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a b s t r a c t

In this paper, we discussed the potential of hydrogen adsorption by three types of carbon

materials (GNF, SWNT and AC) in relation with their surface reactivity due to their nano-

metric pore dimension. We realized experimental studies of hydrogen adsorption

measurements on a high accuracy gravimetric device up to 5 MPa on a series of chemically

activated carbons and nanomaterials offering a wide range of porosities. Comparison with

a very high pressure volumetric device up to 70 MPa is also given. We used in the mass

balance, the material skeleton density determined at 700 K. Samples were characterized by

Raman spectroscopy, XRD, TEM and BET methods. Material analysis correlation with

macroscopic gas adsorption helps to the phenomenon interpretation at molecular scale.

Although gas-solid interactions are weak; the adsorption sites are dense and their acces-

sibility is an important point for optimizing gas uptake by increasing material porosity

development. We discuss the limitations of the physical adsorption as a storage tool.

ª 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction surface area and the pore volume of the materials play an
Carbon nanomaterials have attracted the attention of many

scientists because of their potential applications in the

development of hydrogen-fueled vehicles. The carbon-based

materials have been considered as potential storage materials

in view of their low cost, easy accessibility, low densities,

interesting recycling characteristics, various bulk and pore

structures, material chemical stability, possibility to synthe-

size diverse carbon structures and possibility to activate their

surface by post-synthesis processes. In the last years, prom-

ising experimental results claiming high hydrogen adsorption

capacities of carbon materials have been reported in the

literature (cf. Tables 1 and 2). Two mechanisms could explain

hydrogen adsorption in porous carbon materials: i) adsorption

on the surface of the porous carbon ii) adsorption in the

internal space of the porous carbon. In both cases, the specific
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important role. The Tables 1 and 2 group the results of

hydrogen gravimetric storage capacities in weight percent

wt.% reported by different authors in the last years for porous

carbon adsorbents. Contrarily to simulation results which

clearly demonstrate that the optimization of hydrogen

adsorption excess can lead to a storage up to 2 wt.% at room

temperature and high pressure and to 6 wt% at 77 K [1–3],

experimental results are much dispersed in the literature.

High hydrogen concentrations in carbon nanotubes reported

in the literature [4] have induced the publication of an

important number of studies using carbon materials like

single walled carbon nanotubes (SWNT) and graphite nano-

fiber (GNF) prepared by arc discharge, laser vaporization, High

Pressure CO dissociation process (HiPco) and Chemical Vapor

Deposition (CVD) methods. In parallel, simulation results have

been reported early in order to interpret the results in relation
.
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Table 1 – Hydrogen storage capacities in SWNT at different conditions collected from literature. The purity rate and the
method of purification are noted in the 1st column. 2nd column gives the diameter of the materials when available; the 3rd
column gives the specific surface area of the materials in m2 gL1. The measurement method is given in the 4th column. The
5th column shows the degassing conditions (temperature: K, pressure: MPa, time: hour); the 6th column represents the
measurement conditions and the 7th column represents the hydrogen adsorption capacity of the materials in weight
percent (wt.%).

Nanotubes D (nm) SBET
(m2/g)

Set up Degassing
conditions

T(K), P(MPa) wt.% References

Laser (raw) 1.2 – TPD – 300, 0.065 0.01 [4]

Arc (raw, 40%) 1.1–1.4 250 G 873 K 84, 1 0.68 [19]

Arc (purified) – 95 G 873 K 84, 1 0.45 [19]

HiPco (purified) – – V 673 K 298,7 0.43 [21]

Arc (raw) 1.2 350 V 673 K 293, 6 0.2 [22]

Arc (350 �C air/1 h) 1.2–1.57 728 V 523 K 77, 0.04 2.0 [10]

HiPco (purified) 0.9–1.3 1300 V 393 K/1 Pa 303, 3.1 0.25 [23]

HiPco (purified) 0.9–1.3 1300 V 393 K/1 Pa 77, 0.1 1.8 [23]

HiPco – 720 V – 77, 5 2.0 [24]

296, 9 0.6 [24]

HiPco 937 – – 303, 10 0.3 [25]

PANI-MWNT – – PCT – 398, 6 0.5 [26]

MD-CNT – 170, 258 Electrochemical – <293, <0.1 0.35 [14]
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with carbon-hydrogen interaction and predict adsorption

rates in optimized materials up to 2 wt.% at 70 MPa and 293 K

[1,2,5,6]. Hydrogen adsorption in porous solids has been

studied first for high surface area activated carbons. Never-

theless, it was found that only a small fraction of the pores in

the wide pore-size distribution are effective for hydrogen

storage [7,8]. Recent discovery of single wall carbon nanotubes

has generated renewed interest in the use of porous nano-

carbon materials for hydrogen storage. Indeed, the very

narrow cylindrical pores combined with the surface high

aromatisation, make nanomaterials potential candidates for

hydrogen storage media [9–11].

From these works it has been demonstrated that the

morphology and microstructure of carbon nanotubes, param-

eters controlled during the synthesis process, significantly

affect their hydrogen storage capability [12,13]. The goal is to

synthesis porous nanocarbons with large specific surface area

per unit volume. Thus, novel carbon nanotube preparation

methods are under investigation. Carbon nanotube synthesis

by metal dusting process [14], carbon nanomaterial synthesis

by using oil seeds and fibrous plant [15] and polymeric

precursors [16] are novel methods already developed. Moreover

the surface modification of the carbon materials by adding and

dispersing reactive groups like metals [17] or by obtaining M
Table 2 – Hydrogen storage capacities in GNF at different cond

GNF Type Set-up Degas

CVD herringbone V

CVD, purif. HCl Platelet, D¼ 200–500 nm G

GNF V

GNF V

CVD brut herringbone V

Purif. HCl D¼ 20–500 nm

Purif. HNO3
(metal)–C composites [18] in order to improve hydrogen

adsorption capacity of materials are studied.

From Tables 1 and 2, it can be concluded that no general

trend is observed for the experimental data corresponding to

carbon nanotubes [4,10,14,19–27] and carbon nanofibers

[11,24,25,27,28]. Material purification which has an important

effect on the microporosity development of the material

seems to increase gas adsorption sample capacity. As it has

been analyzed in the literature [25,29–36], the high results

dispersion and low reproducibility of experimental measure-

ments in carbon nanotubes are mostly consequences of

experimental errors such as non-purified samples, use of low

purity hydrogen, sonication bar material and so on. In addi-

tion, each of the three existing methods used to estimate the

hydrogen storage capacity of adsorbents (volumetric, gravi-

metric and temperature programmed desorption (TPD) has its

shortcoming.

The activated carbons are also widely studied in the liter-

ature as presented in Table 3 [1,9,15,27,33,35–42]. It has been

demonstrated that narrow pores have maximum effects on

gas storage efficiency while mesoporosity add to the total pore

volume but is unfavorable for volumetric adsorption capacity.

The gravimetric hydrogen storage capacities obtained by

different authors are quite concordant in particular for
itions collected from literature.

sing conditions T(K), P(MPa) wt.% References

1173 K 300, 16 0.22 [27]

77, 0.45 0.17

473 K 303, 0.1 0.34 [28]

– 296, 9 0.3 [24]

656 K 303. 10 0,2 [25]

673 K 293, 17 0.22 [11]

vacuum 0.34

0.28



Table 3 – Hydrogen storage capacities in chemically
activated carbons at different conditions collected from
literature.

Material SBET
(m2/g)

Set-up T(K),
P(MPa)

wt.% References

AX21 2575 GV 293, 70 1.6 [1]

AX21 2800 V 77, 50 5.2 [34]

AX21 2800 V 77, 3.5 5.5 [33]

AX21 2800 V 273, 5 0.5 [33]

AX21 3000 V 298, 6 0.5 [38]

AC – V 77, 0.1 4.5 [40]

Saran 1600 V 298, 16 0.42 [27]

Activated

coal

1675 V 298, 10 0.6 [35]

Norit 1350 G 298, 12.5 0.75 [36]

Norit GSX 933 V 77, 0.1 1.53 [37]

Picactif SC – V 290, 12 1.0 [9]

CM5A-8 1646 V 77, 6 2.7 [39]

CM5B-9 946 V 77, 6 2.6 [40]

Carbon from

soyabean

41 – 293, 1.1 1.09 [15]

Carbon from

baggas

187.66 – 293, 1.1 0.66 [15]

Ni-AC-N 107 V 293, 3 0,53 [41]

AC 2560 V 77, 0.7 4.5 [41]
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commercially available activated carbons at very high pressure

up to 70 MPa and different temperatures from 293 K to 77 K

[1,5,33,34].

From the analysis of Tables 1–3 the maximal hydrogen

adsorptions are obtained at low temperatures and hydrogen

adsorption capacity increases with pressure. The highest

values of hydrogen adsorption gravimetric and volumetric

storage are reported for a commercial activated carbon by

Weinberger and Darkrim Lamari on a very high pressure

device at 50 MPa and 77 K equal to 5 wt.% and 54 kg m�3

respectively [34]. Different types of materials exhibiting

various porosities have been investigated. They obtained from

a practical point of view that the maximal packing density is

a relevant parameter that permit to maximize the volumetric

hydrogen storage as demonstrated earlier. At room tempera-

ture, the maximum hydrogen storage capacity at high pres-

sure 70 MPa reported in the literature is about 2 wt.% [1].

Meanwhile, others publications have reported hydrogen

storage at high pressure using the same device than previ-

ously for reproducible purpose on various activated materials

[43]. Further systematic studies on surface functional groups,

pore and surface microstructure, thermodynamic and kinetic

properties of pure and modified carbon nanomaterials are

needed to understand and interpret the hydrogen adsorption

on carbon nanomaterials [30,31,44–47]. To summarize, the

real mechanism of hydrogen adsorption in different porous

carbon materials having different microstructures is still to be

clarified, however the simulations propose that the hydrogen

molecules are adsorbed at different reactive sites on the solid

material following different mechanism of adsorption.

Based on the literature review of the last decade, the present

work provides reliable interpretation of hydrogen adsorption

equilibrium measured accurately at room temperature and

high pressures up to 70 MPa for three typical carbon material
varieties (GNF, SWNT and AC) and discussed with the help of

different surfaces and pore analysis methods.
2. Experimental method

The porous carbons used in this work are (i) GNF synthesized by

CVD method [11], (ii) SWNT obtained by arc discharge method

[13] and (iii) Commercial activated carbons with specific

porosity (AC35, AC32) from CECA (France). The catalytic

chemical vapor deposition (CVD) is a promising process con-

cerning the large scale production of different kinds of carbon

nanostructures [48,49]. The catalyst material, deposition

temperature and the used hydrocarbon are the main parame-

ters responsible for the formation of a desired structure. By

optimizing these parameters, nanofibres with herringbone

structure were synthesized. Mixing the hydrocarbon with H2 at

different rates leads to herringbone nanofibers with different

angles of attach of graphene sheets to the central canal of the

fiber were deposited. In all cases the material was refined and

enriched by additional wet-chemical post-treatments.

Nanofibres were prepared from CO disproportionate over

a MgO supported Co catalyst. Catalyst preparation: Citric acid

(Riedel-de Haën), cobalt nitrate (Normapur Prolabo) and

magnesium nitrate (Prolabo) are dissolved in 20 ml water. After

dissolution, the aqueous solution was boiled under air and the

nitrates are reduced by citric acid. A solid was obtained.

The above-described product was placed in a cylindrical

silica reactor in a furnace. The catalyst, reduced by H2 for 7 h

at 873 K was reacted during 4 h at 785 K with a COþH2

mixture with 10%, 16% and 26% H2 over 0.2 g of the catalyst.

The ‘‘raw nanofibres’’ were obtained. The X-Ray analysis

(Fig. 1) of the three raw samples synthesized with different H2

ratio does not show any structural difference between these

three samples. Then we have chosen one of the raw nano-

fibres, the sample synthesized with 16% of H2, for the purifi-

cation process. The chosen ‘‘raw product’’ was heated until

ebullition by a high excess of concentrated hydrochloric acid.

Then the deposit was washed with distilled water until the

absence of chloride precipitate by addition of aqueous silver

nitrate. The carbon content of the ‘‘purified nanofibre’’ was

calculated as 98.5%.

Fig. 1 presents the X ray diffraction pattern of the raw

samples synthesized with different rates of H2 (10, 16, 26%) and

the high resolution TEM image of the purified GNF sample. The

TEM image shows no alteration of plans of graphite by acid

treatment. The fiber is of herringbone type with 40 nm of

diameter and 10 nm of internal diameter. The diffraction

pattern shows that the materials have present the same

nanometric structure, characteristic of the carbon arrange-

ment constituted by separated plans by a distance varying

between 0,3 nm and 0,52 nm. We cannot observe a noticeable

difference between materials synthesized with different rates

of hydrogen flow. We can observe on diffraction pattern the Co

peak which is used as catalyst during the synthesis process.

The difference between the intensity of Co peak on the three

diffractograms is due to the amount of Co used for each

synthesis.

SWNTs were obtained by arc discharge method by using the

bi-metallic catalysts nickel and yttrium with the molar ratio of
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Fig. 1 – Left: X ray diffraction pattern (blue: 10% H2, green: 16% H2, red: 26% H2,). Right: high resolution TEM characterization

of the purified fiber (16% H2).
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Fig. 2 – Raman spectroscopy at low and high frequencies of

the raw (black), purified by acid treatment and by thermal

oxidation (red) SWNT (l [ 514.7 nm). Intensity in arbitrary

units is plotted versus the Raman shift in cmL1.
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(C/Ni/Y 94.8: 4.2: 1). The sample is purified by HCl treatment

and by thermal oxidation at up to 700 K. During the thermal

oxidation about 30% of the material is burned off, mainly

corresponding to CO and CO2 production. The Fig. 2 shows the

Raman spectra (l¼ 514.5 nm, T¼ 298 K) of the material in RBM

mode (70–180 cm�1) and at high frequencies of the raw,

thermal oxidized and acid purified SWNT. The analysis of

spectrum distinguishes two frequency regions. In the high

frequency region, between 1500 and 1600 cm�1, the peaks

considered as a signature of the existence of single walled

tubes in a sample are localized. The Raman peak is centered at

1550 cm�1 which is assigned to the E2g stretching mode in

graphite [50]. The intermediate frequency region gives infor-

mation on the chirality of the nanotubes. The peak at

1350 cm�1 which appeared in the Raman spectra of the puri-

fied sample, is induced by disorder or crystallographic defects

which are located in the nanotube walls and ends. The peaks

associated to the stretching modes are visible at about

1550 cm�1.

Physical adsorption is mainly attributed to Van der Waals

forces and electrostatic forces between adsorbate molecules

and the carbon atoms which composed the main part of the

adsorbent surface. Thus, adsorbents are characterized in

terms of their surface properties such as the specific surface

area. A large surface area is preferable for providing large

adsorption capacity, but the creation of a large internal

surface area in a limited volume inevitably gives rise to large

numbers of small sized pores between adsorption surfaces.

The size of the micropores determines the accessibility of

adsorbate molecules to the internal adsorption surface,

therefore the pore size distribution of micropores is another

important property for adsorption process.

The activated carbons and activated carbon fibers are

essentially microporous materials with a negligible contribu-

tion of meso- and macroporosity. Porous texture character-

ization of all the samples was performed by physical

adsorption of N2 at 77 K using Coulter apparatus. The micro-

pore volume was determined by application of Dubinin–

Radushkevich equation to the N2 adsorption isotherm at 77 K

up to P/P0� 0.1 [51]. One of the advantages of N2 adsorption is
that it covers relative pressures from 10�8 to 1, which results

in adsorption in the whole range of porosity. When N2

adsorption at 77 K is used for the characterization of micro-

porous solids, diffusional problems of the molecules inside

the narrow porosity range can occur. To overcome this

problem, the use of other adsorptives has been proposed in

the literature [43]. CO2 adsorption either at 273 K or 298 K is an

easy alternative to N2 adsorption for the assessment of the

narrow microporosity [9]. The higher adsorption temperature
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used for CO2 adsorption compared to N2 adsorption at low

temperature, results in a larger kinetic energy of the mole-

cules allowing them to enter into narrow pores.

The Table 4 summarizes the porous textures of the

samples used, including the specific surface area and the

microporous volume of the materials obtained from the

adsorption of N2 at 77 K. These materials cover a wide range of

micropore size. One can noticed that the specific surface areas

of the raw nanocarbons were less than the value (150 m2 g�1)

reported on the second column of the Table 4. The opening of

the SWNTs by thermal treatment and creation of defects on

fiber walls by hard acid treatment have been proposed as

explanation for the micropore development [22,52]. The

defects on the C surface of the nanomaterials could be

deduced from the peak situated at 1350 cm�1 of the Raman

spectra (Fig. 2). In the present study only the purified nano-

carbons have been used for investigating gas adsorption

capacity. The porous texture of the different materials of the

present study shows that all the samples have a high micro-

pore volume. The activated carbons microporosity and pore

volume are higher than those of nanocarbons.
3. Results and discussion

Despite the molecular interactions between hydrogen gas and

carbon adsorbent solid surface are weak, they are numerous

[2,3,5,6,53–56]. Thus this point implies difficulties for accurate

adsorption measurements and has probably leaded to disperse

and erroneous storage values in the literature. Consequently,

we chose an experimental procedure which enables both leak

detection and negligible systematic errors. Thus, in the present

work, we used an adapted experimental device which was

designed and built for adsorption investigation of low solid-gas

interaction systems. A well calibrated and high precision

volumetric-gravimetric apparatus (0.52% accuracy) for

adsorption measurements of gas phase hydrogen in carbona-

ceous materials devoted to hydrogen storage investigation, has

been designed, built and used [57]. The performance of the

apparatus was assessed by helium and hydrogen adsorption in

several porous materials [34]. The adsorption equilibrium was

realized at 5 MPa and at room temperature. Comparison to

results obtained up to 70 MPa on the previously developed very

High Pressure Device (HPD-RT) already published in the litera-

ture for different material investigation [1,11,22,43] is also
Table 4 – Porous texture obtained from nitrogen
adsorption isotherms at 77 K: specific area (column 2) and
total micropore volume (column 3) for the carbon
materials studied in the present work.

Sample SBET m2.g�1 Total micropore
Volume cm3.g�1

SWNT (purified) 195 0.32

GNF (purified) 230 0.28

AC32 1740 0.42

AC35 1200 0.54
given. Previous to the adsorption isotherm measurements, the

sample was degassed at 523 K during 24 h under vacuum and

its helium density was measured at high temperature and low

pressure following the process described in the literature

[22,34,57]. Porous material real density is crucial for the

adsorption property study. The calculation of the amount of gas

adsorbed on a solid surface requires the correct definition of the

gas-solid limit i.e. Gibbs dividing surface, delimiting the volume

accessible to the gas. The use of Helium gas is due to, on the one

hand, its small atom diameter that enables to penetrate into the

small submicropores, and on the other hand, its low interac-

tions with the solid surface. Thus, the excess of adsorption

were calculated by taking in account the dead volume from the

skeleton density, determined at 700 K to avoid helium adsorp-

tion, of the materials which are about 1.9 g cm�3 instead of the

crystal graphite density equal to 2.2 g cm�3.

Table 5 groups the excess adsorption results for hydrogen at

293 K expressed in mmol/g corresponding to the samples of the

present study. The last column corresponds to very high pres-

sure measurements obtained on the very HPD-RT up to

700 bars. The maximal values for AC35 (1 wt.%) and Tubes/

Fibre (0,2–0.3 wt.%) have been obtained at 70 MPa. It can be seen

that, nanotubes and nanofibers present the lowest hydrogen

adsorption capacities at room temperature, according to their

low porosity development in particular their low specific area

development and thus the number of adsorption sites which

then reduce the possible gas-solid interaction. The difference

between the amounts adsorbed on both samples may be due to

the difference of active surface and developed microporous

volume. Annealing the samples at high temperature in inert

atmosphere may increase the porosity and surface area by the

removal of blocking functional groups at the entry ports of

SWNTs and the defects on the external wall of the nanofibres.

The hydrogen adsorption isotherms obtained for the rest of the

materials seem to indicate that the higher the porosity devel-

opment of the sample, the higher the adsorption site number,

the higher the hydrogen adsorption capacity. These results are

compatible with published results for identical materials

[31,44–47]. We can observe from the Tables 4 and 5 that

hydrogen adsorption capacity at high pressure of the materials

increases with total micropore volume from 0.28 cm3 g�1 (GNF

sample) up to 0.54 cm3 g�1 (AC35 sample). At higher micropore

volume values the sample with the highest porosity develop-

ment presents the highest hydrogen adsorption capacity. Also,
Table 5 – Excess Hydrogen adsorption equilibrium in
mmol gL1 at 293 K and various gas pressures for the
carbon materials investigated in the present study.

Material Hydrogen excess
of adsorption in mmol.g�1

p¼ 5
bar

p¼ 10
bar

p¼ 20
bar

p¼ 50
bar

p¼ 700
bar

SWNT 0.03 0.07 0.13 0.30 –

GNF 0.02 0.05 0.09 0.33 1.13

AC32 0.13 0.24 0.45 0.97 –

AC35 0.29 0.34 0.68 1.42 4.62
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on one hand, there seems to be no correlation between the

specific area and hydrogen adsorption capacity on activated

carbons measured even at lower pressure and room tempera-

ture since the AC32 sample which exhibits the highest specific

surface area equal to 1740 m2 g�1 adsorbs less hydrogen than

the AC35 sample with a lower specific surface area equal to

1200 m2 g�1. On the other hand, since the micropore volume is

more favourable to adsorption in AC35 sample than AC32

sample, it seems to be in direct correlation with the amount of

gas adsorbed in the AC35 material. It was suggested then that

the amount of hydrogen adsorbed on carbon surface should be

enhanced by improvement of the sample micro-structure and

the gas thermodynamic conditions [2,3,5,6,53,54]. Experi-

mental results demonstrated that the volumetric-gravimetric

apparatus and the uptake data processing method can provide

an accurate adsorption measurement for gas phase hydrogen

in porous carbon materials.

In comparison with simulation data, our results demon-

strate clearly that the main classes of porous carbon materials

(GNF, SWNT and AC) with moderate specific areas (less than

1000 m2 g�1) and microporous volumes ranged from 0.3 to

0.5 cm3 g�1 exhibit comparable adsorption capacities due to

the local physisorption phenomenon because of van der

Waals hydrogen-carbon interaction (although complex

chemical processes could occur with small contribution).

The surface adsorption of hydrogen on carbon walls

contributes to the free space hydrogen adsorption. We

measured the contribution of free space hydrogen adsorption

in the material porosity and the surface adsorption on our

experimental set up. Thus, considering the adsorption

amounts, the specific surface area and the total micropore

volume, we can observe that the available free volume for

adsorption process is mainly located on the material surfaces

due to the low physical gas-solid interaction range. At room

temperature, this latter is of the order of the gas molecule

diameter [1,2]. One noticed that the higher the specific area

and microporous volume (optimization of material porosity)

the higher the gas adsorption. At high pressure and room

temperature (the present work) or moderate pressure and low

temperature (our previous work [34]), the contribution of the

specific area/microporous volume to gas adsorption is

maximal due to gas-solid interaction range. Thus, we calcu-

lated for AC35 material at both 293.15 K and 77.4 K tempera-

tures, the ratio of the gas adsorption with the specific area and

the ratio of the gas adsorption with microporous volume. The

values are in agreement with the ratio between the two

temperatures (w3–4) leading for AC35 porous material to

a linearity between the adsorption, specific area and micro-

pore volume.

From a practical point of view, these adsorption amounts

are not large enough for allowing an efficient storage of

hydrogen gas at room temperature for a large range of pres-

sure. Also, it is noticeable that further investigation of the

thermal effects during high pressure charge and discharge in

adsorbent packed bed for storage tanks is essential for

hydrogen storage process optimization. The influence of the

flow rate and storage pressure on the temperature could be

then investigated [58,59]. In parallel, hydrogen adsorption–

desorption cycling behaviour of GNF, SWNT and ACs have

shown favourable charge-discharge kinetics at 77 K [9,34].
4. Conclusion

Particular attention was focused on carbon sorption systems

because they can store hydrogen with moderate size, weight

and pressure. Concerning the storage of hydrogen in a hybrid

tank system, the part adsorbed on a high performance

adsorbent contributes to the reduction of operating pressure

compared to high pressure compressed gas technology.

Consequently, less weight for the storage system with better

safety standards is feasible. This application is enhanced by

improving graphitic nano-structure material properties. At

room temperature, adsorption on the porous material, is

gradually increasing with the porous volumes and specific

areas of the different materials investigated. The enhance-

ment of hydrogen adsorption might result from the increase

of reachable local adsorption sites by material micropore

development but also material bulk densities for volumetric

storage optimization. The mechanism of hydrogen adsorption

and desorption has to be clarified. For thus, the microstructure

and the topology of the porous carbon materials considered

for hydrogen adsorption has to be understood. That means

qualifying and quantifying the functional groups by appro-

priate techniques, the thermodynamic and kinetic behaviour

of pure materials as well as their surface modified and acti-

vated form. These improvements must be followed by tech-

nical advancements for developing and characterizing the

adsorption sites in the carbon structure. These developments

could facilitate the kinetic of charging and discharging

hydrogen at room temperature and moderate-to-high pres-

sure conditions. Further work could be done on the use of

different materials (metals, ligands, functional groups,

surface modification in order to increase the surface area and

pore size) combined with carbon nanomaterials to enhance

adsorbent-adsorbate interaction in order to use them as

storage media for hydrogen gas. Formation of polymeric

nanocomposites, electro less deposition of metals having

huge interaction with hydrogen on nanotube surface, and

metal deposit by using ligands like phosphazenes and phta-

locyanines may be investigated as future works.
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