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ABSTRACT: Composite material consisting of single walled carbon
nanotubes (SWCNTs) and metal oxide nanoparticles has been prepared
and their hydrogen storage performance is evaluated. Metal oxides such as tin
oxide (SnO2), tungsten trioxide (WO3), and titanium dioxide (TiO2) are
chosen as the composite constituents. The composites have been prepared by
means of ultrasonication. Then, the composite samples are deposited on
alumina substrates and at 100 °C in a Sieverts-like hydrogenation setup.
Characterization techniques such as transmission electron microscopy
(TEM), Raman spectroscopy, scanning electron microscopy (SEM), powder X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, energy dispersive spectroscopy (EDS), CHN elemental analysis, and thermogravimetric (TG)
measurements are used to analyze the samples at various stages of experiments. Hydrogen storage capacity of the composites
namely, SWCNT−SnO2, SWCNT−WO3, and SWCNT−TiO2 are found to be 1.1, 0.9, and 1.3 wt %, respectively. Hydrogenated
composite samples are stable at room temperature and desorption of hydrogen is found to be 100% reversible. Desorption
temperature ranges and binding energy ranges of hydrogen have been measured from the desorption studies. The hydrogenation,
dehydrogenation temperature, and binding energy of hydrogen fall in the recommended range of a suitable hydrogen storage
medium applicable for fuel cell applications. Reproducibility and deterioration level of the composite samples have also been
examined.

KEYWORDS: single walled carbon nanotube−metal oxide composite, hydrogen, storage capacity, desorption temperature,
reproducibility, deterioration

■ INTRODUCTION

Currently, hydrogen is emerging as a clean fuel for trans-
portation applications. The main issues related to safety and
leakage while its storage in the form of gas and liquid have led
to the storage of hydrogen in its solid state form in materials
particularly, nanomaterials. In the group of nanomaterials,
carbon nanotubes (CNTs) are emerging as one of the possible
hydrogen storage media.1−4 Primary investigations of hydrogen
storage on bare CNTs indicate that CNTs are not suitable
material for hydrogen storage.5−7 But, further investigations
based on the modification of CNTs via functionalization and
addition of metal ions/atoms show enhanced hydrogen storage
performance over bare CNTs.8−15 Recent reports show that the
nanostructured composite materials comprising CNTs and
metal oxides are efficient hydrogen storage materials.16−19 The
composite material made up of CNTs and metal oxides such as
tin dioxide (SnO2), tungsten trioxide (WO3), and titanium
dioxide (TiO2) have been extensively investigated for gas
sensor applications,20−23 and interestingly, the interactions
between hydrogen and these metal oxides have also been
reported.24−27 A single walled carbon nanotube (SWCNT)
SnO2 composite thin film prepared by electron beam
evaporation technique show a storage capacity of 2.4 wt %,

while SnO2 alone shows a storage capacity of 0.6 wt %. The
desorption temperature of hydrogen from the SWCNT−SnO2

composite is found to be in the range of 200−350 °C.16 A
composite material containing SWCNTs and WO3 prepared by
an electron beam evaporation technique exhibits a hydrogen
storage capacity of 2.7 wt %, in which WO3 shows a storage
capacity of 0.5 wt % single handedly, and desorption of
hydrogen from the composite occurred in the temperature
range of 175−305 °C.17 Mishra et al.18 examined the hydrogen
storage capacity of CNT−TiO2 nanotubular hybrid material at
77 and 298 K. The uptake of hydrogen at 77 and 298 K are
found to be 2.5 wt % at 25 bar and 1.04 wt % at 22 bar,
respectively. In this, TiO2 nanotubes alone stored 2 wt % of
hydrogen at 77 K and 0.9 wt % at 298 K and CNTs stored 0.4
wt % under identical conditions at 77 K. The CNTs
impregnated with TiO2-nanorods and nanotubes show a
hydrogen storage capacity of 0.35 and 0.4 wt %, respectively
at 298 K and 18 atm, which is nearly five times higher uptake
than pristine CNTs.19 These reports exploring the synergistic
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effects of CNTs and metal oxide nanostructures, which lead to
a better storage and retrieval of hydrogen compared to the
components alone.
Hence, the present work is devoted to study the hydro-

genation and dehydrogenation properties of composites made
by SWCNTs and metal oxide nanoparticles such as SnO2,
WO3, and TiO2. Ultrasonication is one of the facile methods
used for the preparation of CNT−metal oxide composite.19 We
have also used the same method to prepare the composites
SWCNT−SnO2, SWCNT−WO3, and SWCNT−TiO2. The
composites have been prepared by means of ultrasonication in
2-proponal medium. The well-dispersed solution is then
deposited on alumina substrates by drop casting approach.
Then, the samples are hydrogenated in a Sieverts-like
hydrogenation setup.27 The hydrogenation of CNT−metal
oxide composite reported in earlier investigations18,19 was
carried out at very low temperatures and at some pressure
conditions. Here, the hydrogenation experiments are conducted
above room temperature, i.e. at 100 °C. Hydrogen storage
capacity, desorption temperature range, and binding energy
range of hydrogen have been measured based on the
characterization results. To check the reproducibility and
deterioration level of the composite samples, we have repeated
the hydrogenation and dehydrogenation experiments and the
results are presented.

■ EXPERIMENTAL SECTION
Materials. SWCNTs with a purity of >98% and metal oxide

nanoparticles with 99% minimum assay were purchased from Sigma
Aldrich. The other reagents and chemicals used for experiments were
purchased from Merck with 99% purity. Alumina substrates of
dimension 19 × 19 × 0.65 mm were cleaned with chromic acid,
acetone, and distilled water by means of sonication for 30 min
(alumina substrates were used as it will not react while heating).
Purification of SWCNTs. Generally, the commercial CNTs

contain the major component CNTs along with amorphous carbon
structures and metal catalyst impurities in few percentages. Hence, the
purification of CNTs is necessary before conducting experiments. The
expected amorphous carbon structures present in the purchased
SWCNTs was removed by heating them in a tubular furnace at 300 °C
for 1 h. After the heat treatment, the SWCNTs were mixed with the
solution containing the mixture of nitric acid and sulphuric acid.
Further, this solution was ultrasonicated for 8 h and the solution
containing dispersed SWCNTs was left overnight. Finally, leaving
behind the precipitate of impurities, the upper suspended SWCNT
solution was collected. The solution was filtered and washed several
times using double distilled water until the pH of the solution reached
around 6. In this way, the purchased SWCNTs were purified. These
purified SWCNTs were used for experiments.
Composite Preparation. The purified SWCNTs (50 mg) and

metal oxide nanoparticles (100 mg) were taken in a ratio of 1:2 by
weight and ground well for 30 min. The mixture was then taken with
10 mL of 2-propanol. This solution was then kept in an ultrasonic bath
at room temperature for 3 h to allow the components for uniform
dispersion. The dispersed solution was then deposited dropwise using
a micropipet on alumina substrates that were maintained in air ∼70
°C. The highly volatile 2-proponal got evaporated and left the
composite on the substrates. After deposition, the substrates were
heated to 200 °C for 1 h to remove the impurities if any.
Hydrogenation. The composite samples were loaded in Sieverts-

like hydrogenation setup and hydrogenated as detailed below. The
samples were maintained at 100 °C, and the hydrogen was allowed to
flow for 20 min at a constant flow rate of ∼0.2 L/min, and then the
samples were left in the chamber to attain room temperature. After
that, the hydrogen content present in the samples was estimated. The
hydrogen storage capacities of the samples are presented in Table 1.

Dehydrogenation. To check the desorption of hydrogen from the
hydrogenated composite samples, we have used thermal annealing
approach. Thermal annealing is believed to be one of the methods to
stimulate dehydrogenation process.28,29 In this process, the hydro-
genated composite samples were annealed at 300 °C for 1 h in a
muffle furnace. After annealing, the samples were left in the furnace to
reach room temperature and then characterized.

Characterization. The morphology of SWCNTs was imaged by
transmission electron microscopy (TEM) using JEOL JEM 2100
model unit with an accelerating voltage of 200 kV. Raman
measurements were carried out in Renishaw InVia model spectrometer
with the laser excitation of 514 nm. Scanning electron microscopy
(SEM) images and energy dispersive X-ray spectrum (EDS) were
recorded using JEOL-MODEL 6390 unit with an accelerating voltage
of 5 kV. Powder X-ray diffraction (XRD) study was performed on
XPERT-PRO diffractometer operating at 40 kV and 30 mA, using Cu
Kα radiation. Fourier transform infrared (FTIR) spectra were recorded
using FTIR-8400, CE, Shimadzu model spectrometer at room
temperature in the range of 4500−400 cm−1 with a resolution of 1
cm−1. CHN elemental analysis was carried out using Elementar Vario
EL III model analyzer. The thermogravimetric (TG) measurements
were carried out using Perkin-Elmer-Diamond model unit over the
temperature range of 30−400 °C at a scanning rate of 10 °C/min.

■ RESULTS AND DISCUSSION
The TEM image of purified SWCNTs is shown in Figure 1a.
The image reveals the well-distributed and separated high

quality SWCNTs with the estimated average diameter in the
range of 2−4 nm. Figure 1b shows the Raman spectrum of
SWCNTs. In general, the disordered (D) and graphitic (G)
bands are the two characteristics bands for CNTs. The D band
generally appears in the range 1300−1400 cm−1 and is typically
assigned to the presence of amorphous/disordered carbon in
CNTs. The tangential (G) mode is the strong and most
intensive high-energy mode of SWCNTs, which is usually
observed in the range 1565−1595 cm−1. The G band arises due
to in-plane tangential stretching of C−C bonds in CNTs. In
this mode, the displacement of carbon atoms exists in the
circumferential direction. As expected, the two bands namely D
and G appear in the spectrum in their corresponding range.
Generally, in Raman spectrum of SWCNTs the intensity ratio
of D to G band is a measure of defects concentration in the

Table 1. Summary of Hydrogen Storage Capacity of the
Samples

samples temperature (°C) hydrogen content (wt %)

SWCNTs 100 0.05
SWCNT−SnO2 100 1.1
SWCNT−WO3 100 0.9
SWCNT−TiO2 100 1.3

Figure 1. (a) TEM image and (b) Raman spectrum of SWCNTs.
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samples. The D/G intensity ratio is measured to be 0.08 and
this lower value indicates the presence of lesser amount of
defect/amorphous carbon concentration in SWCNTs.
Figure 2 parts a, b, and c show the SEM images of SnO2,

WO3, and TiO2 nanoparticles, respectively. The nanoparticles
have an average diameter distribution in the range 10−80, 10−
40, and 10−50 nm for SnO2, WO3, and TiO2, respectively. The
XRD spectra of SnO2, WO3, and TiO2 nanoparticles are
presented in Figure 3 parts a, b, and c, respectively. In Figure
3a, the strong diffraction peaks appearing for (110), (101), and
(211) planes indicate the crystalline face of SnO2 nanoparticles
with (110) as preferred orientation. The diffraction peaks in
Figure 3b can be well indexed to orthorhombic WO3. The XRD
pattern shown in Figure 3c exhibits strong diffraction peaks at
27.3°, 36.2°, and 54.4°, which indicates the existence of TiO2

predominantly in rutile phase. All the appeared diffraction
peaks are indexed on the basis of polymorphic phases of
crystalline TiO2, and they are in good agreement with standard
pattern. The presence of sharp peaks infers the better
crystalline nature of nanoparticles.
Figure 4 shows SEM images of (a) SWCNT−SnO2, (b)

SWCNT−WO3, and (c) SWCNT−TiO2 composites. The
attachment of nanoparticles to the walls of CNT can be clearly
seen. Moreover, the diameter of SWCNTs is increased to 20−
25 nm due to attachment of nanoparticles to the walls. The ED
spectrum of the SWCNT−SnO2 composite is shown in Figure
5a. The weight percentages of the elements present in the
composite are found to be 40.12, 39.37, and 20.51 for carbon,
oxygen, and tin, respectively. The ED spectrum of the
SWCNT−WO3 composite is shown in Figure 5b. The weight

Figure 2. SEM images of (a) SnO2, (b) WO3, and (c) TiO2 nanoparticles.

Figure 3. XRD pattern of (a) SnO2, (b) WO3, and (c) TiO2 nanoparticles.

Figure 4. SEM images of (a) SWCNT−SnO2, (b) SWCNT−WO3, and (c) SWCNT−TiO2 composites.

Figure 5. ED spectra of (a) SWCNT−SnO2, (b) SWCNT−WO3, and (c) SWCNT−TiO2 composite.
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percentages of the elements are 39.98, 39.57, and 20.45 for
carbon, oxygen, and tungsten, respectively. The presence of
elements in the SWCNT−TiO2 composite was ascertained
from ED spectrum shown in Figure 5c. The weight percentages
of the elements present in composite are 40.72, 39.10, and
20.18 for carbon, oxygen, and titanium, respectively. In addition
to the materials present in the composite, a small amount
(<0.05 wt %) of catalyst particles (Fe, Ni) that are used during
the synthesis of CNTs is also observed in each of the ED
spectra. The absence of any other peak except those due to the
components in the composite is the evidence of the quality of
composites without any elemental impurities.
The presence of functional groups and the existence of

elements in the composites are confirmed by FTIR analysis.
Figure 6 shows the FTIR spectra of composite samples namely,

SWCNT−SnO2 (a), SWCNT−WO3 (b), and SWCNT−TiO2
(c), respectively. Absorption peaks around 1340, 1200−1240,
and 940 cm−1 correspond to CC in-plane, CC stretching,
and CC stretching vibrations, respectively in CNTs.27 This is
observed in the spectra of all three samples. The absorption
peaks appeared (Figure 6a) around 750 and 580 cm−1

correspond to Sn−O and O−Sn−O stretching vibrations. In
Figure 6b, the absorption peak appeared around 650 cm−1 is
due to W−O stretching vibrations in WO3. The absorption
peaks observed around 690 and 550 cm−1 in Figure 6c are
related to Ti−O vibration in TiO2 lattice.
Raman spectra of the composite samples SWCNT−SnO2,

SWCNT−WO3, and SWCNT−TiO2 are shown in Figures 8a,
9a, and 10a, respectively. The bands corresponding to metal
oxide nanoparticles together with the characteristic bands D
and G of SWCNTs are observed in these spectra. In these
spectra, the intensity of D band has increased and G band has
decreased when compared to the Raman spectrum of SWCNTs
shown in Figure 1b. The corresponding D/G intensity ratios of
the composite samples have also increased, and they are noted
in the respective spectra. This again confirms the formation of
composite. In addition to that, the Raman modes in Figure 8a
around 120 and 630 cm−1 correspond to rutile type SnO2
nanoparticles.30 In Figure 9a, the Raman modes appearing at
807, 324, 271, and 132 cm−1 belong to W−O stretching, O−
W−O bending, O−W−O stretching, and W−O−W bending
vibrations of WO3, respectively.

31,32 In Figure 10a, the Raman
mode appeared at 629 cm−1 belongs to the rutile phase of TiO2
nanoparticles.33 The phases of the metal oxide nanoparticles
characterized by Raman analysis supports XRD results.
CHN elemental analysis was used to find out the quantity of

hydrogen stored in the hydrogenated composite samples. The

elemental analysis (CHN/CHNS) method is one of the widely
used techniques for the measurement of hydrogen storage as
well as the composition of elements such as carbon, hydrogen,
nitrogen, and sulfur.34−36 Before knowing the hydrogen storage
capability of composite materials, the hydrogen storage
capability of SWCNTs was tested and the hydrogenation
results of all the samples are presented in Table 1.
As expected, SWCNTs alone show the least storage capacity

under these conditions. This is because naturally, the
interaction between hydrogen and bare CNTs is very weak
around or above room temperature; one can achieve a stable
higher storage capacity at lower temperatures only. On the
other hand, the composite samples show a multifold increase in
hydrogen storage capacity (when compared to neat SWCNTs),
and it is due to the cumulative adsorption of hydrogen by
CNTs and metal oxide nanostructure constituents in the
composite. Hence, one can confirm that the synergistic effect
existing between CNTs and metal oxide nanostructures.16−19

The FTIR spectra of all the three hydrogenated composite
samples are collectively shown in Figure 7. The vibration bands

corresponding to the functional groups of CNTs and metal
oxide nanoparticles are observed in the same range that are
observed in the unhydrogenated composite sample, but in
addition to those peaks, a new absorption peak around 3050
cm−1 (indicated by arrow) is noted in all the three
hydrogenated composite samples. This is attributed to C−H
stretching vibration,29 and it has appeared due to hydro-
genation. When we analyze the Raman spectroscopy of the
hydrogenated composite samples, significant changes in the
spectra are observed. After hydrogenation, the D band intensity
has increased and the corresponding G band intensity has
decreased. The corresponding D/G ratio has increased due to
the increase in defect density in the hydrogenated composite
samples.29,37 The D/G intensity ratio of the hydrogenated
composite samples SWCNT−SnO2, SWCNT−WO3, and
SWCNT−TiO2 is mentioned in Figures 8b, 9b, and 10b,
respectively.
To check the desorption of hydrogen from the hydrogenated

samples, we have carried out thermal annealing. The hydro-
genated samples were annealed at 300 °C for 1 h, and the entire
process was probed by Raman and CHN elemental analyses. It
is noted that after annealing, the intensities of D and G bands
have decreased and increased respectively, which indicates
desorption of hydrogen from the samples. The corresponding
CHN elemental analysis also confirms this desorption. The
entire hydrogenation and dehydrogenation experiments were
repeated for a number of times. The D/G ratio of composite

Figure 6. FTIR spectra of (a) SWCNT−SnO2, (b) SWCNT−WO3,
and (c) SWCNT−TiO2 composite.

Figure 7. FTIR spectra of hydrogenated (a) SWCNT−SnO2, (b)
SWCNT−WO3, and (c) SWCNT−TiO2 composite.
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sample SWCNT−SnO2 is 0.259 and for the dehydrogenated
sample (Figure 8c) the D/G ratio is 0.264. The difference in
D/G ratio, from 0.264 to 0.259 is 0.005 (1.9%) after the first
cycle. Now, we have hydrogenated this dehydrogenated
composite sample under the same conditions. For this second
cycle the difference is 0.012 (4.5%). In the third cycle it changes
to 6.8%. There is an increase of 2.3−2.6% in the D/G intensity
ratio between two successive cycles. If we take the change in D/
G intensity ratio of the dehydrogenated SWCNT−SnO2
composite after each cycle, it is about 2.45%. Similarly, the
average change in D/G intensity ratio of the dehydrogenated
SWCNT−WO3 and SWCNT−TiO2 composite after each
cycle, it is about 2.9 and 2.3%, respectively. The entire
hydrogenation and dehydrogenation experiment cycles are
independent events and this effect is not cumulative. The
quality of the composite samples deteriorates due to
dehydrogenation is only less than 3%. This indicates that the
composite samples are restored to the original level after
dehydrogenation. So at the end of any number of cycles, the
change in D/G ratio value and the deterioration in the samples

are less than 3%. This is the limitation in our method. The
expected deviation in the hydrogen storage capacity of the
composite samples measured by CHN-elemental analysis is
within 5% about the mean value. Zhang et al.37 observed the
percentage of change in D/G intensity ratio and it was about
3%. It may be noted that the Raman spectra corresponding to
the dehydrogenated and composite samples are similar. This in
turn not only confirms desorption of hydrogen from the sample
but also shows that the composite samples are recovered after
dehydrogenation.
After confirming the desorption of hydrogen from Raman

spectroscopy and CHN elemental analysis, the thermogravi-
metric characterization of hydrogenated composite samples
were carried out to find the exact desorption temperature range
of hydrogen. The thermogravimetric spectra of hydrogenated
composite samples are collectively shown in Figure 11. The

spectrum corresponding to SWCNT−SnO2 presented in
Figure 11a shows a weight loss of 1.1 wt % in the temperature
range, 170−210 °C. This weight loss corresponds to the
desorption of hydrogen from the hydrogenated SWCNT−
SnO2 composite sample.
The activation energy of desorption (Ed) can be calculated

from the desorption temperature using the following equation38

β
=

⎛
⎝⎜

⎞
⎠⎟

T E
RT

ln m

m

2
d

Figure 8. Raman spectra of (a) SWCNT−SnO2, (b) hydrogenated
SWCNT−SnO2, and (c) dehydrogenated SWCNT−SnO2 composite.

Figure 9. Raman spectra of (a) SWCNT−WO3, (b) hydrogenated
SWCNT−WO3, and (c) dehydrogenated SWCNT−WO3 composite.

Figure 10. Raman spectra of (a) SWCNT−TiO2, (b) hydrogenated
SWCNT−TiO2, and (c) dehydrogenated SWCNT−TiO2 composite.

Figure 11. Thermogravimetric spectra of hydrogenated (a) SWCNT−
SnO2, (b) SWCNT−WO3, and (c) SWCNT−TiO2 composite.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am403662t | ACS Appl. Mater. Interfaces 2013, 5, 11419−1142611423



where, Tm is the desorption temperature, β is the heating rate
(10 °C/min), and R is the universal gas constant. The binding
energy (EB) of hydrogen is calculated using van’t Hoff
equation39 for the desorption temperatures 170 and 210 °C
and the values obtained are 0.346 and 0.378 eV, respectively.
The corresponding desorption activation energies are 24.1 and
26.9 kJ/mol, respectively. The thermogravimetric spectra of
hydrogenated composite samples SWCNT−WO3 and
SWCNT−TiO2 are shown in Figure 11b and c, respectively.
The desorption temperature of hydrogen, activation energy of
desorption, and binding energy values are calculated in the
same way, and the results are presented in Table 2. The error

analysis for activation energy of desorption is carried out and
the results are presented in Supporting Information. It is
inferred that the thermogravimetric analysis together with
CHN elemental analysis provides evidence for the measure-
ment of hydrogen storage in the composite samples.25,27,29

From the thermogravimetric analysis, it is clear that the
amount of hydrogen desorbed is equal to the amount of
hydrogen adsorbed by the composite. Hence, all the three
hydrogenated composite samples SWCNT−SnO2, SWCNT−
WO3, and SWCNT−TiO2 exhibit 100% desorption. Even the
hydrogen storage capacities of the composite samples
SWCNT−SnO2 and SWCNT−WO3 reported here are lower
than the storage capacity of the same composite samples
reported in refs 16 (2.4 wt.%) and 17 (2.7 wt.%), the
desorption temperature range of hydrogen in the present study
is lower than the desorption temperature range shown by those
composite samples (SWCNT−SnO2 200−350 °C and
SWCNT−WO3 175−305 °C). On the other hand, it is
worthwhile to compare the results of SWCNT−TiO2
composite with that of Mishra et al.18 As mentioned earlier,
they reported the uptake of hydrogen by CNT−TiO2
nanotubular hybrid material at 77 and 298 K as 2.5 wt % at
25 bar and 1.04 wt % at 22 bar, respectively. Since our
experiments are done at 100 °C and ambient pressure, it is
sensible to compare the storage capacity of SWCNT−TiO2
composite (1.3 wt % at 100 °C and atmospheric pressure) with
their latter result (1.04 wt % at 298 K and 22 bar). It can be
inferred that our result is slightly higher than the value reported
by them. Moreover, our composite sample SWCNT−TiO2
shows 100% reversibility, while the hydrogen desorption from
their composite sample is not 100% reversible and the
hydrogenated composite samples reported here are stable at
room temperature. Lochan et al.40 reported that an ideal
hydrogen storage medium should store hydrogen in the
binding energy range, 0.2−0.4 eV for usage in fuel cell
applications. The obtained binding energy of hydrogen in the
present case lies in this recommended range. Hence, the
present hydrogen storage media may be used for fuel cell
applications. This range lies between physisorption and

chemisorption limits. Here, the binding energies of hydrogen
in all three composite samples fall under this range. Hence, one
can emphasize that the adsorbed hydrogen is weakly
chemisorbed on the composite network and the entire stored
hydrogen molecules are usable. In this binding energy limits,
the interaction between the host material and hydrogen
molecules is involving primarily due to the combination of
electrostatic, inductive, and covalent charge transfer mecha-
nisms.40 In the present work, the hydrogenation experiments
are conducted above the room temperature, i.e. at 100 °C
whereas; earlier investigations18,19 on hydrogenation of CNT−
metal oxide composite were carried out at very low temper-
atures and at certain pressure conditions. Moreover, the
deterioration level of the composite samples due to
dehydrogenation does not exceed 3% after a number of
recyclings of the samples. The entire hydrogenation and
dehydrogenation experiment cycles are independent events and
this effect is not cumulative. But in the previous cases,16,17 the
composites were prepared and hydrogenated by electron beam
evaporation technique. In that case, hydrogenation and
dehydrogenation processes are one-time events, i.e., the
composite material cannot be recycled. In addition to that,
the preparation of the composite samples in the previous cases
requires vacuum conditions. But, in the present case the
preparation of samples does not require vacuum conditions.
Interestingly, the composite samples show multifold increase

in hydrogen storage capacity when compared to neat SWCNTs.
This may be due to the general spillover mechanism. This effect
is possibly due to the presence of metal or metal oxide
nanoparticles networked with high surface area materials like
SWCNTs. During hydrogenation, the metal oxide nano
particles may dissociate the hydrogen molecule and migrate
the hydrogen atoms to the nearest vacant sites on CNTs. More
amount of hydrogen can occupy on the adsorption sites offered
by CNTs in this way. During the course of desorption, the
adsorbed hydrogen atoms were supposed to recombine into
molecular hydrogen (this process is known as reverse spillover)
and get desorbed from the samples.41 This kind of adsorption
of hydrogen does not require a temperature range more than
250−300 °C to release the stored hydrogen.42,43 The
desorption temperature range of hydrogen observed in this
work is in accordance with these reports. Therefore, spillover
mechanism may contribute to higher hydrogenation in the
composite samples and lower desorption temperature range of
hydrogen. The appearance of C−H vibration band in the FTIR
spectra of hydrogenated composite samples shown in Figure 7
supports this spillover mechanism. Rather et al.19 pointed out
that the rutile phase of TiO2 nanoparticles interacts weakly with
hydrogen which results in diffusive spillage of hydrogen to
CNT binding sites and anatase phase of TiO2 nanorods
strongly bind hydrogen itself and exhibit negligible spillover to
CNTs. It seems that the phases of metal oxide nanoparticles
play a significant role in the hydrogen storage capacity of the
materials. Even though the hydrogen storage capacities of the
composite samples reported here are not nearer to the US
DOE target for the practical applications; it is important to
consider the phases of the metal oxide nanostructures which are
efficient in spilling the hydrogen onto CNTs. Further
theoretical as well as experimental investigations are obviously
needed in order to understand and fine-tune the exact
hydrogen adsorption and spillover mechanisms and achieve
higher hydrogen storage capacity in these composite materials.

Table 2. Desorption Characteristics Parameters

samples

weight
loss

(wt %)

desorption
temperature
range (°C)

activation energy
of desorption
range (kJ/mol)

binding
energy range

(eV)

SWCNT−
SnO2

1.1 170−210 24.1−26.9 0.346−0.378

SWCNT−
WO3

0.9 175−215 24.4−27.3 0.350−0.381

SWCNT−
TiO2

1.3 160−205 23.3−26.6 0.338−0.373
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■ CONCLUSIONS
Hydrogen storage capacity of composite materials consisting of
SWCNTs and metal oxide nanoparticles such as SWCNT−
SnO2, SWCNT−WO3, and SWCNT−TiO2 have been
evaluated. The composites have been prepared by means of
ultrasonication in 2-proponal medium. Then, the composite
samples are deposited on alumina substrates and hydrogenated
at 100 °C in a Sieverts-like hydrogenation setup. Hydrogen
storage capacity of the composites namely, SWCNT−SnO2,
SWCNT−WO3, and SWCNT−TiO2 are found to be 1.1, 0.9,
and 1.3 wt %, respectively. The hydrogenated composite
samples are stable at room temperature, and desorption of
hydrogen is found to be 100% reversible. Higher hydrogen
uptake of the composite materials when compared to neat
CNTs is accounted for the spillover mechanism in SWCNT−
metal oxide composites. The nature of hydrogen binding in the
composite network is found to be weak chemisorption.
Desorption temperature range and binding energy of hydrogen
have been measured and they are falling in the recommended
range of storage medium that to be used in automobile
applications. Reproducibility and deterioration level of the
composite samples while repeating the hydrogenation and
dehydrogenation experiments have also been checked. From
the present investigation, it is clear that the composites such as
SWCNT−SnO2, SWCNT−WO3, and SWCNT−TiO2 are
having the capability of reversible hydrogen storage. They are
to be fine-tuned to achieve higher hydrogen storage capacity.
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