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Carbon Nanotubes
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6.1 Introduction

The progress of a nation is directly related to various developmental activities, i.e.,
agriculture, industry, transport, and industrialization through consumption of energy.
The world is facing the over-consumption of energy due to overwhelming growth
of population and changing standard of living [1]. So, the current energy resources
are not sufficient to meet the present energy demand. There is a vast difference
between advanced countries and under-developed countries in the usage of energy
[2]. Rapid development of cities due to industrialization and migration of people
from rural to urban areas for employment is the major cause for energy demand. Due
to urbanization, majority of the world’s population is likely to migrate to the urban
areas by 2050 according to UN assessment [3].

In addition to the challenges of meeting the increasing energy demand, there is a
severe problem with the emission of hazardous pollutants [4]. CO2 is the major air
pollutant in the environment destroying the livelihood of mankind through green-
house gas effect [5]. Burning of fossil fuels is the major source of CO2 emissions and
reason for climate change [6]. To tackle the challenges of the future energy demand
and environmental pollution, particularly CO2 emissions, progress in the alternative
sources of energy such as ethanol, biodiesel, methanol, and hydrogen is inevitable
[7].

Among the renewable energy sources, hydrogen is an ideal energy carrier which
is considered for future automotive applications. Hydrogen has high energy density
(120 MJ/kg) than petroleum fuels [8, 9]. Water moisture is the end product when
hydrogen reacts with oxygen. Economic use, suitable storage medium, and infras-
tructure are some of the key factors considered for promoting the hydrogen as a fuel
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for substitution to existing fossil fuels. Many investigators reported the significance
of hydrogen and its obstacles in commercial applications [10, 11]. Hydrogen is a
feasible energy source to fill the gap and perfectly replace the existing fossil fuels.
In spite of added advantage, hydrogen fuel has some challenges in onboard vehicle
applications such as 300 miles travel range, life time of 1500 cycles, and cost of
fuel storage system. The production, storage, and delivery of hydrogen are shown in
Fig. 6.1.

Many automobile manufacturers are developing fuel cell vehicles for hydrogen-
driven hybrid cars. Reaching the set specific goals of the Department of Energy
(DOE) is an uphill task. The 2015 target of the light-duty vehicles with a mileage
range of 300 miles is yet to be achieved. Production, storage, and transportation
continue to be the major challenge for realization of commercial applications.

The development of an effective and safe hydrogen storage system is a key
enabling technology for onboard vehicle applications. TheUSDepartment of Energy
(DOE) established specific technical targets (6.0 wt% capacity at non-cryogenic
conditions) for onboard hydrogen storage systems for hydrogen storage. Storage of
hydrogen in stationary power, portable power, and transportation is a crucial tech-
nique for the progress of hydrogen-powered fuel cell technologies. Hydrogen storage
is widely classified on the basis of physical and chemical processes (Fig. 6.2).

Hydrogen can be stored physically either in gas (high pressure tank, 350–
700 bar) or liquid form (cryogenic tank, 77 K). Adsorption on a solid is the key
process for the storage of hydrogen at non-cryogenic conditions and moderate pres-
sures.Different sorbents,metal hydrides,metal–organic frameworks (MOFs), porous
carbons, nanocones, etc., with necessary modifications could meet the DOE targets
[12–14]. The Department of Energy (DOE) has set the targets for hydrogen storage

Fig. 6.1 Hydrogen production and applications. Source Energy.gov
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Fig. 6.2 Diverse hydrogen storage methods. Source Energy.gov

capacities in terms of volumetric (40 g/L) and gravimetric (5.5 wt%) by 2020 for
onboard applications in automobile industry [15]. Carbonaceous materials such as
carbon nanotubes (CNTs), graphene, and fullerenes are some of the most promising
physical adsorbents for storing hydrogen at non-cryogenic temperatures especially at
room temperature [16]. Large surface area, superior chemical and physical properties
like hollowness prompt the CNTs as elite entities for promoting hydrogen storage
[17–20]. One of the drawbacks of bare CNTs is that the interaction with molec-
ular hydrogen (H2) is very weak and consequently the uptake of H2 is not in the
appreciable amount. In order to get the high volumetric and gravimetric densities as
well as improved binding of CNTs with H2, numerous studies have been conducted
toward enhancement of porosity, surface area, and number of defects by surface func-
tionalization of CNTs [21, 22]. One of the approaches for improving the hydrogen
storage efficacy of CNTs is decoration with metal nanoparticles which strengthens
the hydrogen–substrate interaction and facilitates the H2 spillover to CNTs [23–25].

Many studies revealed that the hydrogen storage capacity could be significantly
enhanced by incorporating different metals such as Pd, Co, Cu, Fe, Ni, and Ti on
MWCNTs at ambient conditions [26, 27]. The hydrogen storage capacity of metal-
MWCNTs has been investigated by using an electrochemical hydrogen storage tech-
nique. So, after doping the Fe nanoparticles, the hydrogen storage capacity was
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enhanced to 0.75 wt% from pristine 0.3 wt% at ambient conditions. Nanocompos-
ites of metal oxides and hydrides also examined for hydrogen uptake. Nanocompos-
ites, MgH2 and Cr2O3, adsorbed 5.2 wt% of hydrogen at 598 K, LiAlH4 and Cr2O3

adsorbed 1.9 wt% hydrogen at 448 K [28, 29]. Nickel (Ni) nanoparticles decorated
on MWCNTs through functionalization adsorbed 0.87 wt% of hydrogen at 298 K
and 100 bar [30]. The hydrogen uptake ofMWCNTs had increased 25-folds at 298 K
and 16 bar after decorating titanium (Ti) nanoparticles on surface and reached about
2.0 wt% [31]. The spillover effect of Ti increased the H2 storage ability ofMWCNTs.
Rather and Hwang have prepared the composite by two different methods, namely
ball milling and sputtering, and compared the H2 storage in the composites prepared
frombothmethods. TheH2 storagewas 0.43 and 2.0wt% for the composites prepared
by ball milling and sputtering, respectively, at 298 K and 16 bar. The enhancement
of H2 storage for the composite prepared by the sputtering method is possibly due
to the smoother decoration of Ti on the outer surface of the MWCNTs than for
that prepared by the ball milling method. The study describes the importance of
preparation method in the storage of H2. Recent reports show that hydrogen storage
capacity of MWCNTs had enhanced tenfold at 298 K and ∼23 bar after adding
cobalt oxide and copper oxide catalyst [32]. The deposition of ultra-fine Co and Cu
oxide particles on the outer surfaces of the MWCNTs improved the storage abilities
compared to that of pristine MWCNTs. The H2 storage capacities were 0.8 wt% and
0.9 wt% for Co oxide/MWCNTs and Cu oxide/MWCNTs, respectively, at 298 K
and ~23 atm. The spillover mechanism due to embedded Co oxide and Cu oxide on
the MWCNTs resulted in the enhancement of storage capacities tenfold for pristine
MWCNTs (0.09 wt%) under the same experimental conditions. Studies from the
literature showed that experimental conditions such as solvent and metal concentra-
tion could play an important role in decorating metal or metal oxide nanoparticles
on MWCNTs for uptake of hydrogen [33–36].

6.2 Methods

6.2.1 Functionalization and Synthesis of Metal Decorated
MWCNTs

The decoration of multi-walled carbon nanotubes (MWCNTs) with metal/metal
oxide nanoparticles is done either by physical mixing through ball milling [37] or
chemical process [38]. In contrast to physical method, the chemical method gives
reproducible results. Surface modification of carbon nanotube by functionalizing
with carboxylic and hydroxyl groups is one of the reported strategies to enhance
doping with metal/metal oxide nanoparticles [39–41]. The schematic diagram shows
the mechanism for the formation of metal decorated MWCNTs (M@f-MWCNTs)
(Fig. 6.3).
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Fig. 6.3 Schematic diagram shows the metal decoration on f-MWCNTs

The raw MWCNTs were placed in a silica crucible and calcined in the furnace at
773–793 K for 2 h followed by treatment with 6.0 M HCl at 368 K for 6 h. Finally,
the MWCNTs were washed several times with deionized water until the pH value
of the solution became neutral followed by drying overnight at 313 K to get the
pristine MWCNT (p-MWCNT). For functionalization of MWCNTs, 0.3 g of the
p-MWCNTs and 150 mL of nitration mixture (1:3 HNO3 and H2SO4) were refluxed
under magnetic stirring for 48 h. The resulting solid was filtered and washed up to
neutral pH, and the sample was dried overnight in vacuum at 313 K. For synthesis
of metal oxide nanoparticle decorated f-MWCNTs, 200 mg of carboxylate function-
alized MWCNTs (f-MWCNTs) and 0.02 mol [7.36 g of Ti(NO3)4·4H2O/8.00 g of
Cr(NO3)3·9H2O/8.08 g of Fe(NO3)3/4.83 g of Cu(NO3)2/5.94 g of Zn(NO3)2·6H2O,
high metal concentration (HMC)] or 0.01 mol [3.67 g of Ti(NO3)4·4H2O/4.00 g of
Cr(NO3)3·9H2O/4.04 g Fe(NO3)3/2.42 g of Cu(NO3)2/2.97 g of Zn(NO3)2·6H2O,
low metal concentrations (LMC)], were taken in a 500 mL round-bottomed flask.
To this, 150 mL distilled water/150 mL distilled water containing 0.5 mL triethyl
amine (TEA)/150mL dimethyl formamide (DMF) wasmixed thoroughly and heated
at 353 K for 6 h (solution pH of aqueous medium was ~7.0 and TEA medium was
~10.0). The resulting solid was washed till the pH was neutral. The sample was dried
overnight in vacuum at 313 K.

The morphology/texture of the obtained compounds p-MWCNTs, f-MWCNT,
and M@f-MWCNTs was examined using FEI Quanta 200 FEG scanning electron
microscope (SEM) and Philips CM200 transmission electron microscope (TEM).
Diffraction patterns were recorded by using PANalytical X’Pert PRO powder X-
ray diffractometer with graphite monochromatic CuKα (λ = 1.5406 Å) radiation
at room temperature. The specific surface area was determined according to the
Brunauer–Emmett–Teller (BET) method using Quantachrome NOVA 1200e.

The high-pressure hydrogen adsorption measurements for the synthesized mate-
rials were conducted on BELSORP-HP (BEL, Japan). Initially, the material was
heated thoroughly under dynamic vacuum at different temperatures for long time
until the outgas rate was stable in the instrument. After activating the material for
long time, the weight of the sample was calculated again and the difference between
the two weights could give an idea for the assessment of evacuation of solvent
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guest molecules from the pores. Then, the material’s hydrogen storage capacity was
measured at different temperatures (253 and 298 K) and pressures up to 70 bar. An
ultra-pure (99.9999%) helium and hydrogen gases were used for the measurements
to get accurate results.

6.2.2 Morphology and Texture

The morphology of the p-MWCNTs, f-MWCNTs, and metal oxide (TiO2, Cr2O3,
Fe2O3, CuO, and ZnO) decorated MWCNTs (M@f-MWCNTs) has been examined
through scanning electron microscopy (SEM) and transmission electron microscopy
(TEM).Themorphologyof p-MWCNTswas examinedbySEMis shown inFig. 6.4a.
Tangled tubes with diameters of 20–40 nm of p-MWCNTs were observed. Further-
more, the morphology of MWCNTs before and after carboxylate functionalization
was also examined through TEM. The TEM image of p-MWCNTs is shown in
Fig. 6.4b. The average diameter of carbon nanotube is 30 nm. Usually, a signifi-
cant decrease in tube length, change in texture, and/or an opened end-cap structure is
observed in functionalized CNT synthesized by chemical oxidationmethods. Careful
examination of TEM images revealed that both morphology and end-cap structure of
carbon nanotubeswith the average diameter ofCNTs about 30 nmwerewell-reserved
in f-MWCNTs after functionalization (Fig. 6.5). As shown in Fig. 6.5, the inner and
outer diameters of MWCNTs were found to be around 7 and 19 nm, respectively.

To identify the optimum conditions required for designing the materials with effi-
cient hydrogen storage properties, a number of chemical reactionswere conducted by
changing the reaction media (water/amine/DMF) and metal concentration for deco-
rating the carboxylate functionalized MWCNTs with TiO2 nanoparticles. As shown
in SEM and TEM images (Fig. 6.6a, b), TiO2 nanoparticles of various sizes, about

Fig. 6.4 a SEM image and b TEM images of p-MWCNTs
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Fig. 6.5 TEM image of f-MWCNTs (encircled: attachment of functional groups on CNT)

50–60 and 10–15 nm, are attached to the outer surface of f-MWCNTs. Elemental
composition of TiO2@f-MWCNTs sample was analyzed through SEM–EDX. As
shown in Fig. 6.6c, the presence ofC,O, andTi elements fromEDXanalysis confirms
the presence of the dopant, titanium oxide nanoparticles (16.0 wt%).

Similarly, the carboxylate functionalizedMWCNTswere decoratedwith nanopar-
ticles of Cr2O3 through the soft chemical approach. To identify the optimum condi-
tions required for designing the materials with efficient hydrogen storage prop-
erties, a number of chemical reactions were conducted by changing the reacting
media and the metal concentration for decorating the carboxylate functionalized
MWCNTs. As shown in TEM and SEM images (Fig. 6.7a, b), nanoparticles of
Cr2O3 about 5–10 nm in size are decorated on the surface of f-MWCNTs. Recently,
Chen group [42] reported that Cr2O3 nanoparticles with size range from 5 to 10 nm
are evenly decorated on the surface of the MWCNTs when synthesized though
hydrothermal/annealed at 180 and 500 °C. EDX analysis of Cr2O3@f-MWCNTs
was shown in Fig. 6.7c. These results showed that the presence of Cr, C, and O
content confirms the formation of Cr2O3 on f-MWCNTs.

For metal decoration on f-MWCNT to produce Fe2O3@f-MWCNTs as well as to
identify the optimum conditions for efficient hydrogen sorption properties, a number
of chemical reactions were conducted like mentioned above. Figure 6.8a, b depicts
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Fig. 6.6 a SEM image, b TEM image, c EDX analysis of TiO2@f-MWCNTs

the SEM and TEM images of Fe2O3@f-MWCNTs. As shown in Fig. 6.8b, 10–
20 nm sized nanoparticles of Fe2O3 are attached on surface of f-MWCNTs. EDX
analysis was also employed to determine the metal content in the synthesized sample
(Fig. 6.8c). Our results showed that the amount of Fe2O3 doped into the MWCNTs
in DMF medium is about 26.83 wt% at higher metal concentration (HMC).

Figure 6.9 depicts the SEM and TEM images of CuO nanoparticle decorated f-
MWCNTs. As shown in Fig. 6.9a, b, CuO nanoparticles were attached on the outer
walls of the MWCNTs. EDX analysis showed that the amount of CuO doped into
the MWCNTs in DMF medium is about 53.95 wt% at HMC (Fig. 6.9c).

Similarly, to identify the optimum conditions required for designing the materials
with efficient hydrogen storage properties, a number of chemical reactions were
conducted by changing the reactionmedia and themetal concentration for decorating
the carboxylate functionalized MWCNTs with ZnO nanoparticles. Figure 6.10a, b
shows SEM and TEM images of ZnO@f-MWCNTs. As shown in Fig. 6.10b, 20–
40 nm sized nanoparticles of ZnO are attached on surface of f-MWCNTs. EDX
analysis shows the elemental composition of C, O, and Zn which confirmed the
presence of the dopant of Zinc oxide nanoparticles (Fig. 6.10c). The present study
reveals that the quantity of Zn doped onMWCNTs at MHCwas about 0.74 wt% and
at MLC was about 0.62 wt%.
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Fig. 6.7 a SEM image, b TEM image, c EDX analysis of Cr2O3@f-MWCNTs

6.2.3 Powder XRD Analysis

Powder X-ray diffraction patterns of p-MWCNTs, TiO2@f-MWCNTs, Cr2O3@f-
MWCNTs, Fe2O3@f-MWCNTs, CuO@f-MWCNTs, and ZnO@f-MWCNTs are
shown in Fig. 6.11. The diffraction peaks at 25.4 and 42.9° correspond to (101)
and (100) planes of graphite (JCPDS No. 01-0646) (Fig. 6.11a). For TiO2 decorated
MWCNTs (Fig. 6.11b), TiO2 exists in two phases namely anatase and rutile. The
peaks at 24.9, 37.5, 47.7, 53.5, 54.9, and 62.5° correspond to (101), (103), (200),
(105), (211), and (204) planes of anatase phase of TiO2 (major) (JCPDS No. 71-
1166). Similarly, the peaks at 27.2 and 35.7 correspond to (110) and (101) planes
of rutile phase of TiO2 (minor) (JCPDS No. 73-1763). The powder XRD pattern of
Cr2O3@f-MWCNTs is shown in Fig. 6.11c. The diffraction peaks at 18.13°, 27.6°,
and 34.2° correspond to (110), (012), and (104) planes of Cr2O3 nanoparticles. The
peaks at 13.3, 21.8, 36.5, 58.3, 60.9, 62.6° correspond to (111), (220), (311), (511),
and (440) planes of iron oxide nanoparticles (Fig. 6.11d). Diffraction peaks at 34.8,
38.1, and 42.6° correspond to (111), (138), and (131) planes of CuO nanoparticles
(Fig. 6.11e). The diffraction peaks at 32.0, 34.7, 36.5, 47.7, 56.8, 63.1, 68.1, and
69.2° correspond to (100), (002), (101), (102), (110), (103), (112), and (201) planes
of ZnO nanoparticles (JCPDS No. 36-1451) (Fig. 6.11f).
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Fig. 6.8 a SEM image, b TEM image, c EDX analysis of Fe2O3@f-MWCNTs

6.2.4 Surface Area

The BET specific surface area of p-MWCNTs, f-MWCNTs, and metal decorated
MWCNTs was determined by N2 absorption measurements at 77 K. The surface
area of MWCNTs may be influenced by various factors such as tube size, impu-
rities, and surface functionalization (Fig. 6.12). The surface area of p-MWCNTs
and f-MWCNTs were 360 and 236 m2/g. This decrease in surface area is due to
blocking of pores by COOH functional groups after surface functionalization of
p-MWCNTs. The surface area was further reduced to 229, 212, and 14 m2/g for
TiO2@f-MWCNTs prepared in water, amine, and DMF, respectively, after metal
decoration on f-MWCNTs. Due to the blocking of pores by metal nanoparticles, the
surface area is further decreased. The surface area of Cr2O3@f-MWCNTs prepared
in water, amine, and DMF is 213, 196, 12 m2/g, respectively. The surface area of
Fe2O3@f-MWCNTs prepared in water, amine and DMF is 201, 206, and 18 m2/g,
respectively. The surface area of CuO@f-MWCNTs prepared in water, amine, and
DMF is 226, 160, and 6 m2/g, respectively. The surface area of ZnO@f-MWCNTs
prepared in water, amine, and DMF is 218, 210, and 17 m2/g, respectively. A low
surface area observed in all cases of metal decorated MWCNTs prepared in DMF
media is due to restriction of N2 access by solvent molecules in the pores of CNTs.
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Fig. 6.9 a SEM image, b TEM image, c EDX analysis of CuO@f-MWCNTs

6.3 Hydrogen Storage Property

The hydrogen sorption/uptake capacity of as synthesized compounds were exam-
ined volumetrically using high-pressure sorption analyzer BELSORP-HP at non-
cryogenic temperatures, i.e., 253 and 298 K. Hydrogen storage capacity of the
p-MWCNTs, f-MWCNTs, and M@f-MWCNTs is presented in Table 6.1.

The hydrogen adsorption capacities of TiO2 decorated MWCNTs along with
pristine and functionalized ones were measured volumetrically at 253 and 298 K
at moderate pressures of 70 bar. As hydrogen adsorption was reversible in all the
samples, the desorption curves have not been shown in Fig. 6.13. The excess sorption
isotherms of all the samples display a linear trend typical formonolayer adsorption on
porous materials. It was observed that the hydrogen adsorption capacities of pristine
and carboxylate functionalized MWCNTs at 253 K and 70 bar pressure are 0.3 and
0.09 wt%, respectively. At 298 K, the hydrogen adsorption capacities of pristine and
COOH-MWCNTs are 0.12 and 0.06wt%, respectively. TiO2@f-MWCNTs prepared
at LMC in water, triethylamine, and DMF adsorbed 0.20, 0.31, and 0.42 wt% of
hydrogen (Fig. 6.13a), whereas TiO2@f-MWCNTs prepared at HMC adsorb 0.67,
0.87, and 1.35 wt% (Fig. 6.13b), respectively, at 253 K. This result indicates that the
hydrogen sorption properties drastically increase on increasing the TiO2 nanoparticle
content on the surface of f-MWCNTs. Under the LMC, a linear trendwas observed in
all the samples. Type III isotherm was observed for the TiO2@f-MWCNTs prepared
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Fig. 6.10 a SEM image, b TEM image, c EDX analysis of ZnO@f-MWCNTs

at LMC in water and DMF due to multilayer formation. Figure 6.13c shows that the
hydrogen adsorption isotherms recorded at 298 K for TiO2@f-MWCNTs prepared
at LMC in water, triethylamine, and DMF indicated 0.13, 0.17, 0.22 wt% adsorption.
Similarly, TiO2@f-MWCNTs prepared at HMC under the aforementioned reaction
conditions adsorbed 0.31, 0.46, and 0.50 wt% of hydrogen (Fig. 6.13d).

The hydrogen adsorption capacities of Cr2O3@f-MWCNTs along with pris-
tine and functionalized ones (p-MWCNTs, f-MWCNTs) were measured volumet-
rically at 253 and 298 K at moderate pressures of 70 bar. Hydrogen excess sorp-
tion isotherms for Cr2O3@f-MWCNTs prepared at different metal concentrations
(high metal concentration (HMC) and low metal concentration (LMC)) in three
different solvents, i.e., water, triethyl amine (TEA), and DMF. Cr2O3@f-MWCNTs
prepared at (LMC) inwater, triethyl amine, andDMFat 253K adsorbs 0.18, 0.20, and
0.31 wt% of hydrogen (Fig. 6.14a) whereas Cr2O3@f-MWCNTs prepared at (HMC)
adsorb 0.31, 0.46, and 0.52 wt% (Fig. 6.14b) of hydrogen, respectively. Figure 6.14c
shows that the hydrogen adsorption isotherms recorded for Cr2O3@f-MWCNTs
prepared at (LMC) in water, triethyl amine, and DMF at 298 K indicated 0.13, 0.16,
and 0.17 wt% adsorption. Similarly, Cr2O3@f-MWCNTs prepared at (HMC) in the
above-mentioned reaction conditions adsorbed 0.22, 0.31, and 0.45wt% of hydrogen
(Fig. 6.14d).

The hydrogen storage capacity of Fe2O3@f-MWCNTs prepared in water, triethyl
amine (TEA), and DMF, at low metal concentration (LMC) was 0.14, 0.18, and
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Fig. 6.11 Powder XRD patterns of a f-MWCNTs, b TiO2@f-MWCNTs, c Cr2O3@f-MWCNTs,
d Fe2O3@f-MWCNTs, e CuO@f-MWCNTs, f ZnO@f-MWCNTs

Fig. 6.12 Surface area of p-MWCNTs, f-MWCNTs, and M@f-MWCNTs
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Table 6.1 Hydrogen storage capacity of metal decorated MWCNTs

Sample H2 storage at 253 K and 70 bar
(wt%)

H2 storage at 253 K and 70 bar
(wt%)

Medium of sample prepared Medium of sample prepared

Water Amine DMF Water Amine DMF

Mg@f-MWCNTs 0.14a

0.3b
0.25a

0.55b
0.5a

0.67b
0.12a

0.18b
0.17a

0.3b
0.2a

0.45b

TiO2@f-MWCNTs 0.20a

0.67b
0.31a

0.87b
0.42a

1.35b
0.13a

0.31b
0.17a

0.46b
0.22a

0.50b

Cr2O3@f-MWCNTs 0.18a

0.31b
0.20a

0.46b
0.31a

0.52b
0.13a

0.22b
0.16a

0.31b
0.17a

0.45b

Fe2O3@f-MWCNTs 0.14a

0.31b
0.18a

0.50b
0.21a

0.55b
0.13a

0.25b
0.14a

0.31b
0.18a

0.39b

CuO@f-MWCNTs 0.17a

0.39b
0.21a

0.50b
0.39a

0.68b
0.13a

0.31b
0.18a

0.46b
0.31a

0.50b

ZnO@f-MWCNTs 0.17a

0.47b
0.19a

0.51b
0.31a

0.87b
0.12a

0.31b
0.17a

0.50b
0.22a

0.67b

aLMC—Low metal concentration
bHMC—High metal concentration

Fig. 6.13 Hydrogen uptake capacities of p-MWCNTs, f-MWCNTs, TiO2@f-MWCNTs (a) at
253 K and LMC (b) at 253 K and HMC (c) at 298 K and LMC (d) at 298 K and HMC
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Fig. 6.14 Hydrogen uptake capacities of p-MWCNTs, f-MWCNTs, Cr2O3@f-MWCNTs (a) at
253 K and LMC (b) at 253 K and HMC (c) at 298 K and LMC (d) at 298 K and HMC (Reproduced
with permission from Indian Chemical Society)

0.21 wt%, respectively, at 253 K (Fig. 6.15a), whereas that of prepared at higher
metal concentration (HMC) as shown in Fig. 6.15b was 0.31, 0.50, and 0.55 wt%,
respectively, at the same temperature, i.e., at 253 K. It was observed that the storage
capacity doubled on decorating the surface of CNTs with more iron oxide nano-
material. The hydrogen storage capacity of Fe2O3@f-MWCNTs prepared in water,
triethyl amine (TEA), and DMF at low metal concentration (LMC) were 0.13, 0.14,
and 0.18 wt%, respectively, at 298 K (Fig. 6.15c). The three materials prepared at
high metal concentration (HMC) adsorbed 0.25, 0.31, and 0.39 wt%, respectively,
at similar temperature (Fig. 6.15d).

The hydrogen adsorption isotherms of CuO@f-MWCNTs, prepared in water,
triethylamine, and DMF, recorded at 253 and 298 K at different metal concentra-
tions (LMC and HMC) are examined. The p-MWCNTs, f-MWCNTs, and CuO@f-
MWCNTs prepared water, triethyl amine, and DMF media at LMC adsorbed 0.17,
0.21, and 0.39 wt% of hydrogen (Fig. 6.16a) whereas that prepared at HMC
adsorbed 0.39, 0.5, and 0.68 wt% of hydrogen, respectively, at 253 K (Fig. 6.16b).
The hydrogen adsorption isotherms of CuO@f-MWCNTs, prepared in the above-
mentioned three media, i.e., water, triethyl amine, and DMF, recorded at 298 K are
shown in Fig. 6.16c, d. CuO@f-MWCNTs prepared at MLC showed 0.13, 0.18,
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Fig. 6.15 Hydrogen uptake capacities of p-MWCNTs, f-MWCNTs, Fe2O3@f-MWCNTs (a) at
253 K and LMC (b) at 253 K and HMC (c) at 298 K and LMC (d) at 298 K and HMC (Reproduced
with permission from Elsevier)

and 0.31 wt% of hydrogen adsorption, respectively, whereas that prepared at HMC
exhibited 0.31, 0.46, and 0.50 wt% of hydrogen adsorption, respectively, at 298 K.
The linear isotherm in most of the reactions confirms the monolayer adsorption.

ZnO@f-MWCNTs prepared at LMC in water, triethylamine, and DMF adsorb
0.17, 0.19, and 0.31 wt% of hydrogen (Fig. 6.17a), whereas ZnO@f-MWCNTs
prepared at HMC adsorb 0.47, 0.51, and 0.87 wt% (Fig. 6.17b), respectively, at
253 K. This result indicates that the hydrogen sorption properties drastically increase
on increasing the ZnO nanoparticle content on the surface of f-MWCNTs. Under the
LMC, a linear trend was observed in all the samples. Type III isotherm was observed
for the ZnO@f-MWCNTs prepared at LMC in water and DMF due to multilayer
formation. Figure 6.17c shows that the hydrogen adsorption isotherms recorded at
298 K for ZnO@f-MWCNTs prepared at LMC in water, triethylamine, and DMF
indicated 0.12, 0.17, 0.22 wt% adsorption. Similarly, ZnO@f-MWCNTs prepared
at HMC under the aforementioned reaction conditions adsorbed 0.31, 0.50, and
0.67 wt% of hydrogen (Fig. 6.17d). One of the reaction media, DMF, a polar aprotic
solvent plays an important role in uniform loading and decoration of ZnO nanopar-
ticles on the surface of MWCNTs. Due to this reason, high storage of hydrogen
was observed in the case of ZnO@f-MWCNTs prepared in DMF solvent. Also, the
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Fig. 6.16 Hydrogen uptake capacities of p-MWCNTs, f-MWCNTs, CuO@f-MWCNTs (a) at
253 K and LMC (b) at 253 K and HMC (c) at 298 K and LMC (d) at 298 K and HMC (Reproduced
with permission from Elsevier)

adsorption capacity significantly increased at 253 K as compared to that observed at
298 K.

6.3.1 Hydrogen Storage Via Spillover Mechanism

Spillover is an important mechanism to identify the hydrogen adsorption on surface
of adsorbents (Fig. 6.18). According to this mechanism, molecular hydrogen adsorbs
initially on metal and dissociates later as atomic hydrogen which subsequently
migrates to spillover receptor, CNT and enhances the hydrogen storage. The binding
energy is the key parameter for ideal adsorption of hydrogen. The essential binding
energy for effective hydrogen storage lies between 0.2 and 0.4 eV. In this study, the
binding energy calculated for the release of hydrogen was between 0.42 and 0.56 eV.
Thus, the hydrogen is attached to the adsorbent by in weak chemical binding rather
than chemisorption binding, which requires a larger binding energy (1–10 eV) [43,
44].
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Fig. 6.17 Hydrogen uptake capacities of p-MWCNTs, f-MWCNTs, and ZnO@f-MWCNTs (a) at
253 K and LMC (b) at 253 K and HMC (c) at 298 K and LMC (d) at 298 K and HMC (Reproduced
with permission from Royal Society of Chemistry)

6.3.2 Cyclic Performance of Adsorption/Desorption
of Hydrogen

Cyclic adsorption/desorption performance of hydrogen is the key to evaluate the
stability and reusability of material for onboard vehicle applications [26, 45, 46]. So,
the selected materials have been examined for multi-cycle test to study the stability
and reusability. Every cycle starts with the full evacuation of the chamber to remove
the remaining hydrogen. Multi-cycles of adsorption/desorption of hydrogen on the
surface of the copper nanoparticle decorated MWCNTs (CuO@f-MWCNTs) which
are prepared in DMFmedia have been examined at 298K. The adsorption/desorption
isotherm is stabilized after 5 cycle measurements and loss in hydrogen storage
capacity of about 2.0% was noticed (Fig. 6.19).

Similarly, multi-cycles of adsorption/desorption of hydrogen on the surface of
the ZnO nanoparticle decorated MWCNTs (ZnO@f-MWCNTs) which are prepared
in triethyl amine media were also examined at 298 K. As shown in Fig. 6.20, the
adsorption and desorption isotherm is stabilized after 5 cycle measurements and loss
in hydrogen storage capacity of about 6.0%was noticed [36]. So, CuO@f-MWCNTs
and ZnO@f-MWCNTs display stable adsorption/desorption of hydrogen.
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Fig. 6.18 Spillover mechanism of hydrogen storage

Fig. 6.19 Cyclic life performance of CuO@f-MWCNTs at 298 K
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Fig. 6.20 Cyclic life performance of ZnO@f-MWCNTs at 298 K. (Reproduced with permission
from Royal Society of Chemistry)

6.4 Conclusions

In conclusion, a substance-based hydrogen storage system usingMWCNTs has been
investigated. Among carbon materials, carbon nanotubes (SWCNTs andMWCNTs)
are actually one of the most promising components for hydrogen storage because
of their cage-like structure, high surface area, substantial pore volume, chemical
steadiness, and ease of synthesis. The morphology of the synthesized samples was
examined using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). One of the biggest issues is usually to fill the cylindrical struc-
ture of CNTs with metals and gases. To acquire the substantial volumetric and
gravimetric densities as well as better binding of H2 to CNTs, many studies had
been conducted to design effective methods for surface functionalization of CNTs
using organic functional groups like carboxyl or hydroxyl to augment porosity and
volume of defect. Among the strategies for bettering, the hydrogen storage useful-
ness of CNTs is decoration with metal nanoparticles, which will strengthen the
hydrogen–base interaction and facilitates the H2 spill to CNTs. The hydrogen storage
measurements were conducted at different temperatures and pressures. The deco-
rated metal/metal oxide decoration of nanoparticles is said to raise hydrogen storage
capacity through spillover mechanism. Metal nanoparticles on CNTs dissociate the
molecular hydrogen and spill it over to CNTs. In this direction, the hydrogen storage
capacity of TiO2, Cr2O3, Fe2O3, CuO, and ZnO decorated MWCNTs was examined
under different experimental conditions such as variable metal concentrations (low
metal concentration and highmetal concentration) and solvents (water, triethylamine,
and DMF) at non-cryogenic temperatures and moderate pressures.
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