250)was used to characterize the

morphology of the synthesized MWCNTs. Structural infor-

mation was acquired by high-resolution transmission elec-

tron microscopy (HR-TEM) images using a Tecnai F20 FEG-S/

TEM, operated at 200 kV. TEM samples were prepared by

sonication of the powder in isopropyl alcohol and few drops of

the resultant suspension were dropped on an ultrathin holey

carbon-coated Cu grid.

For the H2 adsorption studies the MWCNTs powders were

deposited at RT on the top-face of a microbalance quartz

crystal (QC) used as supporting substrate. The powder was

dispersed in isopropyl alcohol by sonication using an ultra-

sonic bath for 7 min. The suspension was deposited onto the

QC and then dried at RT. Then, the QCwas 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 � 10�6 Torr using turbo and rotatory

pumps operating in series. A gate valve placed between the

chamber and the turbo pump to isolate the chamber from the

vacuum, allowed pressurizing with H2 (Indura, 99.995%,

O2 < 5 ppm, H2O < 8 ppm, CO2 þ CO < 4 ppm, N2 < 20 ppm and

THC < 5 ppm) injecting it through a needle valve. The mass

change upon hydrogen adsorption were determined moni-

toring in-situ the changes in the resonance frequency of the

QC as function of time while the sample was exposed to

hydrogen for 8min. After H2 exposure, the chamber was again

pumped down to 7 � 10�6 Torr, and the process was repeated

injecting hydrogen until reaching a higher pressure. The

pressures between 3 and 55 Torr were monitored with a

capacitive gauge (Baratron from MKS instruments) in the

different hydrogenation cycles.

The relationship between the mass added to the QC, Dm,

due to the H2 adsorption on the MWCNTs and the shift in its

resonance frequency, Df, is represented by the Sauerbrey's
equation [24e26]:

D ¼ � 2f 2

A
ffiffiffiffiffiffiffiffiffiffiffiffi

r� m
p Dm

where f is the QC resonant frequency, r is the density, m is

the bulk 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 by the sample.

Details about the use of this equation and method for the

determination of mass gained by a QC using a quartz crystal

microbalance system can be found in Ref. [27]. Another study

carried out by this group where a quartz crystal microbalance

was used for gas adsorption studies can be found in Ref. [8].
Results and discussion

It was found that for the synthesis of MWCNT using amixture

of camphor/alcohol, the performance was dependent on the

catalyst material and support used [8,28]. However, from the

viewpoint of the present research, the results obtained using

camphor/alcohol as precursor material, are comparable with

other works in the production of CNTs on a large scale. Kumar

et al. [28] reported mass production of MWCNTs using a

zeolite supported metal catalyst. Based on that work, initially

we used a metal loading for nickel catalyzed reactions [8], but

the yield was poor compared to using magnetite like catalyst.

The weight yield of the synthesis was the proportion between

organic mass with respect to total powder mass (Table 1).

However, when we used 98% mineral magnetite (sample M1)

and 80% (sample M2) without zeolite as support, we found

that the yield of MWCNTs was higher (see Table 1). All pow-

ders were analyzed by X-ray diffraction (Fig. 2), which showed

a change in the structure of the magnetite attributed to the

reduction of iron present in the magnetite (Fe3O4) to iron

carbide (Fe3C) phase, and only a little portion corresponding to

ferrous oxide (FeO). This is possible because of the proximity

of the particles with carbonaceous material.

In all samples (M1, M2, and M3), the diffraction peak

assigned to graphitic structure was observed at ~26.34�, which

is related to the graphitic plane (0 0 2) or to the wall-to-wall

distance in MWCNTs [29]. Theoretical calculations made by

Liu et al. [30] showed that the shift from 26.27� to 26.55� of the
Bragg angle (2q) is related to the curvature of the crystallites

due to increased graphene layers. In addition, the experi-

mentally observed X-ray reflection for graphite (totally flat) is

http://dx.doi.org/10.1016/j.ijhydene.2015.09.112
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Table 2 e Fitting results of the XRD peak around 26� and
Raman intensity ratio obtained from the samples.

Sample XRD analysis of the
diffraction peak

(~26.34�)

Raman intensity
ratio

Peak 2q Area (%) (ID/IG)

CNT#16 M1 1 26.32� 93.44 1.43

2 26.58� 6.56

CNT#14 M2 1 26.18� 50.32 0.93

2 26.40� 49.68

CNT#17 M3 1 26.32� 65.49 0.96

2 26.36� 34.51

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 5 4 0e1 5 5 4 8 15543
26.5�, whereas for single-walled CNTs (SWCNTs, totally curve)

the Bragg angle (2q) is less than 26�. A closer look at (0 0 2) peak

shows an asymmetry in line shape. Therefore, the (0 0 2) peak

has been fitted with two Gaussian, as shown in Fig. 3 and

Table 2. The asymmetry can be assigned to the presence of

different crystalline species and may arise from the different

relative orientations of successive layer of MWCNTs forming

walls of different chiralities [31]. However, all patterns

exhibited two peaks with a larger percent near to 26.34�, in-
dependent of the sample. Our results from XRD analysis are

consistent with theoretical calculations previously reported

[30].

Raman spectroscopy was performed to confirm the degree

of crystallinity of the MWCNTs. Fig. 4 shows that M1 sample

presents a mild shift of the D-band and G-band frequency to

higher wavenumber (1331 cm�1 and 1587 cm�1) with respect

to M2 (1317 cm�1 and 1569 cm�1) and M3 (1326 cm�1 and

1570 cm�1) samples, respectively. Thus, this shift in M1 sam-

ple is attributed to a lower inter-tube van der Waals interac-

tion. To explain the mild shift of D-band and G-band

frequency with diameter of MWCNTs, it is clear that when the

number of walls increases the inter-tube spacing decreases.

Therefore, we can see that the D-band is distinct in all sam-

ples, showing a dependence on the diameter. In addition, the

samples present a lower intensity of G-band that is compa-

rable to the intensity of the D-band, which is typical in

MWCNT samples. With respect to the D-band, this vibrational
Fig. 3 e Fitting of the XRD (002) peak obtain
mode is forbidden in a perfect graphitic material and only

becomes active in presence of disorder [32]. The full width at

half maximum (FWHM) of the D-band gradually decreases as

the tube diameter increases [31]. The FWHM of the D-band of

M1 sample is relatively large (~90 cm�1) in comparison with

M2 (~50 cm�1) and M3 (~62 cm�1) samples, respectively.

However, recent reports indicate that various forms of carbon

can be distinguished by the position and the FWHM of the D-

band [31]. For example, the FWHM of Amorphous carbon has

been reported to be greater than 100 cm�1, while for SWCNTs,

the FWHM is about 10e30 cm�1 (D-band position at

1285e1300 cm�1). Previously it has been reported that

MWCNTs behave similar to the crystalline graphite-like
ed from the samples (M1, M2, and M3).
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http://dx.doi.org/10.1016/j.ijhydene.2015.09.112


Fig. 4 e Raman spectra of MWCNTs (M1, M2, and M3)

grown by AACVD.
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forms, which have a FWHM of about 30e60 cm�1 and a typical

position of 1305e1330 cm�1 [33,34]. In our samples, the Raman

results showed a FWHM intermediate between amorphous

carbon and crystalline graphitic-like forms of the order of

~60e90 cm�1 for M1 and M3, respectively. Whereas M2, pre-

sented a FWHM of D-band close to the crystalline graphitic-

like form with less amorphous carbon in comparison with

M1 and M2 samples.
Fig. 5 e SEM images of MWCNTs produced by AACVD using ami

of the samples M1 and M3. (b, d) The dotted frame in a) and c)

MWCNTs.
On the other hand, the intensity ratio (ID/IG) is commonly

used as indicative of the degree of crystallinity in CNTs; values

closer to one, indicate that there aremore defects contained in

graphene wall and a lower the degree of crystallinity of the

carbonaceous material [8]. In Table 2, we display the intensity

ratio (ID/IG) of samples: M1, M2, and M3, respectively. Ac-

cording to the ID/IG ratio all samples present a high degree of

defects, but the samplewith higher yield (M1) presents a value

higher than 1. Cho et al. [35] showed that high values of the

ratio ID/IG indicate that the nanotubes present more disorder,

defects, and amorphous carbon, which is in agreement with

our results.

SEM images of the as-prepared MWCNTs (M1 and M3) are

shown in Fig. 5(a)e(d)). The catalytic particles are not revealed

by this technique. The MWCNTs agglomerates look similar to

small balls of wool with some hairs out. The Fig. 5(b) and (d)),

correspond to a highermagnification of the images 5a) and 5c),

respectively.

Fig. 6 shows TEM and HRTEM images of MWCNTs.

Fig. 6(a)e(c) show images of theM3 sample. It can be seen from

images 6 (a) and (b) that numerous nanoparticles with size

smaller than 50 nm are adhered to the outer wall of the

MWCNTs. The X-ray analysis indicates that these particles are

generated by a reduction of iron in the mineral magnetite

(Fe3O4) to iron carbide (FeC) or ferrous oxide (FeO), respec-

tively. Fig. 6(c) clearly shows a MWCNT with ~9 nm of multi-

wall corresponding to ~ 27 concentric nanotubes.

Fig. 6(d)e(f), theMWCNTs displayed corresponds to nanotubes

with ~4.3 nm of multi-wall corresponding to ~ 13 concentric
xture camphor/alcohol. (a,c) Lowmagnification SEM images

is shown magnified to display the morphology of the

http://dx.doi.org/10.1016/j.ijhydene.2015.09.112
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Fig. 6 e (a, d) TEM images of the samples M3 and M2. (b, c) The dotted frames in (a) are magnified at (b) and (c). (e) Shows the

straight carbon nanotube, and (f) is a higher resolution image (zoom) from the dotted frame in (e).

Fig. 7 e Representative curves of the changes of the QC

resonance frequency measured at different H2 exposure

pressures for sample M3.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 5 4 0e1 5 5 4 8 15545
nanotubes; in this case, the samples were synthesized with

mineral magnetite (M2 sample) without zeolite. The average

diameter of M2 and M3 samples is 20 nm and 40 nm, respec-

tively. HRTEM images shown in Fig. 6 show that the inter-

planar spacing varies as well with the diameter of MWCNTs.

The hydrogen storage capability of the MWCNTs grown by

this AACVD technique was also studied. No pretreatments

were carried on the samples for evaluating their performance

regarding H2 adsorption. There are works where the H2

adsorption properties of preformed carbon nanotubes are

evaluated in very particular condition of the sample, where

before the measurements of H2 adsorption, the samples un-

derwent previously a purification processes to remove the

metal particles used as catalyst [36], or were subjected to

annealing at high temperature and ions doping to increase the

H2 adsorption capacity [37], or were subjected to ultrasonic

treatments [38] to cut the carbon nanotubes, specially, their

close ends, so enhancing the hydrogenation of the whole car-

bon nanotube.

Fig. 7 shows a representative behavior of the quartz crystal

(QC) resonance frequency as function of time recorded at 3, 23

and 43 Torr for the M3 sample. However, the H2 adsorption

studies on all samples were carried out using increasing

exposure pressures from 3 torr up to 55 Torr with pressure

increases of around 5 Torr after each cycle of H2 loading/

unloading. The three curves of Fig. 7 have a similar behavior.

Before injecting hydrogen to the chamber, the QC resonance

frequency started to be recorded under vacuum conditions

(7 � 10�6 Torr). Under this condition, the QC resonance fre-

quency remains constant as shown in Fig. 7. After 60 s the
chamber was rapidly filled with H2 until reaching a working

pressure. In Fig. 7 is possible to see that as soon as hydrogen is

injected to the chamber, the QC resonance frequency rapidly

drops until reaching a constant value (saturation condition). In

general, the H2 adsorption kinetics on the MWCNTs occurred

in less than 100s, a value that decreases as the exposure

pressure increases, as indicated in Fig. 7. The frequency shift,

Df, obtained from the values of the QC resonance frequency

under vacuum condition and saturation condition, is used in

the Saurbrey's equation to calculate the H2 mass adsorbed by

the MWCNTs under a certain H2 exposure pressure.
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A very important aspect to be considered in our compu-

tations is that the simple hydrogen injection process into the

vacuum chamber induces a shift of the QC resonance fre-

quency not associated to mass gain by hydrogen adsorption

on the samples, which can be observed employing a bare

quartz crystal. To rule out this effect and a possible error in the

determination of the amount of hydrogen adsorbed by the

MWCNTs a bare microbalance quartz crystal was exposed to

the same cycles of H2 loading/unloading performed on the

MWCNTs samples. Through this study we found that the QC

resonance frequency was shifted about 3.3 Hz when the

chamber was filled with hydrogen. Therefore, this frequency

shift was subtracted from the Df values determined recoded

on the MWCNT samples.

As revealed in Fig. 7, the QC resonance frequency

measured under vacuum conditions slightly increased after

each cycle of H2 loading/unloading. In general, all samples

exhibited this behavior. This increase of the QC resonance

frequency is related tomass losses from the sample after each

cycle. Probably the H2 adsorption and then desorption pro-

duced by the H2 unloading from the chamber drags some

volatile compounds occluded in the graphitic walls of the

MWCNTs. In this sense, the M1 sample exhibited the highest

variation of its QC resonance frequency measured under

vacuum condition after the cycles of H2 loading/unloading,

about ~34 Hz. TheM2 sample had a variation of only ~2 Hz and

the M3 sample of ~4.5 Hz.

A summary of the H2 adsorption capacity of all the samples

as a function of increasing pressure ranging between 3 and

55 Torr is shown in Fig. 8. Fig. 8 shows as well the weight

percentage (wt%) of hydrogen adsorbed at room temperature

by the MWCNTs when exposed to successive cycles of H2

loading/unloading.

Fig. 8 shows that the three samples of MWCNTs exhibit

different H2 adsorption behaviors. The sample M1 reached

0.41 wt% during the first exposure using just 5.7 Torr of H2,

value that did not vary significantly up to 28 Torr. After this

pressure the H2 storage capacity slightly drops down 0.04 wt%

at 43 Torr. On the contrary, the sample M2 showed a notable
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Fig. 8 e Hydrogen storage capacity at RT from the MWCNTs

exposed to various H2 pressures. A sample composed only

of zeolite was used for comparison.
dependence on the H2 exposure pressure. This sample

showed a gradual increase of the H2 amount adsorbed as

pressure increased reaching amaximumvalue of about 1.76 at

the highest exposure pressure of 44 Torr. This weight per-

centage is comparable or higher than other values of H2

storage capacities at RT reported by non-pretreated/doped

carbon nanotubes [5e8,36,39e41]. In the case of M3 sample,

the weight percentage values of H2 adsorbed increased

significantly between 3 and 14 Torr reaching a maximum

value of 1.42 at 14 Torr, as depicted in Fig. 8. At higher expo-

sure pressure, the amount of adsorbed H2 dropped 0.25 wt% at

43.4 Torr. The high values between 3 and 14 Torr could be

attributed to a sudden gas filling of the MWCNTs and voids

generated among the agglomerated CNTs as well as to a stress

effect of the first monolayer of adsorbed H2 leading to a higher

value of the QC resonance frequency and, therefore, appear-

ing as mass gained by the sample [8,42]. Finally, a sample of

pure zeolite was used to study its effect on the H2 adsorption.

Its curve indicates that the microporous aluminosilicate par-

ticles indeed adsorb hydrogen, and the amount of H2 adsorbed

increases with increasing pressures. The porous structure of

the zeolite, with pore diameter as small as 2 nm, yields a high

specific surface area where the pore-channels formed help to

provide more adsorption sites for the H2 molecule. However,

this fact does not help to understanding the H2 adsorption

behaviors, for example, of the samples M2 and M3, where the

first one was grown without zeolite whereas the second one

used zeolite as support. However, as mentioned above, we

found a different behavior among the samples after the cycles

of H2 loading/unloading that could provide some explanation

about the difference existing on the curves of H2 adsorption

shown in Fig. 8. The variation of ~34 Hz found in the M1

sample measured in vacuum condition after the H2 loading/

unloading cycles at different pressures, revealed that this

sample was the most affected by H2 losing part of its initial

mass. This fact could explain the poor performance regarding

the H2 adsorption capacity, specially, during the last exposure

pressures (28e43 Torr). TheM3 sample exhibited a variation of

~4.5 Hz indicating, a moderate effect of the gas on the sample

mass but probably responsible of its early drop of the H2

adsorption capacity after exposure to 20 Torr. On the other

hand, the M2 sample exhibited the lowest variation of ~2 Hz,

revealing a poor effect of H2 successive exposure on the initial

characteristics of the sample. Probably, this fact leads to a H2

adsorption behavior for the M2 sample as shown in Fig. 8,

where the H2 adsorption capacity, increases with the

increasing exposure pressure, as expected. In summary, the

different H2 adsorption behaviors could be explained due to

the gas effect on the initial sample mass after the successive

cycles of H2 exposure. However, the reason of the mass

changes of the sample and probable modifications of their

initial chemical characteristics and adsorption sites due to H2

successive exposure, requires further investigation. For this

reason, our group evaluated first the H2 adsorption properties

of MWCNTs grown by aerosol-assisted CVD method since for

a forthcoming work these adsorption properties will be

measured on purified MWCNTs grown by the same synthesis

method. Other researchers have reported already the purifi-

cation effect on the H2 adsorption properties on carbon

nanotubes [43], where the functional groups attached to the

http://dx.doi.org/10.1016/j.ijhydene.2015.09.112
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surface of the nanotubes can retard the process of H2

adsorption by reducing the available surface area. However,

the kinetics of the adsorption process between purified and

non-purified carbon nanotubes, the role of the functional

groups attached on the nanotubes, and the effect of the H2

exposure cycles required further study.

On the other hand, the reason for carrying out the gas

adsorption measurements at low pressures between 3 and

55 Torr is twofold. First, the QC resonance frequency is very

sensitive to temperature and the use of high pressures, for

example, near the atmospheric pressure would induce, at

least in the transient, a temperature variation of the QCwhich

it is kept, in our case, at 18 �C by a cooling system. This tem-

perature change would lead to a variation of its resonance

frequency. Therefore, the only gas adsorption effect would be

hard to identify during the first seconds of the gas injection

process. For this reason, the maximum resonance frequency

shift of the QC (~3.3 Hz) due only to the H2 injection was

determined for our working pressure range, as previously

mentioned. The second reason of measuring within the range

of 3 up to 55 Torr is that it allows us comparing the H2

adsorption capacity with other carbon samples that were

measured near the same pressure range using the QC micro-

balance technique. In a previouswork, our group reported a H2

adsorption maximum value of 2.1 wt% achieved at 43 Torr of

exposure pressure on MWCNTs grown by aerosol-assisted

CVD method using Ni as a catalyst [8]. On the other hand, N.

Aomoa et al. reported a H2 adsorption maximum value of

about 0.8 wt% at 25 Torr on carbon nanoparticles grown by

plasma-assisted single-step process [44].
Conclusions

MWCNTs have been successfully grown by AACVD using a

camphor/ethanol mixture and mineral magnetite as catalyst

with or without zeolite as precursors. Using a low cost, friendly

environment and easy to purify iron-based catalyst instead of a

nickel system, large and straight MWCNTs with 20 nm in

diameter have been produced. Some defects and low degree

crystallinity are observed on the graphitic layers. The hydrogen

adsorption capacity was strongly dependent on the chemical,

structural and morphological characteristics of the MWCNTs

which in turn depended on the ratio of the mineral magnetite

and zeolite. However, no clear correlation was found between

each one of these characteristics and the adsorption properties

since the sample was affected by gas exposure during the H2

loading/unloading cycles and, therefore, we found amaximum

value of adsorption capacity of 1.76 wt% at 44 Torr of H2. As

expected, higher H2 exposure pressures leads to a faster H2

adsorption kinetics of the MWCNTs. We found that the H2

adsorption process occurred between 60 s and 100 s up to

reaching the saturation condition of the sample.
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