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1 | INTRODUCTION
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Abstract

It is well known that three challenges of hydrogen economy, that is, production,
storage, and transportation or application put tremendous stress on scientific com-
munity for the past several decades. Based on several investigations, reported in lit-
erature, it is observed that the storage of hydrogen in solid form is more suitable
option to overcome the challenges like its storage and transportation. In this form,
hydrogen can be stored by absorption (metal hydrides and complex hydrides) and
adsorption (carbon materials). Compared to absorption, adsorption of hydrogen on
carbon materials is observed to be more favorable in terms of storage capacity.
Taking in to account of these facts, in this short review, an overview on hydrogen
adsorption on activated carbon and different allotropes of carbon like graphite, car-
bon nanotubes, and carbon nanofibers is presented. Synthesis processes of all the
carbon materials are discussed in brief along with their hydrogen storage capacities
at different operating conditions, and thermodynamic properties and reaction kinet-
ics. In addition, different methods to improve hydrogen storage capacities of car-
bon materials are presented in detail. Finally, comparison is made between
different carbon materials to estimate the amount of hydrogen that can be stored
and retract practically. The experimentally measured maximum hydrogen storage
capacity of activate carbon, graphite, single-walled nanotubes, multiwalled nan-
otubes, and carbon nanofibers at room temperature are 5.5 wt%, 4.48 wt%, 4.5 wt
%, 6.3 wt%, and 6.5 wt%, respectively.
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gravimetric energy density with zero emissions and regener-
ative nature, it serves as a clean energy carrier, thereby being

Energy is one of the major inputs for the economic develop-
ment of any country. On one side, World’s requirements are
increasing due to the growing population and changes in liv-
ing styles, and on the other side, the natural resources are
depleting at an alarming rate together with environmental
issues. In fact, the environmental destruction brought about
by the consumption of fossil fuels has led to a hike in the
demand for clean and sustainable energy. In such a scenario,
hydrogen as a fuel comes into the picture to fulfill the energy
requirements. Due to the ability of hydrogen to carry high

eco-friendly also.

From a futuristic perspective, hydrogen is predicted to be
an efficient alternative fuel that can be utilized widely in dif-
ferent sectors. However, the production of hydrogen is not
conveniently obtainable; also, the hydrogen technology suf-
fers the major challenge of its storage and transportation.
Hydrogen can be stored in three ways: compressed gas, as a
cryogenic liquid, and as solid-state storage.' In the first way,
a large storage tank is required coupled with the availability
of highly pressurized gas, thereby requiring high compression
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TABLE 1 Hydrogen storage capacities of different hydrogen storage materials
Storage method Materials Storage capacity; p,, (Wt%) Pey, T
Compressed gas Energy for compression: ~4 kcal mol™! 13 140 bar, 298 K
Cryogenic liquid Energy for liquefaction: ~7 kcal mol ™" Size dependent 1 bar, 21 K
(eg, =5 wt% for a can tank)
Adsorption Activated carbon 5.5 80 bar, 298 K
Graphite 448 100 bar, 298 K
SWCNT 4.5 4 bar, 298 K
MWCNT 6.3 148 bar, 298 K
CNF 6.5 120 bar, 300 K
Absorption AB; type: LaNis 1.37 2 bar, 298 K
AB; type: ZrMn, 1.77 0.001 bar, 298 K
A,B type: Mg,Ni 3.59 1 bar, 555 K
AB type: FeTi 1.89 5 bar, 303 K
NaAl 5.6 493 K
LiAl 7.9 453 K

Abbreviations: CNF, carbon nanofiber; MWCNT, multi walled carbon nanotubes; SWCNT, single walled carbon nanotubes.

energy as hydrogen gas occupies large volume. In the second
method, as a cryogenic liquid, it requires a high financial
investment and the process always consists of various losses
like boiling off during refilling, and so on. Therefore, eco-
nomical and safety aspect of hydrogen storage brought the

interest of several researchers toward its solid-state storage
through adsorption and/or absorption on materials/alloys.
Storage of hydrogen in solid form is considered as safest
mode in which hydrogen combines with materials through
physisorption or chemisorption. The solid-state hydrogen
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storage options through absorption are metal hydrides and
complex hydrides. Absorption of hydrogen was first discov-
ered on palladium resulting in storage of large amount of
hydrogen at ambient conditions. Later, several intermetallic
compounds were tested for possible hydrogen storage appli-
cations. The possible metal hydride types are ABs (eg,
LaNis), AB, (eg, ZrMn5,), A,B (eg, Mg,Ni), and AB (TiFe),
as shown in Table 1 and Figure 1, possess high volumetric
hydrogen density compared to compressed gas and cryo-
genic liquid hydrogen options. Here, the reversibility of
hydrogen sorption is good enough which allows adequate
recovery of hydrogen. Desorption of hydrogen from metal
hydride takes place by supplying heat that avoids the safety
concern of leakage. Another absorption option is hydrogen
storage in complex metal hydrides like alanates and borates
of lithium, sodium, and potassium. Complex hydrides have
high hydrogen storage capacity compared to metal hydrides.
Complex hydrides have low thermal conductivity and high
heat of reaction, and are partially reversible. Hydrogen can
also be stored in solid form through physisorption in differ-
ent carbon materials. These carbon materials possess high
hydrogen storage capacity due to porous microstructure with
high specific surface area (SSA) and low mass density.'?
Table 1 and Figure 1 show the experimentally measured
hydrogen storage capacities of all solid-state hydrogen stor-
age options at near ambient conditions. In spite of the fact
that significant amount of hydrogen may be obtained from
metal hydrides,” the interaction between hydrogen molecules
and metal hydrides usually entails a chemisorption mecha-
nism, consequently resulting in huge enthalpies. This brings
about a drawback since such a high temperature of materials
resulting from reaction enthalpy hinders reversibility by
preventing desorption.” During interaction through
physisorption,®” the energy evolved is significantly lower
since the interaction between hydrogen molecules and the
surface of the storage material is considerably weaker as
compared to chemisorption. Thus, it becomes evident that
the economy of hydrogen in future highly relies upon the
discovery of an efficient, cost effective storage technology
for various applications.

A range of carbon nanostructures like activated carbon
(AC), carbon nanotubes (CNTs), activated carbon fibers,
carbon nanofibers (CNFs), and carbon nanohorns are exam-
ined in the literature to identify their hydrogen storage
capacity. Hydrogen can be stored in these materials through
physisorption and/or chemisorption. Adsorption of hydrogen
on carbon materials depends on its pore size, that is, micro-
pores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm). The capacity of physisorption-based hydrogen
storage can be calculated as the sum of adsorption on solid
surface and compression on slit pores. Adsorption of hydro-
gen occurs in micropores where the density of hydrogen-
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adsorbed phase is higher than that of unadsorbed gaseous
phase at above critical point. The hydrogen storage capacity
of adsorbent material can be decided by micropore SSA.

Schimmel et al.® revealed that for any carbon material, the
hydrogen to material bond is not strong, and low adsorption
energy ruled out the possibility that the hydrogen adsorbs in
the narrow interstitial channels between the nanotubes. This
means higher the available surface area, higher will be the
storage capacity like in case of ACs. Panella et al.” concluded
that hydrogen adsorption linearly depends on the SSA,
irrespective of operating temperature and type of carbon mate-
rial. Agarwal et al.'® also reported that the storage capacity
increases with SSA with some surface modification. Noh
et al.'! revealed that the surface modification by oxygen treat-
ment gives rise to surface acidity, which increases hydrogen
storage capacity whereas it does not affect SSA.

Poirier et al.'* reported that treated single-walled nan-
otubes (SWNTSs) exceed the maximum storage capacity of
AC with large surface area. However, it is also mentioned
that variation in hydrogen adsorption is almost linear with
SSA of carbon material. Wei et al.'® have studied the effects
of microstructures of plain and chemically treated coconut-
shell-based ACs on hydrogen storage capacity and the
results again indicate that the storage capacity mainly
depends on SSA irrespective of chemical treatment. On the
other hand, Nijkamp et al.'* experimentally examined differ-
ent carbon materials for their hydrogen storage capabilities.
It was reported that high hydrogen storage through phy-
sisorption could be obtained with the materials having a
large volume of micropores with suitable diameter. Also, the
intrinsic interaction of AC with hydrogen molecules was
observed slightly stronger compared to other materials. It is
also reported that US Department of Energy (US DOE) tar-
get can be achieved with AC at higher pressure and by tun-
ing the pore diameter.

Materials such as CNTs,”>'7  ACs,'%"
graphene,”! and metal organic frameworks,”* through physi-
cal and chemical treatments, can be optimized for higher
hydrogen storage capacities. A variety of results indicating a
diverse storage capacity estimate have been recorded, but the
values obtained in certain cases did not hit the required bench-
mark. This review can help in identifying the best-suited car-

.2
zeolites, 0

bon materials for hydrogen storage applications. Based on the
hydrogen storage capacities, materials can be chosen for future
on-board applications. In addition, the different synthesis pro-
cedures for different carbon materials are presented that can be
opted for reproduction. In order to meet ultimate full fleet
(UFF; DOE target) on-board hydrogen storage capacity, car-
bon materials need to be processed using catalysts. Here,
authors have presented, in detail, different methods (ie, doping,
decoration, etc) to improve the hydrogen storage capacity of
different carbon materials.
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2 | MECHANISM OF HYDROGEN
ADSORPTION

2.1 | Physisorption

The phenomenon is based on the van der Waals interaction
between carbon materials and hydrogen molecules. The
interaction energy between solid material and hydrogen mol-
ecules can be estimated by

E= aH, a;l;bstrate

where a is the polarizability and R is the interaction
distance.

Here, the polarizability of hydrogen is fixed; therefore,
the only way to increase the interaction energy is the selec-
tion of high polarizable materials. Average interaction
energy ranges from 4 to 5 kJ mol™' that shows a weak inter-
action between hydrogen molecules and carbon materials.
As a result, increasing temperature can desorb hydrogen
consequently less storage capacity can be observed at higher
temperatures.

It is assumed that the minimum surface area required for the
adsorption of 1 mol of hydrogen may be 85.917 m* mol™". Also,
maximum hydrogen storage capacity of 3 wt% was reported for
graphite based on the surface area of 1315 m® mol™" of a single
graphene sheet. In this way, the theoretical hydrogen storage
capacity (wt%) of a carbon material can be calculated by multi-
plication of SSA with 2.27 x 107>.** Based on this approxima-
tion, a SSA of around 3300 m* g~ will be needed to achieve the
UFF US Department of Energy (US DOE) target of 7.5 wt%.

2.2 | Chemisorption

Every carbon atom can be utilized as interaction site for
chemisorption, if the covalent chemical bonding between
carbon atoms is effectively used. According to first principle
calculation, it is reported that on CNTs, a dissociative chem-
isorption of hydrogen is feasible on carbon materials. At
high pressure, the hydrogen molecules break into atoms
facilitating the formation of two C—H bonds that result in
shortening of distance between two adjacent tubes which
leads in dissociative adsorption of hydrogen. Here, also,
desorption takes place at higher temperatures and is not very
useful for practical hydrogen storage.

In 2006, Li et al.*> have suggested that adsorption of
hydrogen in carbon materials occurs with two different
mechanisms. In first mechanism, hydrogen molecules get
adsorbed on the surface of carbon materials. As per the sec-
ond mechanism, hydrogen molecules penetrate into inter-
layer space. The study showed that the higher hydrogen
adsorption occurs through first mechanism where the SSA

plays very important role, which concluded that high hydro-
gen storage capacity could be achieved by high surface area.

2.3 | Adsorption energy

The adsorption and desorption of hydrogen on carbon materials
depends on adsorption energy. Low adsorption energy depicts
the weaker interaction between hydrogen and carbon, which
allows desorption of hydrogen at lower temperature. Therefore,
adsorption of hydrogen at ambient temperature could occur
only at high pressure. Contrary, higher adsorption energy
reflects in high hydrogen storage capacity but it could not eas-
ily be desorbed. In that case, the materials should be synthesize
in such a way that it should adsorb more hydrogen but at the
time of desorption, the interaction energy can be reduced. Acti-
vation energy also describes the reaction kinetics of sorption
materials. During adsorption, the activation energy is zero but
during desorption, significant barrier needs to overcome. The
recommended binding energy favorable at room temperature
lies between 10 and 50 kJ mol~"'. This binding energy can be
reached by enhanced physisorption, Kubas binding, and Spill-
over. The detail about these processes is available elsewhere.**

3 | HYDROGEN STORAGE IN
CARBON MATERIALS

Construction and development of new storage systems that
are characterized for higher capacities, light weight, and
higher stability have always been the objectives of a variety
of technological initiatives, especially in the domain of por-
table electronics and moving vehicles. It has therefore
become apparent that a safe, efficient and economical stor-
age system is imperative for the utilization of hydrogen as a
clean energy carrier in future. In terms of safety, the use of
metal hydrides possesses the upper hand, but fails for most
materials when the total weight of the tank system is taken
into consideration. Such a disadvantage could be averted
through using carbon materials due to its low atomic weight
and microporous nature that adsorbs the undissociated
hydrogen molecules by van der Waal’s forces at its surface.
In the following subsections, synthesis, hydrogen storage
capacities, and methods to improve hydrogen storage capac-
ity of various forms of carbon materials suitable for hydro-
gen storage such as AC, graphite, fullerene, CNTs, and
CNFs are discussed in detail.

3.1 | Activated carbon

Activated carbon is a form of processed carbon comprising
graphite crystallites and amorphous carbon, and normally of
<1 nm pore diameter possessing a SSA of 3000 m* g~ ' It
can be produced from carbonaceous material through dry
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distillation whose pore volume can be increased by thermal
or chemical activation. The hydrogen adsorption on these
materials depends strongly on SSA and pore volume. The
experimentally measured hydrogen storage capacity also
depends on the material employed (doping, etc), which
ranges between 0.5 and 5 wt%.**

It should be indicated that AC is obtained through chemi-
cal and physical activation processes of natural materials like
wood, coal, peat, and so on. This adsorbs organic materials
and nonpolar compounds from gas or liquid streams.
Through the deposition of carbon sources, materials that
possess various pore-size distributions can also be narrowed
down in terms of pore size.’® It was noted that, like other
carbon materials, ACs possess low mass density and a high
surface area. Weak van der Waal’s forces enable the phy-
sisorption of hydrogen molecules as they get adsorbed and
diffuse into the pores of the ACs.*’

An analysis of the experimental and theoretical research
conducted over the recent years on hydrogen storage capac-
ity of AC reveals the following results:

e Hirscher and Panella®® have tested AC having SSA of
2560 m* g~' for hydrogen adsorption at room tempera-
ture and 77.4 K. The experimentally measured maximum
hydrogen storage capacity was reported as 4.5 wt% at
temperature of 77.4 K with high adsorption kinetics and
reversibility. High SSA and micropore density of the
material are responsible for high hydrogen storage capac-
ity at low temperature, which can be used for cryogenic
storage system in long-term satellite mission.

e Casa Lillo et al.* have tested different AC samples like
CF, ACFC26, ACFC50, A20, KUA1, AC35, and AX21
to identify their hydrogen storage capacity. The maximum
mean pore size of 1.54 nm for AC35 and minimum mean
pore size of 0.41 nm CF were reported. Whereas the max-
imum hydrogen storage capacity was reported for KUA1
as 45.5 kg m™ with a mean pore size of 0.66 nm. The
results conclude the existence of an optimum pore size
for hydrogen storage in porous materials.

e A mathematical model has been developed by Bénard
and Chahine®® to calculate the net hydrogen storage
capacity by carbon materials over a wide temperature and
pressure range. It has been shown that hydrogen adsorp-
tion in AC is more efficient than compressed gas at cryo-
genic temperature.

e Adsorption of supercritical hydrogen systematically on
AC in the temperature range of 93 to 293 K using special
cryostat at 20 K intervals and a pressure range of O to
7 MPa was measured by Zhan et al..*" It possesses a spe-
cific area of 3886 m*> g~' and a micropore volume of
1.8mL g\
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e A volumetric method-based experimental facility was fab-
ricated by Kiyobayashi et al.*® to study the hydrogen
adsorption and desorption on AC. Significant hydrogen
storage capacity was not obtained in this study but con-
cluded that the volumetric method-based experimental
setup can used for sorption characterization of any carbon
material with good accuracy.

3.1.1 | Synthesis of AC

Through Chinese anthracite

Activated carbon can be synthesis through Chinese anthra-
cite from Taisi mine having an average particle size ranging
from 100 to 200 mm.>® In the preparation of AC, the anthra-
cite powder, according to weight ratio, was physically mixed
with potassium hydroxide (KOH) then heat treated in a hori-
zontal furnace. Then, the mixture was added to a nickel cru-
cible at a fixed heating rate of 3 K min™" under a stream of
nitrogen till the activation temperature (973-1073 K). There-
after, the mixture is maintained at that state for 1 hour and
then allowed to cool down to room temperature under nitro-
gen flow. >

Through litchi-trunk

Through KOH activation, litchi-trunk-based ACs with high
porosity were synthesized by Tseng et al.>® They have
observed that with increase in KOH to char mass ratio, the
SSA and micropore volume of ACs were enhanced. Further-
more, it was noted that the porosity of ACs was enhanced
under activation condition with CO, rather than that of N».
The maximum porosity was reported as 3400 m* g~' of
SSA and 1.46 cm® g™' of micropore volume. Also, the SSA
and micropore volume were reported as 2513 m* g~ and
093 cm® g' for AX-21, and it was reported as
3178 m* g~ and 1.20 cm® g™ for Maxsorb, respectively.’’

Through bituminous coal

Hsu and Teng38 have used chemical reagents like ZnCl,,
H;PO,4, and KOH for the preparation of ACs from bitumi-
nous coal. The activation process comprised impregnation of
reagents followed by carbonization in nitrogen at various
temperatures. The activation was carried out in a 250-mL
glass flask by mixing 1 g of unprocessed coal with a solution
of 50 g water and 4.25 g chemical reagent. The complete
solution in a flask was kept in a thermostatic bath at desired
temperature of 85°C for 3 hours. Thereafter, it was dried at
vacuum for 24 hours at 110°C. Then, the resultant samples
obtained were carbonized by heating the samples at a rate of
30°C min™" from room temperature to required carboniza-
tion temperatures range of 400°C to 900°C for 1 hour before
cooling under N,. Cooled and ZnCl, or KOH-treated
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product was then washed with 250 mL of 0.5 N HCI solu-
tion at 85°C for 30 minutes followed by filtration of mix-
ture. It is then leached by mixing with 250 mL water at
85°C until the pH value of mixture was more than 6. After
dying at 110°C for 30 minutes, the AC will be produced.

Through chitosan

Wrobel et al.** prepared chitosan-based AC by carbonizing
chitosan in furnace and activated by KOH per char at wt/wt
ratios from 1 to 4. After activation, chloride ions were
removed by washing repetitively with 5% HCI and distilled
water thereafter dried at 110°C for 12 hours. The measured
hydrogen storage capacity at atmospheric pressure and 77 K
was 2.95 wt%. It was reported that this value is higher than
that of commercial ACs, MOF-based ACs, ACs prepared
from mesophase pitch, biomass-based ACs, and AC fibers
but it is less than hemp stem-based super ACs.

Through tamarind seeds

Tamarind seeds are used as precursor, and carbonization is
done with thermal treatment and microwave. The carbonized
seeds are crushed by hands using rock crusher. The impuri-
ties were removed by Iso-Propanol at 80°C. To improve sur-
face area, sample is activated chemically using KOH in the
ratio of 1:3. The slurry obtained was stirred continuously for
16 hours at room temperature; after that for 1 hour under
nitrogen atmosphere, it is heated to desired activation tem-
perature of 700°C in an alumina crucible. The surface area
1785 m* gm™!
0.94 cm® g~'. The maximum hydrogen storage capacity of
these ACs from tamarind seeds at room temperature and
4.0 MPa was reported as 4.73 wt%.*°

obtained was micropore volume of

Through corncob

In this method, the used corncobs are taken from one north-
east region of China. The corncobs are dried enough at
397 K, and then grounded to form powders with particle size
of 380 to 830 pm. The obtained powder sample is placed in
furnace with nitrogen flow for heating up to 673 K with
temperature increment of 3 K min™'. After that carbonized
powder is further ball-milled to obtain small particles range
of 25 pm. The KOH solution is used and the impregnated
mixture is placed in furnace for activation of sample with

nitrogen flow rate of 2.5 L min~'.

The final product
obtained was maintained for pH value of 7.0 using deionized
water. This AC sample shows BET surface area of
3708 m* g~" and pore volume of 2.0 cm® g~". The measured
capacity was 3.21 wt% at 1 bar and 77 K, and 5.80 wt% at

about 40 bar and 77 K.*!

Through rice husk

The carbon precursor used for this process is rice husks
grown in Goheung, South Jeolla. The impurities of the raw
material were removed by washing with distilled water and
then kept for 24 hours at 80°C to remove the moisture. AC
derived from rice husks using chemical activation with KOH
is again placed in a furnace for 24 hours at 80°C after that
alumina boat furnace with 200 mL min~" nitrogen flow rate
is used to reach the temperature up to 900°C with heating
rate of 2°C min~'. The maximum storage capacity for KOH
ratio 1 sample is 2.85 wt% at 77 K and 1 bar.*?

Through empty fruit bunch

The empty fruit bunches obtained from Malaysia Palm Oil
Board are used to obtain AC. Carbonization of sample is
done after drying it in tube furnace where the heating rate of
10°C min~" is followed to achieve the temperature of 500°C
for 80 minutes. This heating is done in inert condition to
prevent from oxidation of sample by using nitrogen gas at
1.5 L min~". Activation of sample is done with CO, at
900°C for 15 minutes. AC produced from empty fruit bunch
is having total surface areas 305 to 687 m® g™, and the
hydrogen storage capacity was reported as 2.14 wt% at
20 bar.*’

3.1.2 | Hydrogen storage capacity of AC

Activated carbon is inexpensive and has good availability
for industrial purposes; due to this reason, it receives interest
of several researchers**° for hydrogen storage application.
The potential for storage in this form of carbon is determined
by the microstructure of the material. Langmuir adsorption
isotherm represents the hydrogen storage mechanism
through physisorption. Table 2 shows the experimentally
and theoretically measured hydrogen storage capacity values
of pure and doped/treated AC reported in different studies. It
can be seen from Table 2 that different hydrogen storage
capacities are reported even at similar operating conditions.
Also, the storage capacity can be increased through chemical
treatment and doping. Unfortunately, none of the observa-
tions meets DOE target.

The ability of hydrogen adsorption on AC was first
investigated in early 1980s at low temperatures. Chahine
and Bose®' experimentally measured the storage capacity of
2 wt% at ambient temperature on AX21 activated carbon,
which was synthesized by chemical treatment of coke. Zhou
et al.>* showed that the powder form of AX-21 activated car-
bon having SSA of ~3000 m* gives better performance over
its pallet form and 10.8 wt% of gravimetric capacity is
expected at 77 K and 6 MPa. It is reported by Rzepka et al.>
that AC possess higher hydrogen adsorption compared to
CNTs at almost same operating conditions. Also, they have
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TABLE 2  Experimentally measured hydrogen storage capacity of activated carbon

Adsorbent Hydrogen storage (wt%)
AC 0.67

AC 1.4

AC 1.6

AC 4.5

AC 5.7

AC (KOH-treated) 6.6

AC (Ni-doped) 1.8

AC (Pt-doped) 23

AC (Pd-doped) 5.5

Abbreviation: AC, activated carbon.

reported the gravimetric capacity of 5.5 wt% at 77 K and
low pressures. It is reported by Benard and Chahine®® that
hydrogen adsorption decreases with increase in operating
temperature for AX-21 and the results from Ono-Kondo
model show good agreement with experimental results at
lower temperatures. Experimental studies from Xu et al.*’
report that the maximum hydrogen storage capacity of super
AC (Maxsorb) is 0.67 wt% at 303 K whereas its storage
capacity increased significantly to 5.7 wt% at 77 K and
3 MPa pressure. Finally, concluded that the hydrogen stor-
age capacity of carbon materials (AC, carbon nanohorns,
CNTs, and graphite CNFs) proportional to SSA and volumes
of micropores. Also, the narrow micropores are preferred for
hydrogen adsorption through physisorption indicating that
the DOE target cannot be achieved through physisorption
even at 77 K. On the other hand, Zhou et al.>? concluded
that among all physisorption-based hydrogen adsorption
materials, AC possesses higher hydrogen storage capacity
within 77 to 300 K.

The majority of experiments have demonstrated that the
hydrogen adsorption of 2.5 wt%>*>
pressure of 10 bar and of 5.5 wt% at 100 bar. It is also
observed that the storage capacity decreases to a value below
1 wt% at 298 K and 100 bar. A maximum storage of 4 wt%
was reported by Georgiev et al.”® for high purity chemically
AC:s at triple point. Similarly, storage capacities of 5 wt% at
77 K and 0.5 wt% at room temperatures were experimentally
observed by Thomas.”” The hydrogen adsorption of 2.5 wt%
at 77 K and 10 bar was observed for zeolite template AC.”®
Highly crystalline N, enriched carbon synthesized by Yang
et al.>® exhibits hydrogen storage capacity of 0.34 wt% at
room temperature and 100 bar.

Liu et al.*! derived AC from corncob and activated with
KOH for 3 hours keeping KOH/carbon ratio as 4. Eight dif-
ferent samples of AC were prepared at different activation
temperatures (1073-1123 K) with particle size ranging from
25 to 880 pm. The maximum hydrogen storage capacity of

can be attained up to a

Conditions-temp, pressure Reference
303 K, 10 MPa 47
77 K, 0.1 MPa 48
296 K, 13 MPa 49
774K 28
77 K, 3 MPa 47
77 K, 4 MPa 50
77 K, 0.1 MPa 48
298 K, 10 MPa 27
298 K, 8 MPa 33

3.21 wt% was recorded at 0.98 bar for CAC4 sample. With
the lowest pore volume; among all six samples prepared,
CAC?2 exhibits the storage of 2.44 wt%. Experimentations at
high pressures revealed the maximum hydrogen storage
capacity of 5.8 wt% for CAC4 at 40 bar and 77 K whereas
CAC6 showed the capacity of 5.21 wt% is the lowest uptake
recoded among all six samples. Finally, it is concluded that
for improved hydrogen adsorption hydrogen adsorption at
77 K, at low activation temperature big carbonised pa rticles
are required whereas at high activation temperature smaller
carbonised particles gives better results. Rossetti et al.®
have prepared metal doped AC using different metals such
as Ni, Cu, Rh, Pd, and Pt in different amounts (ie, 0.5 and
2 wt%). They reported that textural property of prepared
samples was not altered appreciably. High dispersion has
been recorded with Ni and Cu when subjected to low load-
ing whereas contrast, poor dispersion and homogeneity were
observed for noble metals. Among all, the maximum hydro-
gen storage capacity of 6 wt% was recorded for Cu and Ni-
doped carbon sample at 77 K and 20 bar.

In 2015, Heo and Park*? investigated the hydrogen stor-
age capacity of AC derived from rice husks at 77 K and
1 atm pressure. Due to the fact that micropore volume and
distribution of pores significantly influence the hydrogen
storage capacity, pore size in the range of 0.6 to 0.8 nm was
created through KOH activation (rice husks/KOH = 1:1).
The maximum storage capacity of 2.85 wt% at 77 K and
1 bar was recorded for the sample having maximum micro-
pore volume of 0.792 cm® g~'. Similarly, Arshad et al.*®
measured the hydrogen storage capacity of AC derived from
empty fruit bunch. All the samples exhibit higher micropo-
rous volumes than that of mesoporous volumes, and the total
surface area was observed in the range of 305 to 687 m* g~
As the surface area get enhanced by KOH activation, the
maximum storage capacity of 2.14 wt% was observed at
19 bar and 77 K. Schaefer et al.°' prepared 12 different sam-
ples of AC using hydrochars. Heteroelements can be mixed
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nicely with carbon by hydrothermal carbonization method but
unfortunately, it is does not improve the hydrogen adsorption
because fundamentally the hydrogen adsorption linearly
depends on micropore volume as well as surface area. The
experimentally measured maximum hydrogen adsorption
reported was 0.59 wt% at 10 bar.

3.1.3 | Methods to improve hydrogen storage
capacity of AC

Palladium doping

Through incipient wetness method Pd doping can be carried
out to improve the hydrogen storage capacity. Zhao et al.*?
have selected three different series along with 11 different
samples for Pd doping namely AC-25, AC-31, and AC-32
with Pd content varying within the range of 1.3 to 10 wt%.
Samples were filled in a stainless steel reactor and pressure
concentration isotherms (PCIs) were measured using
Sievert’s apparatus at 77 K and 298 K up to 8 MPa hydro-
gen pressure. The samples were degassed under primary
vacuum at 423 K for 10 hours before any PCI measure-
ments. It is reported that at 298 K, the increase in hydrogen
storage capacity depends on increase in Pd content in the
pressure range of 2 to 3 MPa whereas below this pressure
range, storage capacity was observed very less. Also, above
this pressure range (higher pressures), the hydrogen adsorp-
tion depends on micropore volume; therefore, increase in Pd
content does not increase the hydrogen storage capacity. At
77 K, the hydrogen adsorption depends on specific micro-
pore volume; as a result, Pd doping can decrease hydrogen
storage capacity by decreasing micropore volume. There-
fore, highest storage capacity was obtained for nondoped
AC-25 whereas with the maximum doping of 8.7 wt% Pd
AC-25 showed the least hydrogen storage capacity. Experi-
mentally, it was concluded that there is a progressive
decrease of hydrogen storage capacities with increase in Pd
contents at 77 K. The drop in hydrogen storage capacity at
77 K with increase in Pd content is in tune with the decrease
of textural properties. Similar observations were obtained in
all series of AC selected, irrespective of the starting AC.

Grinding

AC particles of the size ranging from 0.11 to 0.43 mm were
obtained by grinding the samples of 0.85 to 4.76 mm and
were used to investigate the adsorption properties of hydrogen
and nitrogen on them. It is a fact that the surface areas of the
samples increased upon decrease in particle size. The hydro-
gen adsorption measurements on AC over the temperature
range of 303 to 473 K depict that the hydrogen adsorption
increases with decrease in measurement temperature.®>

Platinum doping

Lee and Park?’ have examined the hydrogen storage capac-
ity of AC at 298 K and 100 bar and revealed that the hydro-
gen storage capacity of the platinum-doped AC/metal-
organic frameworks-5 hybrid composites was 2.3 wt% at
298 K and 100 bar, which is significantly increased by a
factor of above five times and above three times compared
with raw ACs and MOF-5, respectively.

Microwave treatment

Ramesh et al.** have carried out experimentally to determine
the reversible hydrogen storage capacity of AC derived from
tamarind seeds by microwave treatment and thermal treat-
ment. Prepared samples are named as MWTSC-50,
MWTSC-75, MWTSC-100, and TSC-1, TSC-2, and TSC-3
for microwave and thermally treated carbons, respectively.
The samples were activated using potassium hydroxide in
nitrogen atmosphere. Then, impurities from AC were
removed though Soxhlet extraction using isopropanol at
80°C. Through treatment with KOH, the surface area of
MWTSC-50 was observed to be increased in the ratio of 1:3.
On the other hand, thermally treated AC was activated at
500°C with KOH at different ratio. Hydrogen storage capac-
ity for thermally treated AC was observed to be 0.08 wt% at
room temperature and 0.8 MPa for TSC-1 sample and
microwave-treated AC was 1.36 wt% at room temperature
and 6 MPa for MWTSC-100 sample. Whereas storage
capacity of KOH-treated AC sample are found to be 4.73 wt
% at 303 K and 4 MPa. These conclude that the increase in
microwave pyrolysis duty cycle provides positive impact on
storage capacity. In 2017, Blankenship et al.®* have reported
exceptional hydrogen storage capacity of 8.1 wt% at
—196°C and 20 bar for cellulose acetate-derived ACs with
an oxygen rich nature possessing high surface area of
3800 m* g~' and pore volume of 1.8 cm® g~'. These high
uptakes were observed for very low temperatures whereas at
room temperature, the maximum hydrogen storage capacity
of 1.2 wt% was reported with an adsorption enthalpy of 10 kJ
mol™!. More details about synthesis, activation, modifica-
tions, and hydrogen storage properties of AC are presented
by Marta Sevilla.®

3.2 | Graphite

Graphite is sp2 hybridized with a sheet like structure
wherein all atoms are weakly bonded and exist in a plane,
and is held together by van der Waal’s forces to the sheets
above and below. Graphite naturally found in earth with
around 20 wt% impurities. It can also be artificially prepared
by heating of coke petroleum or coal pitch at 2500°C.**
Figure 2 shows the structure of graphite.
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FIGURE 2  Graphite structure®

3.2.1 | Synthesis of graphite

Carbon is an attractive element and its availability is not lim-
ited in one morphological form because it has various physi-
cochemical properties. Some of them are still hidden for the
researchers worldwide. Experimental and theoretical investi-
gations toward nanostructure or porous carbons increased
day by day due to their textural, electronic, adsorption, and
molecular-sieving properties. For particular applications like
adsorption, pore structure of material is major issue of
focus.®5¢7

Porous graphite nanofibers (PGNF) with the SSA of
1400 m? g~" and the total pore volume of 2 cm® g~ can be
synthesized by activation of as-received GNF with carbon
dioxide at high temperature of 1040°C followed by its puri-
fication by air oxidation at 500°C and afterward SM of nitric
acid.®® In another study, the whole process of synthesis of
porous GNFs was conducted under flow of argon. It is syn-
thesized by putting it in ethylene glycol (EG) solution,
which was stirred for 20 minutes ultrasonically. The solution
of hexachloroplatinic acid (H,PtClg)-dissolved EG was then
added slowly in the above solution and mechanically stirred
it for 4 hours. Later, to adjust the pH value of the solution
1.0M NaOH solution was added and then heated at 140°C
for 3 hours to completely reduced Pt.°%7°

3.2.2 | Hydrogen storage capacity of graphite

Kim and Park® found that Pt decoration in porous GNF
decreases the SSA with increase in metal content due to pore
blockage. Since gas adsorption mainly occurs in micropore
volume, the SSA of carbon materials is of significant con-
cern.”! Hence, the hydrogen storage capacity decreased with
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Pt decoration as a result of the decrease in SSA and micro-
pore volume. It was observed in other study’? that the hydro-
gen storage capacity increased with Pt content up to certain
level then decreased. These results conclude that the hydro-
gen storage capacity of graphite depends on their metal con-
tent as well as dispersion rate. Also, the total amount of
hydrogen adsorption may decrease, if the hydrogen storage
capacity is a function of SSA and micropore volume only.
The results showed that addition of Pt acts as catalyst that
reduced the hydrogen storage capacity of PGNF.

Al-doped bulk graphite with wider layer distance for
molecular hydrogen storage at room temperature was studied
using density functional theory (DFT). In that study,”
hydrogen storage capacity of 3.48 wt% was reported at a
temperature of 300 K and 0.1 GPa pressure. On the other
hand, the hydrogen storage capacity of N-ST5 was reported
as 1.2 wt% at 77 K. Summary of hydrogen storage capacities
of various graphite samples is presented in Table 3.

3.2.3 | Methods to improve hydrogen storage
capacity of graphite

In spite of having high polarizability, graphite possesses low
hydrogen storage capacity due its small interlayer distance
and low SSA. The interlayer gap (3.354 A) of graphite is
considerably small for intercalation of H, molecules
4.06 A).W Therefore, it is necessary to increase the inter-
layer distance, which can subsequently increase the SSA that
can be done in the following ways:

e By introducing alkali metals or alkali bonded to organic
ligands, the distance between the graphene sheets can be
increased from 3.4 to 8.7-12.4 A%7° 1t is possible to
increase hydrogen storage capacity of graphite by increas-
ing interlayer spacing but this may cause exfoliation at
higher temperatures.

e Graphite nanofibers are made up of graphene platelets,
which can be arranged in parallel, perpendicular, or
inclined orientation with respect to the fiber axis. These
platelets help in providing a huge surface area conse-
quently increased interaction sites for adsorbents.**

e Ball-milling of graphite increases the SSA by reducing
particle size. The hydrogen storage capacity of 7.4 wt%
was reported for graphite nanostructures ball-milled for
80 hours in 1 MPa hydrogen atmosphere out of which
around 80% of hydrogen can be desorbed at temperature
less than 600 K.*'

e Carbon foams, are unusual interconnected segments of
graphite, can be hypothetically formed by self-assembly
of nanostructure graphite in an order. This carbon foam
can exist in different structural phases from lonsdaleite to
graphite.®>%
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TABLE 3 Hydrogen storage capacities of graphite
Adsorbent Hydrogen storage (wt%) Conditions temp, pressure Reference
G (Ni-doped) 0.92 (experimental) - 74
G (Cu-doped) 0.97 (experimental) - 74
G (Co-doped) 1.8 (experimental) - 74
G (Fe-doped) 3.9 (experimental) - 74
G (Al-doped) 3.48 (Theoretical) 300 K, 100 MPa 70
G (Li-doped) 6.5 (Theoretical) 298 K, 2 MPa 75
Ni/porous graphite 4.48 (experimental) 298 K, 10 MPa 76

3.3 | Fullerene

Kroto et al.®* have first observed fullerene in molecular
beam experiment, which corresponds to C60 and C70 mole-
cules. The fullerene structure could be explained like a sin-
gle rolled up layer of graphene sheet. In this structure,
carbon atoms are arranged into 12 pentagonal faces and two
or even more hexagonal faces. The difference between
graphite and fullerenes is that graphite is a build-up of hex-
agonal carbon atoms while fullerenes are made up of pentag-
onal carbon rings.?*

Molecules of fullerenes usually take up spherical (bucky-
balls), ellipsoid, or tubular forms. Cylindrical fullerenes can
be referred to as buckytubes or nanotubes. These names
referred to the architect Richard Buckminister-Feller. When
carbon is vaporized with the aid of a pulse laser or an arc
discharge, mixed with an inert gas, and condensed slowly,
fullerenes are produced. Inclusion of metal as a catalyst in
the process leads to the formation of nanotubes; otherwise,
spherical fullerenes are produced.”* In 2001, Wang et al.®®
have successfully synthesized the world’s smallest caged
fullerene C20 through ion beam irradiation method. The
structural characterization of C20 concluded that C20 could
act as dodecahedron carbon cages in condensed phase.

3.3.1 | Spherical fullerene

Popular and well-known fullerene include C70, C76, C84,
C240, and C540, however, the most common is C60 consti-
tuting of 60 carbon atoms bounded in an almost spherical
condition. It possesses a shape comparable to that of a soccer
ball termed as truncated icosahedrons with 12 pentagons and
20 hexagons that is also known as buckminsterfullerene or
buckyball.**

Methods to improve hydrogen storage capacity of
spherical fullerene

Based on their calculations C60 and C48B12 samples, Dil-
lon and Heben group®® have revealed that the buckyballs
with transition metals (Sc) can be formed through charge
transfer interactions. A scandium atom can therefore having

potential for binding 11 hydrogen atoms, out of which
10 atoms, which are in di-hydrogen form with 0.3 eV bind-
ing energy, are reversibly adsorbed and desorbed of approxi-
mately 9 wt% theoretically. Yildirim et al.*” have reported a
theoretical hydrogen storage capacity of approximately 8 wt
% with titanium and scandium with 0.3 to 0.5 eV binding
energy. It was further noted that bonding of heavy metals
such as cobalt, manganese, and iron is not possible
with C60.

With the help of a “molecular surgical method,” Komatsu
group®® have developed buckyballs in which every ball is
perforated with a sulfur atom in its rim. The buckyball can
be closed by series of chemical reactions once after the
hydrogen molecules entered that hole then, all the gaps can
be filled by heating it up to 340°C for 2 hours.

3.3.2 | Carbon nanotubes

Discovery of nanotubes was only the matter of time after the
discovery of Buckminister-fullerene (C60).3°°1 CNT can be
considered as a single rolled graphene layer (Figure 3) with
an inner diameter starting from 0.7 nm up to several nano-
meters and a length of 10 to 100 pm. Three different kinds
of CNTs exist, namely “armchair,” “zigzag,” and ‘“chiral”
subject to the way in which the graphene sheet was folded
into a tube. Rolling direction of the CNTs influences its elec-
trical, mechanical, and thermal parameters. CNTs exhibit a
high mechanical strength with Young’s modulus of 1 TPa
and tensile strength of 200 GPa. The structure of CNTs can
be described as a seamless cylinder usually closed on both
sides by a hemisphere as half of a fullerene. The rolling up
of multiple graphene sheets results in the formation of
multiwalled nanotubes (MWNTs) (Figure 4).

The nanotubes discovered initially by Tijima® in 1991
were MWNTs. Later, [ijima and Ichihashi®® and Bethune
et al.”! have presented the synthesis of SWNTs. The
MWNTs are coaxial hollow cylinders of graphene sheets
forming a long tube-like structure. The interlayer distance in
MWNTs is closer to that in graphite, which is equal to half
of the unit cell parameter “c” (0.5¢ = 0.3355 nm). The
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FIGURE 3 Structure of a single
walled carbon nanotubes>*

diameter of SWNTs varies from 0.671 to 3 nm, whereas
MWNTs show typical diameters of 30 to 50 nm. The
helicity of the nanotubes is usually described by the Hamada
vector,”>** which indicates how the graphene sheet is rolled
up along a lattice vector with components (n, m). The values
of the integer n and m identify the general geometry of
SWNT. The tubes with n = m are named “armchair” tubes
and the tubes with either n = 0 or m = 0 are named “zig-
zag”; all other type of tubes have chiral symmetry and called
as chiral tubes. SWNTs and MWNTs can be up to several
micrometers in length.

Synthesis of CNTs

During the synthesis of fullerene through electric arc dis-
charge method, CNTs were first observed at the end of graph-
ite electrodes. The synthesis of SWNTs was first carried out
through electric arc in the presence of catalyst (Fe, Co) into
the carbon plasma. Out of several catalysts employed the use
of Co, Ni, Co-Ni, Co-Pt, and Ni-Y as catalysts result in better
CNTs.” Uniform and structured (helicity) SWNTs can also
be produced through laser evaporation. The diameter of CNTs
varies between 1 and 5 nm based on the synthesis tempera-
ture. Larger diameter tubes can be produced in the tempera-
ture range of 1073 to 1473 K. Another method for the

Scheme of multiwalled nanotube®”

FIGURE 4

graphene sheet

CNT

synthesis of CNTs is chemical vapor deposition by using
porous inorganic membranes like alumina, where through
CVD, disordered carbon can be deposited and then graphi-
tized at higher temperature to produce CNTSs. In this method,
the size of particle and pores can be controlled prior to the
deposition of carbon whereas the length of CNTs can be con-
trolled by adjusting the amount of carbon vapor feedstock
supplied and the membrane thickness.

As mentioned earlier, CNTs can be formed through the
generation of carbon molecules and atoms by evaporation of
bulk carbon, which then condense to form CNTs.%° Evapora-
tion can be done through any of the following methods:

e Arc discharge®"-%®

In 1991, lijima proposed the Arc discharge method for
the preparation of finite carbon structure including needle
like structure. Figure 5 shows that two electrodes are placed
centrally in the chamber, the lower electrode which is basi-
cally cathode having shallow dip to hold small piece of iron
during evaporation. The use of the three components, that is,

Anode

DC Source

Cathode | ——— C:_D

FIGURE 5  Arc-discharge scheme
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argon, iron, and methane is most important for the synthesis
of nanotubes. In arc discharge evaporation using direct cur-
rent in argon atmosphere, CNTs with diameter ranging from
4 to 30 nm and 1 pm in length were developed in the nega-
tive end of the electrode. TEM of produced nanotubes rev-
ealed the existence of MWCNTSs having coaxial graphene
sheets in the range of 2 to 50.

e Laser ablation>*°%°

In this method, a pulse or continuous Nd YAG laser is
impinged on graphite, held in a furnace at 1200°C and
500 Torr of argon or helium as shown in Figure 6. Inert
atmosphere is created for the vaporization of graphite target
by laser irradiation at 1200°C. Targeting the graphite, mixed
with cobalt, nickel, or iron, can form SWNTs whereas the
pure graphite can be used to form MWNTs. The growth of
nanotubes takes place with the growth of catalyst atom at the
end of nanotubes. Produced carbon species were swept by
the owing gas and accumulate on a water-cooled collector.
Remarkably uniform diameter of SWCNTSs can be produced
when the graphite target is doped with a small amount of
transition metals such Ni and Co.

. .. 1
e Chemical vapor deposition”®'%

MWNTs are formed through CVD (Figure 7) with 3d
metal catalysts like Ferrocene whereas with the small frac-
tion of product, SWNTs can be formed but are of a poor
quality, which results in large diameter range. The ends of
CNTs are usually closed by hemispherical structured fuller-
ene. These tubes can be opened by ultrasound or chemical
(HNO;) treatment whereas open CNTs can be closed
through thermal treatment.

Large quantity and controlled directional growth of
CNTs can be synthesized by CVD method. Nanotubes are

Laser
Beam Growing

Nanotubes

‘Furnace 1200°C

— —>
- .

2

Argon Graphite

Gas Target Copper

Collector

FIGURE 6 Laser-ablation scheme

g “Furnace 500-1000°C
Quartz Tube

|
|
|
b

Sample
CH: N2

FIGURE 7 CVD reactor

produced on the surface of substrate during reaction by the
decomposition of the hydrocarbon at temperatures 700 to
900°C and atmospheric pressure. This reaction takes place
in the atmosphere, which is the mixture of hydrocarbon gas,
acetylene, methane or ethylene, and nitrogen. This method
can produce nanotubes at much lower temperature but the
quality of nanotubes produced is not so much upright.

Hydrogen storage capacity of CNT

The hydrogen storage capacities of CNTs are mainly depend
on its structure, pretreatments, geometry, structural defects,
operating pressure, temperature, and so on. The possible hydro-
gen storage site is inside the tube, outside the tube, between
tubes (bundles and ropes), and between shells (in case of
MWCNT). One more advantage with CNTs is its known car-
bon structure. This aspect helps correlating experimental data
with theoretical predictions. In 1997, Dillon et al.'%! claimed
the hydrogen adsorption of 5 to 10 wt% on CNT. Later, in 1998
to 1999, Rodriguez and coworkers'%? reported exotic values of
hydrogen absorption/adsorption by carbon nanostructures up
to 10 to 12 hydrogen molecules per carbon atom; though in a
sequent communication,'® they have reduced this up to four
molecules per atom of carbon. Subsequently, there have been
various reports in literatures to substantiate these observa-
49104105 and none of them in any way could realize the
expected DOE standards of 7.5 wt% leave alone repeating the
original storage capacity claimed. From the inelastic neutron
scattering experiments by Schimmel et al.® showed that the
pure carbon surface cannot activate hydrogen molecule, which
is concluded from the binding strength of hydrogen molecule
which is almost the same for all kinds of carbon materials and
the magnitude of interaction comes around 5 kJ mol™'. The
experimental report by Chen et al.'® showed that CNT doped
with alkali metals could adsorb up to 20 wt% of hydrogen at
653 K and 10 bar. However, it was later suggested that the
presence of water might have influenced this result. Yang'®’
revisited these data by preparing the doped nanotubes follow-
ing the same procedure and measured the adsorption/desorp-
tion using a comparable thermogravimetric analyzer. Moisture
drastically increased the weight gain and led to erroneous

tions
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TABLE 4 Experimentally measured hydrogen storage capacities of carbon nanotubes

Hydrogen storage
Adsorbent (Wt%)
SWNT (low purity) 5-10
SWNT (high purity) 3.5-4.5
SWNT (high purity) 8.25
SWNT (50% purity) 4.2
SWNT (80%-90%) 7
Aligned SWNT (Purified) 4
SWNT (Monte Carlo Simulation) 11.2
Li-doped MWNT 20
K-doped MWNT 14
K-doped MWNT 1.8
Well-aligned MWNT 3

Abbreviations: MWNT, multiwalled nanotube; SWNT, single-walled nanotube.

results; however in dry hydrogen, adsorption of only 2.5 wt%
for lithium-doped nanotubes and 1.8 wt% for potassium-doped
nanotubes were observed and these results were independently
confirmed by Pinkerton et al..”” These observations are also
confirmed further by the investigation of Hirscher et al.'®®
SWNTs and MWNTs were extensively investigated for
their hydrogen storage capacity upon their discovery and it was
observed that at room temperature, aligned and open MWNTSs
possess hydrogen storage capacity of 1.97 wt% at ambient
temperature,'” 4 wt% for synthesized by the floating catalyst
method''” and 6.3 wt%''" at 4 MPa, 10 MPa, and 14.8 MPa,
respectively. Table 4 shows the hydrogen storage capacity for
various SWNTs and MWNTs at different pressure and temper-
ature ranges. It can be seen that the maximum hydrogen storage
capacity of 10 wt% can be achieved experimentally in SWCNT
whereas storage capacity of 11.2 wt% is also reported through
Monte Carlo Simulation. In case of MWCNT, higher hydrogen
storage capacity can be achieved through Li and K doping up
to the range of 20 wt% and 14 wt%, respectively. It can also be
seen that Yang'® has reported a contradictory storage capacity
of 1.8 wt% for K-doped MWCNT compared to the storage
capacity of 14 wt% reported by Chen et al.'°® for same operat-
ing conditions. It was reported that the high uptake of 14 wt%
might be due to the presence of moisture in hydrogen, which
has been verified through TGA profile using wet hydrogen.
The result showed the drastic increase of hydrogen storage
capacity from 1.8 to 21 wt% due to presence of moisture.'”’
Shaijumon and Ramaprabhu''* have produced CNTs through
pyrolysis of acetylene using quartz reactor with flow of argon.
Upon optimization of quartz reactor dimension and gas flow
rate, the optimum values of quartz reactor inner diameter as
24 mm and gas flow rates as 40 and 600 sccm of acetylene and

Conditions-temp (K)/

pressure (Mpa) Reference
406/0.04 95
298/0.04 112
80/7 110
300/10.1 15
273/0.04 112
298/11 113
77/10 46
200-400/0.1 101
300/0.1 101
<313/0.1 102
290/10 74

argon, respectively, were observed. The hydrogen adsorption
on these CNTs was observed to be increased upon heat treat-
ment and acid treatment and the maximum storage capacity
recorded as 2.1 wt% at 298 K and 100 bar. Liu et al.''* tested
various CNT samples including SWCNTs and MWCNTS with
(air-oxidized, CO,-oxidized, and KOH-activated) and without
(as prepared) post-treatment for hydrogen storage characteris-
tics by volumetric method. They observed maximum storage
capacities for all the samples less than 1.7 wt% at 120 bar and
at room temperature. Finally, concluded that further investiga-
tions on CNTs are not required to achieve DOE target whereas
these materials can be effectively used as an additives for metal
hydrides and complex hydrides to improve their hydrogen stor-
age capacities and kinetics.

It is reported by Rzepka et al.”” that hydrogen uptake has
linear relation with tube diameter. This can be attributed to the
hydrogen uptake being proportional to the surface area, that is,
the number of carbon atoms, which increases linearly with
increase in tube diameter. It was also observed that the synthe-

1.5

sis conditions have significant effect on the tube diameter, and
hence it can be controlled by optimization of the synthesis
conditions. By increasing SWNT diameter to 1.85 nm through
an arc discharge with FeS results in hydrogen adsorption of
4.2 wt% in which only 3.3 wt% can be retract in atmospheric
pressure and temperature. The remaining stored hydrogen can
be released by heating."”

Gayathri et al.”>'" have studied the effect of defects in
CNTs (Figures 8 and 9) and concluded that defects have an
important contribution to the adsorption mechanism of
single-walled CNTs of different types and sizes. There is a
considerable increase in the adsorption binding energy of the
order of 50% due to the presence of structural defects such
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© Hydrogen molecule

FIGURE 8 Defected (6,4) carbon nanotube. Light colored

portion indicates the presence of octagon''®

as pentagon and Octagon and it affects the hydrogen storage
capacity in CNTs. This result may prove to be an interesting
one that needs more attention on the aspect of physisorption
in chiral single-walled CNT and also other nanostructures.

Gayathri et al.' 16 have also studied the novel form of CNTs
namely coiled CNTs (Figure 10) as it proves to be a potential
material for hydrogen storage. The CCNTs have built-in struc-
tural defects that will influence the hydrogen adsorption and
they have predicted that CCNTs shows a good adsorption bind-
ing energies that may further be improved when number of
pitches are increased which could lead to larger sites for hydro-
gen molecules to get adsorbed.

Methods to improve hydrogen storage capacity

of CNTs

In all these hydrogen uptake studies, three common features
exist: slow uptake, partial reversibility of adsorbed species,
and the use of transition metals in synthesis (Fe, CO, or Ni)

Top view

FIGURE 9 Top view of H, adsorption on (5,5) boron nitride
nanotube’’

©-Q Hydrogen molecule

FIGURE 10 H, adsorption for configuration (Y) with respect to

hexagon in coiled carbon nanotubes (CCNT)I 16

that may not be completely removed by purification. Lueking
and Yang''” experimentally showed that hydrogen storage on
MWNTs depends on the degree of catalyst removal. At atmo-
spheric pressure, removal of catalyst decreased the uptake
from 0.6% to below detection limits.

By incorporating metal alloy (TiAly Vo) to a purified
laser-generated SWNT employed a high-power ultrasonic cut-
ting procedure,''® the maximum hydrogen storage capacity of
7.0 wt% was observed. Hydrogen adsorption occurs in two
different sites, approximately 2.5 wt% of hydrogen evolved at
300 K and the remaining can be desorbed between the tem-
peratures from 475 to 850 K. However, the uptake is not indi-
vidually attributed to the presence of alloy but also to the
associated electron transfer that is responsible for hydrogen
storage. Hirscher et al.'® reported 1.5 wt% hydrogen storage
capacity for SWNTs doped with Ti-6Al-4 V alloy by sonicat-
ing in 5SM HNOj; to open the CNTs. However, the hydrogen
uptake was explained with the assumption that the hydrogen
is stored in Ti alloy particles only. The first principle study''®
on aluminum-coated SWNTs with half coverage showed the
hydrogen storage capacity of 8.3 wt% whereas with full cov-
erage increment in hydrogen uptakes was observed but results
in weak hydrogen binding. Ye et al.'** have designed a nano
container for hydrogen storage with SWCNTs. C60 fullerenes
at the cap section serve as molecular valve. Using molecular
dynamics simulations, they have shown that the theoretical
maximum storage capacity of 7.7 wt% that can be achieved at
2.2 GPa pressure and at room temperature.
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Many studies have been carried out to improve the
hydrogen storage capacity of CNTs with additives. Follow-
ings are the effects of additives in CNTs.?*

e Change in structural properties like increase in interlayer
distances.

e Alteration in the electronic structure of the carbon
material.

e Formation of hybrid material, that is, it acts as distinct
hydrogen storage material.

Crystal structure changes Graphite interlayer spacing can
be increased by addition of alkali metal to facilitate the
diffusibility of hydrogen in the material. Potassium-doped
MWNTs are unstable in chemical nature but good in hydro-
gen adsorption at ambient temperature whereas lithium-
doped MWNTs are stable in chemical nature and can
absorbs as well as desorbs the hydrogen at high temperature
in the range of 473 to 673 K. Maximum hydrogen storage
capacity presented as 20 wt% in the case of lithium-doped
MWNTs and 14 wt% in the case of potassium-doped
MWNTs.'%

Electronic structure change Lithium-doped CNTs behave
like acidic to attract hydrogen molecules. The charge from
lithium can be separated due to the high electron affinity of
sp2 carbon framework, which provides strong stabilization
of molecular hydrogen. Results depict that this effect is pos-
sible for graphite as well as lithium-doped SWNTs with 6 wt
% of hydrogen storage capacity at room temperature and
5 MPa pressure.'*!

Hybrid materials When CNTs are used with other hydro-
gen storage materials as hybrid materials, it results in several
other effects along with hydrogen storage properties. This is
due to both crystal structure and electronic structure change.
Maximum hydrogen storage capacities of 2 to 8 wt% were
reported for the hybrid material of titanium and titanium
alloys in combination with SWNTSs.®” Here, titanium alloys
are also hydrogen storage materials; this may be the reason
of high hydrogen uptakes.

Heat-treated multiwalled carbon nanotubes function-
alized with SnO, particles (MWCNT/SnO,) investigated for
structural change due to hydrogen adsorption. The experi-
mentally measured maximum hydrogen storage capacity of
heat-treated MWCNT/SnO, at 400°C was reported as 2.13
to 2.62 wt% during hydrogenation for 15 to 30 minutes.'*?
Functionalized carbon nanotubes (FCNTs) fabricated by
acid treatment were analyzed at room temperature and
8 MPa pressure for hydrogen storage properties by Rajaura
et al.'® The hydrogen storage capacities of FCNT and
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PCNT were reported as 0.89 wt% 0.65 wt%, respectively.
This enhancement of nearly 37% in hydrogen storage capac-
ity may due to the large number of oxygen functionalities as
well as high defect density due to which reactive surface
sites get increases that provides improved storage capacity
of hydrogen on the surface of FCNTs.

Decoration of MWCNT with metal nanoparticles (palla-
dium and nickel) has been carried out through laser ablation
and chemical reduction processes to enhance the hydrogen
storage capacity. The hydrogen storage capacities of differ-
ent MWCNT decorated separately by laser ablation treat-
ment and chemical reduction method, and simultaneously
both methods with different contents of Pd and Ni were
measured experimentally. It was reported that the storage
capacity was improved with spillover phenomenon using the
excessive optimal amounts of suitable metal nanoparticles
around the CNTs. Through this, authors have concluded that
the hydrogen spillover on PAd-MWCNTs is much more than
that of Ni-decorated MWCNTs. The hydrogen content of
8.6% (2.5%) in nanoparticles decorated MWCNT having
palladium (nickel) 67% (25.3%) by weight was reported.'**

Nitrogen-doped carbon nanomaterials namely NCNR-500
(nitrogen-doped carbon nanorods), NCBCT700 (nitrogen-
doped fused bead CNTs), and NCNT-900 (nitrogen-doped
CNTs) were analyzed to determine their hydrogen storage
capacities at three different temperatures by Ariharan et al.'®
Total and excess hydrogen storage capacities of 2.0 wt% and
1.8 wt%, respectively, were measured at 298 K and 100 bar for
the NCNT-900 material which results in the higher adsorption
than that of NCNR-500 and NCBCT-700 materials. Recently,
H,SO, and HNO; functionalized MWCNTSs decorated with
nickel nanoparticles were investigated for hydrogen storage
capacity in the range of 4 to 20 bar and at room temperature.
They revealed the maximum hydrogen storage capacity of
0.298 wt% at room temperature and 20 bar pressure.'*® Hydro-
gen storage studies of Mn;0,4 nanoparticle-decorated MWCNTSs
has been done by Rather'?” and found that hydrogen storage
capacity of pure pristine multiwalled CNTs got increased more
than three times (from 0.26 to 0.94 wt%) due to spillover mecha-
nism, operated at 4 MPa when manganese oxide has been added
as a catalyst.

3.4 | Carbon nanofibers

Carbon nanofibers consist of graphite platelets, which are fixed
in several alignments to the fiber axis. This can be produced
through decomposition of ethylene, hydrogen, and carbon
monoxide mixture on catalyst with three distinct structures
such as tubular (90°), platelet (~0°), and herringbone (45°) in
which the angle indicates the direction of the fiber axis relative
to the vector normal to the graphene sheets. They exhibit simi-
lar inter layer spacing as conventional carbon (~3.4 A) with
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diameter 5 to 500 nm. The length of these CNFs can vary
between 5 and 100 pm.

3.4.1 | Synthesis of CNFs

CNF structures can be formed at elevated temperatures from
the mixture of carbon-contained gases and hydrogen. It can
also be formed from hydrocarbons alone using nickel and
iron-based alloys as catalyst. Different types of CNF with
difference in morphology, crystalline structure, and shape
are possible by varying nature and geometry of catalyst as
well as reaction condition. The main steps in the formation
of nanofibers can be explained through Figure 11.

The surface A of catalyst particle B absorbs the hydrocar-
bon, where C—C bonds are broken. Diffusion of carbon
atom takes place at interface C, which lies between the plate-
lets D and the catalyst particles, yielding carbon nanostruc-
ture. Since the grown fibers are composed of CNFs and the
catalyst particles, leaching the catalyst with acid purifies
it. The platelets that formed during the entire process have
graphite in majority.'*®'?° Hence, the nanofibers are also
known as CNFs. Less ordered carbon could also be gener-
ated depending on the crystal faces of catalyst.'*

3.4.2 | Hydrogen storage capacity of CNFs

Rodriguez and colleagues'®? found the astonishing hydrogen
storage capacity at 278 K and 12 MPa as 67 weight fraction
of hydrogen in graphite nanofibers with herringbone struc-
tured and 54 weight fraction with platelet structures. On the
other hand, Gupta et al.>* have experimentally measured and
reported the hydrogen storage capacity of 10 wt% at 27°C
and 120 atm pressure whereas Fan et al.'*' have observed

<— Metal Catalyst Particle

Graphite Platelets — \

~ Interlayer Spacing

24
Scheme of a carbon nanofiber

FIGURE 11

TABLE 5 Experimentally measured hydrogen storage capacities
of carbon nanofibers

Hydrogen

storage Conditions-temp
Adsorbent (Wt%) (K)/pressure (MPa) Reference
GNF 0.08 77-300/0.8-1.8 99
GNF 0.7 300/10.5 132
CNF 1 293/10 133
CNF 1.6 300/12.5 98
CNF 14 298/12 134
CNF 6.5 300/12 135
GNF 10 300/12 113
CNF 12.38 77/12 125
Ball-milled 0.5 Ambient/0.9 136

CNF

Abbreviations: CNF, carbon nanofiber; GNF, graphite nanofiber.

the capacity of 12.82 wt% at 0.75 MPa for the vapor-grown
CNFs. Unfortunately, such surprising results were not con-
firmed by other researchers worldwide. Table 5 lists the dif-
ferent hydrogen storage capacity of CNF reported by
different researchers.

Hydrogen penetrates into the nanopores formed by the
layers of CNF and the interior of CNT forming an interca-
lated layer of hydrogen.'®"'37:13% In addition, the nanopores
could undergo expansion so as to accommodate hydrogen in
a multilayer configuration.'” However, there is no evidence
found for the influence of the geometric structures of the
nanostructured carbon on the amount of hydrogen adsorbed.
Theoretical studies beyond well-known physisorption lead
to a large set of various maximum hydrogen adsorption
capacities. Most of the results were obtained under special
conditions either at 0 K or with high-energy hydrogen atom
implantation. No evidence was found for a higher density of
hydrogen in and on carbon nanostructures, as compared to
liquid hydrogen at ambient conditions. On the other hand,
Browning et al.'* proposed that the exposed edge sites of
the graphene sheets act as catalytic site for the dissociation
of hydrogen followed by intercalation of the graphene
layers. The presence of functional groups has also been
attributed to the enhancement of hydrogen storage capacities
by facilitating stronger bonding."**~'** Many reports showed
larger hydrogen storage capacities of CNT and CNF but they
are yet undefined with uptake mechanism.**"'**!** CNFs
can be amorphous with crooked morphology, or crystalline
or graphitic with herringbone structure having exposed
edges of hexagons with several hetero atoms that can facili-
tate adsorption of hydrogen.'*

Functionalized CNFs produced by casting method using sili-
ceous SBA-15 type materials were investigated for hydrogen



MOHAN ET AL.

storage capacity. It was reported that the functionalized CNF can
absorb 200% more hydrogen with respect to nonfunctionalized
CNF but this enhancement can achieved only after providing
extra spacing between contiguous nanofibers.'*® Finally, the
maximum hydrogen storage capacity of 3.8 wt% was recorded.
Carbon hollow nanobubbles on porous CNF:s fabricated by gen-
eral electrospinning strategy are investigated for hydrogen stor-
age capacity and it was found that when CHNBs@PCNFs used
as functional supports for MgH, nanoparticles the storage capac-
ity was nearly equal to 7.4 wt% at 325°C at less than
25 minutes.'*’

3.4.3 | Methods to improve hydrogen storage
capacity of CNFs

Edge dislocations are the result of pretreatment of CNFs,
which improve the space between two adjacent layers of
crystal structure that facilitates the extra regions favoring the
adsorption of hydrogen."**'*® To improve the hydrogen
adsorption, graphite nanofibers can be purified by removal
of amorphous carbon as well as more planes for hydrogen
adsorption can be achieved by removing the caps over the
graphite layers.

Kunowsky et al.'* tested two types of chemically acti-
vated (using KOH) coal tar pitch-based carbon fiber mate-
rials for hydrogen storage at 77 and 298 K. The gravimetric
hydrogen storage capacity is found to be 1.1 wt% at room
temperature and 200 bar pressure. It increased up to 5 wt%
at 77 K and 40 bar pressure. Hydroxide phenyl formalde-
hyde AC nanofibers prepared by a polymer blend have
shown a total hydrogen storage capacity of 34 gH, L'
ACNFs with a Specific Brunauer-Emmett-Teller (SBET) of
only 1500 to 1700 m? g~ at 77 K and 40 bar.'°

Yadav et al.">' have prepared the nickel and CNF-based
adsorbent for hydrogen storage applications. The prepared
samples were modified using steam to increase the BET sur-
face area and microporosity. The H, storage capacities of the
materials were determined at different temperatures (77, 273,
and 298 K) and under static and dynamic conditions. Results
concluded that the SBET of materials controls the storage
capacity at cryogenic temperature. Samples show characteris-
tics of monolayer adsorption at 77 K and linear isotherm at
273 and 298 K. Among all samples, activated carbon microfi-
ber exhibits the highest storage capacity of 2.1 wt% and
3.4 wt% at 77 K and, at 1 bar and 20 bar, respectively.

4 | ADSORPTIVE HYDROGEN
STORAGE TANK

Recently, Broom et al.”* have presented the detailed engineer-
ing objectives and operating requirements for adsorption hydro-
gen storage tanks. Out of the three major targets (gravimetric
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capacity, volumetric capacity, and charging time) established
by DOE, charging time should also be considered in priority
research which is affected by heat and mass transfer but not by
adsorption due to the fast reaction kinetics. It is well known that
hydrogen adsorption on carbon materials is an exothermic pro-
cess that releases large amount of heat (depending upon the
enthalpy of reactions). Therefore, removal of this generated heat
is necessary for next charging process. Metallic storage tanks
can be used for the pressure up to 6.0 MPa whereas for above
pressures, composite wrapped over metal liner or composite
wrapped over polymer liner can be used. Since charging of
hydrogen takes very less time compared to discharging of
hydrogen and also the material possesses low thermal conduc-
tivity, these demand for the special heat exchanger design.

Generally, all the materials used are in powder form
which is beneficial for gas accessibility but the inter-particle
void space is inadequate for storage of hydrogen. Some of
the carbon materials pack density to around 60% of their
crystal density whereas some can pack only 20% due to their
electrostatic nature. Fine-powdered carbon materials need
firmly heat transfer accessibility. Typically, tube-fin type
heat exchanger with aluminum as fins can be used for better
heat exchange. Literature revealed that the thermal conduc-
tivity of carbon materials should be in the range of 1 to 3 W
m~' K™! for automotive applications with the refueling time
of 3.3 minutes. Ahluwalia et al.”® suggested that the thermal
conductivity of 1 W m™" K~! can be achieved by adding
20% of expanded natural graphite (ENG). Various heat
exchange concepts like conventional tube-fin, Al honey-
comb, carbon foam, Al foam, compacted MOF with layered
ENG, and microchannel heat exchangers are discussed in
details elsewhere.’”* Figure 12 shows the schematic of hydro-
gen storage tank that can be used for hydrogen sorption mea-
surements fabricated with aluminum and the sorbent
material used was AC.

S | COMPARISON OF HYDROGEN
STORAGE CAPACITY OF
DIFFERENT CARBON MATERIAL

The US Department of Energy (DOE) has announced target of
5.5 wt% by 2020 and UFF of 7.5 wt% for hydrogen storage on-
board automobile applications. Unfortunately, none of the
hydrogen storage options, that is, compressed gas, cryogenic
liquid, and solid-state storage achieved these targets. Due to the
fact that solid-state hydrogen storage option observed to be
more reliable in terms of safety and transportation, several
researchers worldwide focusing on the development of suitable
solid-state hydrogen storage system to achieve the projected tar-
get. Metal hydrides are widely investigated in last several
decades for their hydrogen storage characteristics. Though it
possesses good reversibility, the hydrogen storage capacity of
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metal hydrides fails to achieve DOE target at room temperature.
Later, carbon nanostructures are investigated for its hydrogen
storage properties. Significant hydrogen storage capacities were
reported by several researchers but at cryogenic temperatures
and high pressures. Apart from several theoretical results on
very surprising hydrogen storage capacities, some researchers
have experimentally reported high storage capacities like 10 wt
% for CNE,>** 14 wt% for K-doped MWCNT,'® and 20 wt%
for Li-doped MWCNT'% at near room temperature. But, other
researchers worldwide do not verify these results. Therefore, it
can be concluded that except these astonishing results, none of
the carbon materials are found suitable to achieve the target set
by US DOE (7.5 wt%).

Figure 13 shows the comparison on hydrogen storage capac-
ities of different carbon materials at near room temperature
along with US DOE target for 2020 and UFF. It can be observed
that except graphite and SWNT, all other carbon nanostructured
materials achieved the hydrogen storage capacity projected for
year 2020 (5.5 wt%). Whereas apart from different treatments
and modifications, these carbon materials failed to achieve UFF
DOE target (7.5 wt%). This observation demands for need
of further investigations on treatment, defects, doping, and so
forth on carbon nanostructures to improve its hydrogen storage
capacities.

The hydrogen storage capacity of any materials is not
only the parameter to enquire for hydrogen storage media
instead its reversibility should also be consider because for
any on-board application, reversible hydrogen storage capac-
ity will play an important role determining the efficiency of
the system. Therefore, apart from the information in the text,
we have summarized the reversible hydrogen storage capaci-
ties of different carbon materials are different operating tem-
peratures. It can be seen from Table 6 that almost all the
researchers have reported approximately 80% to 100%
desorption capacities for carbon materials. It can be seen that
desorption occurs at very temperatures for almost all the
materials, this is due to the binding energy of hydrogen mol-
ecules and materials.

\\\\\\\\\\\\\\\\\\l\\\\\\\‘

Carbon Fiber

FIGURE 12
storage tank

Scheme of hydrogen

Table 7 shows the comparison on synthesis, doping, and
storage capacities of different carbon materials. From
Table 7, it can be easily identify different synthesis and dop-
ing of carbon materials and their effects on hydrogen storage
capacity. It can be seen that the maximum hydrogen storage
capacity of 17 wt% was reported for graphite nanofibers
with thermal decomposition of acetylene using palladium as
catalyst in 2004. It seems to be very attractive experimental
result that can satisfy the required DOE target but unfortu-
nately similar results were not reproduced by any other
researcher worldwide to justify these fascinating values of
hydrogen storage capacity. Based on the results available in
Table 7, it can be concluded that the hydrogen storage
capacity of carbon materials can be increase through ball-
milling, doping with catalyst, thermal treatment, and so on
but it seems to be very difficult to achieve the required stor-
age properties for on-board application at near ambient con-
ditions. This observation calls for further investigations
required in the field of modification on structure of carbon
materials to achieve the required hydrogen storage capacity
for future applications.

Storage Capacity at room Temp. (Wt%)

Different Carbon Materials

FIGURE 13 Hydrogen storage capacity of different carbon
material
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TABLE 6 Reversible hydrogen storage capacities of different carbon materials

Adsorption Adsorption temp./ Desorption Desorption
Material capacity pressure capacity temp/pressure Reference
AC (Pt-doped) 2.3 298 K, 10 MPa 23 298 K, 10 MPa 1
AC (Ni-B-doped) 1.8 77 K, 0.1 MPa 1.8 Small hysteresis 77 K, 2
0.1 MPa
AC (derived from tamarind seeds and 473 303 K, 4 MPa 4.73 303 K, 4 MPa 3
KOH-treated)
Nitrogen containing activated carbons 2.94 77 K, 1 bar 2.94 77 K, 1 bar 4
Ni-ACF/CNF 0.75 298 K, Up to 50 bar  0.75 298 K, Up to 50 bar 5
Carbon hollow nanobubbles on 7.4 598 K 5.9 Heated up to 523 K, 6
porous CNF 200 min
Heat-treated MWCNT/SnO, 2.62 673 K 2.13 493-783 K 7
Nitrogen-doped carbon nanotubes 2.0 298 K, 10 MPa 2.0 1173 K 8

Abbreviations: AC, activated carbon; CNF, carbon nanofiber; MWCNT, multi walled carbon nanotubes.

Most of the theoretical work followed various ab-initio
theories and the DFT, are the widely used method. The
Kohn Sham equation, which is an effective single-particle

equation, is usually solved with the local one-body operators
that approximate the electron-electron many-body effects.
Local density approximation or a generalized gradient

TABLE 7 Comparison on properties of different carbon materials

Materials Precursor/synthesis process Storage capacity Reference

Activated carbon Reaction of cokes with (KOH) 2 wt% 47

Activated carbon Chemically treated and pyrolysis (973 K) 5.5 wt% at 77 K and low pressures 49

Graphite nanofiber Thermal decomposition of acetylene using palladium 17 wt% at 300 K and 8.1 MPa 51
(Pd) sheets as catalyst

Activated carbon Sucrose as carbon precursor and ammonium-form 2.4 wt% at 77 K and 10 bar. 55
zeolite-Y as template, impregnation, and chemical
vapor deposition

Activated carbon Anthracite of Taisi mine and Pd-doped 5.5 wt% at 298 K, 8 MPa 33

AC (Pt-doped) Chemically impregnated with SM nitric acid, 2.3 wt% 27
chemical reduction method

Graphite (Fe-doped) Ball-milled 3.9 wt% 152

Graphite (Ni-doped) Ball-milled 0.92 wt% 152

Graphite (Cu-doped) Ball-milled 0.97 wt% 152

Graphite (Co-doped) Ball-milled 1.8 wt% 152

Ni-doped porous graphite Acid treatment of graphite flakes, metal nanoparticle 4.48 at 298 K, 10 MPa 153
deposition

Al-doped bulk graphite Density function theory 3.48 wt% at 300 K, 100 MPa 70

G (Li-doped) Monte Carlo simulations 6.5 wt%, 298 K, 2 MPa 70

MWCNT Microwave plasma enhanced chemical vapor 1.97 wt% at room temp. 104
deposition

GNF Reactive ball-milling 0.5 wt% 135

SWNT Reactive ball-milling 1 wt% 135

SWNT Semi continuous hydrogen arc discharge method 4.2 wt%, 298 K, 12 MPa 15

Well-aligned MWCNT Catalytic pyrolysis of carbon source with quartz 3 wt% at 290 K, 10 MPa 154

glass as substrate

Abbreviations: AC, activated carbon; GNF, graphite nanofiber; MWCNT, multi walled carbon nanotubes; SWNT, single-walled nanotube.
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approximation is considered. Such local approximations of
the exchange correlation potentials can have remnant elec-
tron self-interactions.

More realistic adsorption isotherms are calculated using
molecular dynamics simulations at given pressures and tem-
peratures. With the available parameters, a grand canonical
Monte Carlo (GCMC) simulation is particularly useful for
calculating hydrogen adsorption isotherms associated with
porous materials. Porous materials are characterized by the
surface area and the free pore volume. Usually all experi-
mental storage measurements, both gravimetric and volu-
metric methods, typically count only the excess amount of
hydrogen uptake. But the hydrogen gas present in the free
volume of the pores also should be included in calculating
the total amount of hydrogen. GCMC calculations provide a
realistic tool for a direct evaluation of the total as well as
excess amounts of stored hydrogen in various porous
materials.

6 | THERMODYNAMIC
PROPERTIES OF CARBON
MATERIALS

Heat of adsorption is an important thermodynamic func-
tion that can be used to characterize the surface of adsor-
bent. The magnitude of the heat of adsorption can be
considerable, and its knowledge is important both for
practical as well as theoretical purposes. There are two
ways of expressing the heat of adsorption; first is the
“integral heat of adsorption,” which is defined as the total
amount of heat (Q) given out when 1 g of an outgassed
solid (active carbon, for example) adsorbs x grams of a
gas or vapor and is expressed as Joules per gram of the
adsorbent. The second type of heat of adsorption is “dif-
ferential heat of adsorption” (—AH). The differential heat
of adsorption is also called the ‘“isosteric heat of
adsorption,” and can be measured either by using a calo-
rimeter or by using a family of isotherms measured at
two or more temperatures.155

AH
In P = constant — —— 1
n P =constant— (1)

Conventional isotherm models, which cannot exclude the
effect of nonideal state, cannot give precise value for
isosteric heat of adsorption. Whereas isosteric heat of
adsorption calculated by the linearized model comes much
closer to the experimental results.'>* It is reported that the
isosteric heat of adsorption calculated by the linearized
Dubinin-Astakhov model gives much better results than con-
ventional Dubinin-Astakhov equation for same experimental
isosters, thus,

InP
constant

—AH =RT? [ (0.009684 In P—0.10595)} (2)

The isosteric heat of adsorption is calculated by Clausius-
Clapeyron expression with the help of adsorption isotherms
at various temperatures:

dlnP
q*

The range of isosteric heat of adsorption is from 2.7 to 3.9 kJ
mol ™. By describing the isosteric heat of adsorption as a linear
function between 2.7 and 3.9 kJ mol™", the variation in temper-
ature profile is negligible; therefore, the average value (~3.3 kJ
mol ™) for isosteric adsorption heat can be used.'>*

However, isosteric heat of adsorption cannot be used in case
of high-pressure adsorptions.'*® The enthalpy of adsorbed phase
can be calculated from solution thermodynamics, which is valid
for all pressures and temperatures.

The enthalpy of adsorbed phase relative to the ideal gas
reference state at the same temperature is given as

AH® =H* —n°h° 4)

This thermodynamic function can be obtained by

el o

where ¢ is the surface potential, calculated as

AH® =n°h°

D e
¢= —RTJ n?df (integrationatconstant temperature). (6)
0

However, the above equation includes the behavior of
(&
n/P.

7 | REACTION KINETICS OF
CARBON MATERIALS

In order to develop an equation describing the adsorption iso-
therm over wide range of temperature and pressure, several
models have been developed using different approaches. The
Langmuir equation, BET equation, and Dubinin-Astokhov
equation are some of the most widely used adsorption models
in case of carbon adsorbents. Benard and Chahine® compared
the experimental adsorption measurements with the results
from Virial equation, Langmuir model, and Ono-Kondo lat-
tice model at high pressures for AX21 (a type of AC) over the
temperature range of 77 to 273 K and pressures of up to
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6 MPa. Results showed that Virial model (Lennard-Jones)
does not match with some of the experimental data. While
Langmuir model matched well with theoretical predictions
and experimental data at high pressures, it could not describe
adsorption isotherms at low temperatures. However, Panella
et al.’ carried out studies on different carbon nanostructures
using Langmuir expression for wide range of temperature and
underlined that the adsorption capacity is a linear function of
temperature as well as the adsorption strength of material is a
strong function of temperature. Ono-Kondo model gave very
good fit of the data over whole pressure and temperature
range; therefore, it is more useful in the pressure and tempera-
ture range of interest to hydrogen storage applications. The
detailed parametric and comparative isothermal storage of
hydrogen and adsorption capacity as a function of tempera-
ture, pressure, and adsorbent properties were discussed on the
basis of Ono-Kondo model and it was concluded that the stor-
age capacity of the system can be increased by lowering the
operating temperature.”® With such system configuration, the
efficiency of the adsorption storage technique can be more
efficient than that of the compressed gas at cryogenic
temperatures.

Zhou et al.>® have presented a simple two-parameter
adsorption model for isotherm modeling at subcritical condi-
tions. The key point in this model is its accountability for the
difference between the measured adsorption and absolute
adsorption. Using Gibbs definition of adsorption, only excess
quantity of adsorption can be measured. To measure the abso-
lute adsorption data, they proposed a simple and very effec-
tive method: the excess and absolute adsorption is equal when
the surface concentration of adsorbate is dilute enough.

The Dubinin-Astakhov (D-A) equation has very good fit
to the experimental adsorption data. Many experimental
adsorption measurements for different gases have been vali-
dated using this theory.'>*!'5” However, for supercritical
adsorption system, no relevant theory has been developed.
Even though it is conventionally accepted that the Dubinin-
Astakhov equation is the best-suited model for microporous
adsorbent, there are some drawbacks in using Dubinin-
Astakhov equation for supercritical adsorption because of
the following:

e D-A equation requires the introduction of a saturation
pressure, which becomes fictitious at temperatures above
the critical point.

e D-A is based on gases or vapors filling in micropores by
van der Walls force, but AC possesses micropores, meso-
pores, and macropores as well, and these pores will also
contribute to adsorption.

Zhou and Zhou'® proposed an adsorption isotherm equa-
tion for experimental adsorption data of hydrogen on AC

over a wide temperature range, utilizing Henry’s law as a
scaling factor,

In (n) =A—Bexp[—C(K'P)] (7)

where 7 is the amount of hydrogen adsorbed (mmol g™);
P is the equilibrium pressure (MPa), and A, B, and C are
arbitrary constants. This comprehensive adsorption model
has the advantage of temperature independence and also
avoids the trouble of defining some fictitious quantity above
supercritical temperature as needed for standard Dubinin-
Astakhov equation. The adsorption data in the wide range of
temperature and pressure are linearized by taking the coordi-
nate of In(n) vs 1/In(P). The outstanding feature of this
model is the introduction of limiting pressure Pj;,,, which is
the pressure above which adsorption capacity of considered
materials decreases, which corresponds to adsorption limit
Myim, that is, highest adsorption, which gives precise values
of isosteric heat of adsorption under ideal condition.'>* Simi-
lar linearization technique is used by Zhan et al.>' concludes
that the above-mentioned adsorption limits exist.

The hydrogen adsorption isotherms have been measured
over wide range of pressures and temperatures, and ana-
lyzed. Based on these measurements, parameters of the
Dubinin-Astakhov equation have been studied and modified
for application in hydrogen adsorption. Hermosilla-Lara
et al."*? have experimentally and numerically carried out the
thermal investigation of hydrogen charging on AC.

The amount of hydrogen adsorbed in equilibrium in AC
is well described by modified D-A equation suggested by

Zhan et al."** and is given as:
ermre ()]
In which,
In (Py) = —1345 43362 (9)

f(T)=a+pT =51.4mmolg™" forhydrogen
g(T)=A+yT =16.678kImol~! forhydrogen

The amount of hydrogen that is absorbed by the carbon
with time is given by the reaction rate, which is expressed as'*

A l1—¢ dg
i = =My, pye (10)

For single species adsorption with spherical pellets, con-
sidering only the interphase mass transfer the reaction rate
can be expressed as'>>



MOHAN ET AL.

zax | WiLEY B e e

9 _OKs (o _
Erls (¢ —q) (11)
8 | IMPACT OF STRUCTURES ON
HYDROGEN STORAGE IN

DIFFERENT CARBON MATERIALS

Enhancing hydrogen storage through nanostructures is one
of the thrust areas of research today. Among several mate-
rials studied, allotropic forms of carbon, namely CNTs,
graphene, and carbon black are proved to be promising sys-
tems owing to the unique properties like high surface area,
porous and high thermal and mechanical stability, and all
vital factors for hydrogen storage. Hollow and porous struc-
ture of CNTs gives the possibility of hydrogen storage both
in the inner and outer surfaces that are well investigated by
lot of theoretical as well as experimental works. Because of
this fact, CNTs are termed to be one of the promising
nanostructures for hydrogen storage. Moreover, occurrence
of defects, both topological and structural types, affects the
adsorption and hence the amount of hydrogen stored in the
system. In addition to this, doping also leads to structural
variations. Estimated values of hydrogen storage show the
high impact of structure on the storage capacity. Nano-
materials are also analyzed and found that some of these
strongly affect the storage capacity. But still the DOE target
could not be achieved that makes this issue an interesting
topic of study. Dependence of the hydrogen binding energy
on the bond length and angles of the nanotubes that gives
changes in the CNT structure is analyzed by Shenbaga-
balakrishnan and Gayathri.'*® Different types of nanotubes
like metallic and semiconductor with varying structures
were considered (1.57 A length of the C—C bond gives the
binding energy value of 0.061 eV). It has been observed
that the adsorption binding energy values as a function of
different orientations of molecule and at different sites of
Nanostructures are compared and the results show the strong
impact of CNT structure on the storage capacity of
hydrogen.

Hydrogen can be adsorbed on graphene in two different
ways: physisorption or by chemisorption. While the first one
is due to Van Der Waals interaction, the second is by for-
ming a chemical bond with the C atoms. Physisorption usu-
ally happens with hydrogen in molecular form and in
chemisorption, dissociation of H, in to atomic hydrogen
takes place and is a rather favorable process unlike in CNTs
where physisorption is the most preferred way of storage.
Single graphene layer is a quasi 2D system, its VD is not
well defined, thus in the evaluation of the potentialities of
graphene for hydrogen storage, different forms of graphene
such as multilayers, three dimensional assemblies, or
nanostructures of graphene are considered. That again shows

the impact of structures on H, storage. Effect of stretching
and buckling of graphene on H binding and storage was
investigated by Tozzini and Pellegrini.''® They have also
discussed the effect of graphene’s curvature for improving
the hydrogen storage.

9 | CONCLUSIONS

In this short review, synthesis, hydrogen storage characteris-
tics, and treatments for improving storage capacities of dif-
ferent carbon materials are presented. The review led to the
following conclusions:

1. The hydrogen storage capacity of carbon materials
mainly depends upon surface area, which is affected by
micropore size distribution that counts for presence of
narrow micropores.

2. Thermal treatments and metal doping on carbon
nanostructures are observed to be useful for improving
hydrogen storage capacities but higher storage capacities
can be obtained at cryogenic temperature and higher
pressure. Further investigations on modified carbon
nanostructures may be useful to achieve projected target
of 7.5 wt% for automobile applications.

3. Theoretical studies show strong structural dependence on
hydrogen adsorption in carbon-based materials, especially
in CNTs. The defects influence the adsorption capacity.

4. Several theoretical studies predicted amazing storage
capacities but are not confirmed experimentally. Also,
higher storage capacities like 20 wt% for metal-doped
MWCNT and 10 wt% for CNF measured experimentally
are reported in the literature. These materials can be
carefully treated again for higher hydrogen storage
characteristics.

5. Experimental and theoretical studies on adsorption stor-
age reactors are scarce in the literature. Studies on
design, material, and thermophysical properties of reac-
tor can be done for isotherm measurements and also,
especially for automotive applications. These vital issues
will be a good technical contribution in the field of
hydrogen-adsorption system for onboard applications.
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