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a b s t r a c t

Recent developments focusing on novel hydrogen storage media have helped to bench-

mark nanostructured carbon materials as one of the ongoing strategic research areas in

science and technology. In particular, certain microporous carbon powders, carbon

nanomaterials, and specifically carbon nanotubes stand to deliver unparalleled perfor-

mance as the next generation of base materials for storing hydrogen. Accordingly, the

main goal of this report is to overview the challenges, distinguishing traits, and apparent

contradictions of carbon-based hydrogen storage technologies and to emphasize recently

developed nanostructured carbon materials that show potential to store hydrogen by

physisorption and/or chemisorption mechanisms. Specifically touched upon are newer

material preparation methods as well as experimental and theoretical attempts to eluci-

date, improve or predict hydrogen storage capacities, sorption–desorption kinetics,

microscopic uptake mechanisms and temperature–pressure–loading interrelations in

nanostructured carbons, particularly microporous powders and carbon nanotubes.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Over the next 30 years, two major concerns that are antici-

pated to become increasingly serious are the decreasing world

supply of fossil fuels, particularly those fuels obtained from

conveniently extractable sources, and the increasing rate of

global warming and climate change, which has closely fol-

lowed the rising energy demands of society. In efforts to limit

the ongoing use of fossil fuels, one attractive strategy has been

to develop the technology of ‘‘greener’’ alternative energies to

supply power plants, vehicles and most other equipment

traditionally run on fossil fuels. In efforts to routinely imple-

ment hydrogen, the cleanest burning of all fuels, a major focus

has been placed on improving hydrogen manufacture and

storage.

Indeed, hydrogen storage is currently the greatest obstacle

detracting from the feasible commercial use of hydrogen and

as such it appears to have developed into one of the foremost

research topics of chemical engineers, chemists, material

scientists and all others concerned. Feasible storage modes

should be cost-effective and should satisfy the terms stipu-

lated by international environmental and safety laws. On the

matter of addressing commercial storage needs, the Depart-

ment of Energy (DOE) of the United States has targeted the

development of adsorbates with a minimum extractable

loading of 6.5 wt% hydrogen. In view of this constraint, real-

izing good hydrogen storage and release performance poses

a challenging materials science question. Since hydrogen is

gaseous at room temperature and pressure, a plausible mode

of storage that continues to receive intensive attention for
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reasons of practicality and prior track record has been

adsorption within microporous activated carbon (AC)

powders. Related work has shown that other nanostructured

carbons such as carbon nanomaterials and particularly

carbon nanotubes (CNTs) can easily and dependably accept

and release substantial quantities of hydrogen via phys-

isorption and chemisorption mechanisms. In view of these

promising traits, it is not surprising that hydrogen storage

using nanostructured carbon materials has quickly defined

one of the hottest areas in science and technology. The

following text discloses recent highlights of work related to

hydrogen storage in nanostructured carbon materials and

particularly microporous carbons and carbon nanotubes.

2. Strategies used to achieve hydrogen
storage

Three storage techniques examined thus far, amongst others,

have included liquefaction, compression and metal hydride

formation. Liquefaction and compression strategies have

boasted high storage volume efficiencies but they have also

brought about high operating costs. In addition, cryogenic

liquid hydrogen systems have always experienced bleed-off

losses, whereas compressed hydrogen systems have intro-

duced weight and safety concerns relating to hydrogen

storage at very high pressures. More closely related to

adsorption-based storage have been the metal hydrides.

While bearing the potential to load substantial hydrogen,

some shortcomings of metal–hydride systems have none-

theless included inadequate hydrogen-loading, high alloy

costs, high sensitivity to gaseous impurities, disproportion-

ation, difficulty in achieving initial activation or reactivation,

and/or pyrophoricity upon exposure to air [1]. The poor

reversibility of hydrogen uptake has marked an additional

difficulty that relates to the relatively strong metal–hydride

interaction. As a last drawback, metal–hydride systems are

known to be heavy. In generalizing to intermetallic or related

metal platforms, two factors detracting from ready adoption

have been typically low storage capacities and inadequate

adsorption-resorption traits, particularly when tested under

operational conditions ([3] and references therein, [4,5]).

Clearly, a high-capacity hydrogen storage medium is sought

to better promote the utility of hydrogen as an energy source,

particularly in transport applications, which might use, for

example, a hydrogen fuel cell. As implied from the above

examples, refinements of several technological aspects are

awaited that relate to weight, safety and ease of reversibility,

amongst other factors. Hydrogen storage within or along the

solid matrices of metals, intermetallics, porous solids and

carbon materials appears to feature much potential in

addressing the above concerns.

3. Hydrogen storage via adsorption

3.1. Non-carbonaceous adsorbent systems

Of the adsorbent-type metal hydride systems in consider-

ation, magnesium hydride describes one of the most studied

in view of its high hydrogen storage capacity (7.6 wt%), natural

abundance and low cost. For comparative purposes, the

hydrogen storage capacity of magnesium hydride even

exceeds some rare-earth-based hydrides as well as titanium

hydride. Despite these promising traits, the high operating

temperatures (553–573 K) and slow sorption–desorption

kinetics have precluded any wide-spread industrial adoption

of magnesium hydride. In efforts to overcome this impasse,

many different alloy additives have been assessed for their

ability to promote the hydrogen sorption–desorption kinetics

of magnesium [161]. Metal particle size has also formed

a subject of focus in assessing hydrogenation as it has been

proposed that the enthalpy of formation of magnesium

hydride decreases once the size of the metallic particle drops

below 1 nm [143,145]. Indeed, density functional theory and

Hartree–Fock calculations have implied a significant stability

change of magnesium versus magnesium hydride as a func-

tion of decreasing particle size. In considering other metal–

hydride systems, hydrogen release again proved feasible only

at unacceptably high temperatures typically spanning

473–1273 K [2]. Of the metal-loaded carbons, variant chemi-

sorption–physisorption strategies under investigation have

focused on the chemical storage of hydrogen in organic

liquids or related alternative media.

3.2. The merit and challenges of carbon-based
adsorbents

Among the previously discussed hydrogen storage tech-

niques, namely compression, liquefaction, metal hydride

formation, physisorption and chemisorption, the phys-

isorption of hydrogen along high-surface carbons has defined

one focal point in view of the ease of hydrogen uptake and

release [57,68]. Among the metal hydrides, metal organic

frameworks (MOFs) and carbon materials tested [74–78], the

carbon-based materials have received exceptional consider-

ation as potential storage materials in view of their low cost,

easy accessibility, good recycling characteristics, low densi-

ties, wide diversities of bulk and pore structures, reasonably

good chemical stability, and amenability to synthesize vari-

ants or post-synthetically engineer traits using a wide range of

manufacturing, activation and carbonization methods [79–81].

A range of carbon materials have been proposed, such as

CNTs, graphite carbon nanofibers (CNFs), ACs and ordered

porous carbons [42,56,82,83]. In transcending from an assort-

ment of porous ACs to the intermediary class of MOFs,

hydrogen uptake measurements at 77 K had established that

up to 5 wt% and 7.5 wt% hydrogen can be stored in porous

carbons and MOFs, respectively [6]. A subsequent disclosure

by Chambers et al., which implied that CNFs could physisorb

up to 67.55 wt% hydrogen, prompted a remarkable revitali-

zation of research related to potential adsorbents [7]. Amongst

the variety of investigations that followed, some entailed the

manipulation of carbon materials using metal dopants while

others related to the synthesis of high purity carbons of

different geometrical structures [8–15]. Despite these efforts,

none of the carbon nanomaterials could be made to store

hydrogen at a level comparable to the alleged findings of

Chambers or the target value specified by the DOE. Similarly,

carbon materials had again elicited great expectations
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following the results of Dillon et al. [8]. In particular, the

account of Dillon inspired a significant and apparently

somewhat inconsistently-concluding number of investiga-

tions utilizing single-walled CNTs (SWCNTs), multi-walled

CNTs (MWCNTs), CNFs and carbon nanohorns (CNHs), which

had been prepared using chemical vapor deposition, arc

discharge or laser vaporization methods [23–44]. More reliable,

self-consistent results have been reported recently with

certain CNTs, CNHs and microporous ACs [45–66]. A wide

variation of uptake values, ranging from insignificant to large,

is depicted herein for the various carbon adsorbents (Table 1).

3.3. Adsorption in carbon-based adsorbents

Adsorptive storage of hydrogen in carbon materials can be

viewed as a continuum of two mechanisms, namely, the

initial adsorption of hydrogen along the immediate surface of

the adsorbent, and the mass transfer and subsequent reten-

tion of ‘‘internalized’’ hydrogen molecules within internal

spaces of the adsorbent. Adsorption capacity has a composite

and complex dependency on several factors including the

effectively accessible surface area, the pore size, surface

topology, chemical composition of the surface, and the

applied pressure and temperature. Of these, two parameters

that have been investigated intensively and correlated against

the storage of hydrogen are pore structure and specific surface

area [42,49] and consequentially many related material tech-

niques have been developed and refined to permit better

hydrogen storage within adsorbents [20–22]. From a material

design view, the adsorbable quantity has been governed and

limited by the adsorbent pore structure, effective pore volume

in the narrowest of pores and hydrogen adsorbate density,

which reflects the adsorbent-adsorbate interactions. Of the

accessible surface, the narrowest of pores has contributed

most to hydrogen adsorption. Indeed, micro- and nano-

porosity has proven useful in assessing volumetric capacity

whereas mesopores have contributed to the total pore

volume, but comparatively very little to storage capacity.

Additional research on high-pressure hydrogen adsorption

has proven useful to fully appreciate the advantages of pres-

sure and to ascertain the most suitable adsorbent for a given

purpose. Uptake at ambient temperatures and high pressures

has often yielded irreproducible and contradictory results.

With due consideration to the non-standardized test condi-

tions employed by various groups, these discrepancies have

nonetheless underscored the complexity of the adsorbent

systems. Many preparative or experimental conditions have

caused variations by introducing contaminants or leading to

high pressure-induced isothermal variabilities, to name only

a few problematic scenarios. In attempting to rationalize the

large discrepancy of hydrogen equivalents loaded per gram of

carbon nanomaterial, refined measurement techniques and

computational studies have been deployed, particularly in the

case of carbon nanotubes. Temperature, pressure and mass

transfer constraints notwithstanding, the findings verified

that part of the difference underscored variabilities of the

structure, amount, behavior and homogeneity of the effec-

tively accessible surface. One finding in particular has indi-

cated that porous materials with very narrow pores or pore

size distributions are required to improve the storage capacity

at relatively low pressures [71,72,73]. For instance, hydrogen

storage in SWCNTs appears to have been improved by opti-

mizing the narrow microporosity [142]. On a related note, all

attempts to augment hydrogen uptake inside CNTs have

failed.

Modeling studies have also contributed to better under-

standing adsorbent performance. However, while adsorption

remains a multi-variable event, most theoretical calculations

reported thus far have typically addressed one characteristic

of the adsorption event as opposed to examining a selection of

parameters and their interrelation. In spite of these limita-

tions, a common finding of the assessments was that

hydrogen physisorption alone would be inadequate to meet

the DOE specifications at ambient temperature conditions,

even under high pressure conditions. For instance, CNTs were

explicitly deemed unsuitable as hydrogen carriers for motor

vehicle applications. Still, predictions of speedy adsorption–

desorption kinetics and comparatively small adsorption

enthalpies (<10 kJ/mol) within various porous materials has

continued to encourage effects to incorporate a physisorption

mode into fast hydrogen recharging applications.

3.4. Physi- and chemisorption contributions in
carbon-based adsorbents

Ideally, a composite material that might combine the multi-

layer gas-loading propensity of carbon physisorption sites and

the reactivity of enthalpically- and kinetically-optimized

metal chemisorption sites could give cause to anticipate

a high-capacity, readily-reversible hydrogen storage device. In

considering the limitations of physisorption, some groups

have embraced this combined chemisorption–physisorption

strategy using either titanium-decorated [143] or nickel-

dispersed carbon nanotubes [144] (or fullerenes [145]). To

a first approximation, their attempts appeared to surpass the

loading capacities offered by physisorption alone [146]. That

Table 1 – Hydrogen uptake values of activated carbons
(ACs).

Material Temperature,
K

Loading Reference

PAN derived

ACs

77 2.89–9.67 mmol/g

(0.58–1.95 wt%)

[43]

Coconut shell-

derived ACs

77 5.85–10.66 mmol/g

(1.12.15 wt%)

[43]

CMS T3A 77 1.0 mmol/g [44]

C molecular

sieve Takeda

77 5.5 mmol/g [44]

Norit AC 77 150 ml (STP)/g [45]

GS Norit

nanofibers AC

77 161 ml (STP)/g [45]

Carbon A 77 2.3 wt% [47]

Carbon B 77 2.5 wt% [47]

Carbon C 77 1.8 wt% [47]

AC I (Canada) 77 4.5 wt% [48]

AC 77 25 mmol/g [49]

CA 1 AC 293 0.65 wt% [55]

CA2 AC 293 1.59 wt% [55]

AC F 77 1.0–2.3 wt% [58]

AX-21 AC 298–233 0.50–0.89 [61]
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being said, such attempts have shown drawbacks. While

residing far away from the ideal, the long list of potential

carbon-supportable chemisorbent agents and their combina-

tions continue to prove attractive in exploring composite

material strategies.

For most microporous ACs and related nanostructures, the

principal mode of hydrogen storage has pointed to phys-

isorption in view of the rapid hydrogen loading-release

kinetics, the complete reversibility of hydrogen sorption, and

the consistency of results as referenced against established

gaseous adsorbate–adsorbent trends [57,68]. Documented

advantages of physisorption over chemisorption have

included relatively low operating pressures, relatively low

base material costs, simple system designs for storage and an

abundance of study models. Thus far, no direct proof has been

found to suggest that hydrogen physisorbed along carbon

nanostructures could exceed the density of liquid hydrogen

under ambient conditions ([3] and references therein).

A common problem in correlating data effectively has been

related to inconsistencies of test conditions. Moreover, many

approaches have addressed atypical experimental conditions

such as high-energy hydrogen atom implantation or unusual

simulation parameters such as absolute zero. Even the

distinction between physisorption and chemisorption has

proved challenging at times, with ‘‘intermediate’’ cases dis-

closed such as ‘‘physisorption’’ involving strong non-covalent

bonds or weak charge transfer. Perhaps the simplest probe to

discriminate between physisorption and chemisorption has

been enthalpy measurements, as chemisorption typically

yields much larger enthalpic changes compared to phys-

isorption. Looking to the kinetics of hydrogen loading and

release, physisorption typically reflects much smaller activa-

tion energies. Moreover, the observed activation energy is

generally a composite value, as it reflects rate-determining

events that are linked to physisorption, such as surface

transport following contact.

While also subject to discrepancies, theoretical predictions

have provided useful insight. Overall, attempts to predict

hydrogen absorption capacities or to otherwise elucidate

proposed physisorption routes and mechanisms in selected

samples have shown variability just as often as consistency.

In one detailed theoretical study, the amount of hydrogen

adsorbed within aligned bundles comprising square and

triangular arrays of SWCNTs was studied as a function of the

geometry of the array [16]. The outcome of this work

confirmed that the nature of the array could influence

hydrogen adsorption. In a related modeling study, a principal

question was if hydrogen adsorption would preferentially

occur within the core of each CNT or in the space separating

aligned CNT bundles. The outcome of these calculations

pointed to the latter scenario, with loading being preferred

along the outer surface of each tube rather than within the

core [17]. The assessment further implied that CNT bundles

would have a stabilizing effect on hydrogen adsorption in

comparison to individual CNTs. In the same study, three

different orientations of the aromatic groups were defined

with respect to the CNT axis, forming zigzag, armchair and

chiral-type CNT structures. The different arrangements

appeared to influence hydrogen adsorption along the CNTs

but did not have a bearing on the minute amounts of

internalized hydrogen [17]. In considering the surface

topology of CNTs, it was observed that hydrogen adsorption

was preferred at specific positions [18]. In particular, density-

functional calculations predicted two chemisorption sites at

the ends of the tube and one inclusion site within the hollow

space of nanotubes. The hydrogen storage capacity within the

empty space was also simulated to increase linearly with tube

diameter. In another study, Froudakis predicted that

hydrogen would adsorb along the tube walls but not enter the

tube interior [19]. Binding was simulated to have occurred in

‘‘zigzag rings’’ about the CNT walls, distorting the tube and

causing a 15 vol% enlargement. Only after the tube walls

became half-loaded with hydrogen did molecular inclusion

within the cores become energetically allowed.

3.5. Physi- and chemisorption kinetics in carbon-based
adsorbents

Apart from the obvious role played by pressure and temper-

ature, the rate of adsorption and release is related to local

events occurring immediately preceding, during and

following adsorption. The kinetics of adsorption, when gov-

erned by physisorption mechanisms, has been characterized

by rapid hydrogen uptake and release as well as by complete

reversibility. By the very definition of chemisorption, the

presence of a catalytic center will profoundly influence the

rate of atomization following the initial physisorption of

dihydrogen. Similarly, the recombination of hydrogen atoms

in the reverse direction can be expected to strongly reflect the

nature of the catalytic center. Strong metal–hydrogen bonding

has typically given rise to higher reverse activation barriers in

chemisorption, necessitating reduced pressures and elevated

temperatures to achieve desorption and release. Mechanisti-

cally speaking chemisorbed hydrogen species have also been

subjected to reorganization at the surface. Quite often, the

chemisorbed hydrogen atom is transferred via surface diffu-

sion from the metallic site to a final resting site in the carbon

structure. For this reason, the reversal of chemisorption

would imply a demanding mechanistic pathway compared to

physisorption and indeed chemisorption has been charac-

terized as comparatively sluggish and irreversible, presum-

ably for the reason of added mechanistic complexity.

On a more practical note, the hydrogen adsorption–

desorption behavior of CNTs, nanoporous carbon materials

and microporous activated ACs have generally displayed

marginal-to-zero hysteresis and good adsorption–desorption

kinetics at 77 K [45,46]. The very favorable rates have implied

an inherent suitability towards fast discharge-recharge

applications, albeit the contribution of adsorption enthalpy

still remains to be better ascertained under various opera-

tional conditions. The precise mechanisms responsible for

permitting hydrogen storage in carbon materials have almost

certainly displayed structural dependencies that remain to be

fully illuminated. What can be surmised from the literature is

that carbon materials can store hydrogen at different sites via

physi- or chemisorptive mechanisms, and accordingly the

microscale storage densities should display some spatial

variability [42,49,84–86]. Chemisorption examples are pre-

sented in Section 5 following discussions related to phys-

isorption in Section 4.
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4. Hydrogen physisorption studies of
various carbon-based materials

Developing optimal physisorbents for high-capacity hydrogen

storage has essentially addressed three parameters, namely,

the intrinsic binding energy between the hydrogen molecule

and adsorbent, the accessible adsorption surface, and the bulk

density of the adsorbent. The latter two parameters have

often defined a composite parameter, i.e., the average surface

available per unit volume of the adsorbent. Ideally for any

application, the composite parameter should be maximized

whereas the intrinsic binding energy should be tailored

according to the operating temperature of the hydrogen

storage system in question. Many research groups have

examined hydrogen physisorption in a vast variety of solid

materials [6,87–117]. Carbonaceous materials with optimized

structure have typically been investigated at room tempera-

ture and 77 K. Of the materials that have defined areas of

greater focus, most have been carbonaceous and particularly

limited to microporous ACs, AC fibers (ACFs) and amorphous

CNTs and SWCNTs. The attractiveness of these base materials

has lain in the fact that each could be optimized for hydrogen

storage via fine-tunable physicochemical strategies. While

displaying consistent trends and behavior, the capacity of

such materials has at times proven controversial, test-

dependent and/or dissimilar. At elevated temperatures such

as room temperature, the storage capacity was found to vary

linearly with pressure, while at 77 K the adsorption isotherm

of all examples could be satisfactorily explained using the

Langmuir model. The surface area and pore size of each

material as characterized by nitrogen adsorption at 77 K was

further correlated against its respective hydrogen storage

capacity to yield a linear relationship between hydrogen

uptake and specific surface area for all samples, independent

of the nature of the carbon material. With a specific surface

area of 2560 m2/g, the highest performing material showed

a storage capacity of 4.5 wt% at 77 K [57]. That being said,

many scientists have claimed other large storage capacities

using different materials [7,9,17,29,39,42,45,125,134–136]. A list

of physisorption-based hydrogen loading values are pre-

sented in Table 2 for different carbonaceous materials.

4.1. Microporous activated carbons

Well-developed microporous materials have an established

history as storage media. The hydrogen adsorption capacity of

different microporous ACs predictably reflects pore structure

parameters such as specific surface area, micropore surface

area, total pore volume and micropore volume. In view of the

rapid adsorption–desorption kinetics and almost perfect

reversibility traits of ACs, physisorption-based hydrogen

storage investigations have attracted much interest. The

hydrogen storage capacity of these materials has appeared

proportional to the specific surface area and micropore

volumes. Narrow micropores were found to preferentially

load hydrogen, implying the predominant role of phys-

isorption. While boasting a long-term track record in the

adsorption of other gases, ACs have nonetheless been plagued

with conflicting experimental and theoretical results for

hydrogen adsorption.

Unlike CNTs, the major disadvantage in correlating

experimental and theoretical efforts has been the enormous

chemical and structural complexity and heterogeneity of ACs.

Experimental findings [24,57,69,115] have yielded adsorption

values in the range of 0.5–5.5 wt%, with a marked dependency

on the solid employed. Still, the highest of loadings have

measured below 1 wt% at 100 bar and 298 K, even in cases

with highly developed pore structures approaching 2800 m2/g

as specific surface area [82]. Likewise, theoretical work has

yielded predictions ranging from 0.03–23.8 wt% in well-

defined models [92,116,117]. Some theoretical research has

indicated that the proposed DOE threshold of 6.5 wt% cannot

be realized [105–114] whereas another comprehensive treat-

ment has revealed that microporous carbons are the only

materials, which might permit 6.5 wt% hydrogen loading as

targeted by the DOE [159]. In the latter work, the results

implied that adsorbed gases should display greater densities

than the respective density of the liquefied gas [28,143,147–

160]. It was further proposed that the accumulation of dihy-

drogen within porous carbons had reflected an unusual

organization of hydrogen arrayed within the pores. Gadiou

et al. prepared ordered microporous carbonaceous solids and

observed hydrogen densities of up to 0.1 g/cm3 within the

pores, which in absolute terms exceeded the density of liquid

hydrogen (0.071 g/cm3) [58]. Amongst the most current theo-

retical work, Georgakis et al. has forecast the hydrogen

loading of microporous carbonaceous solid models and

oxygenated microporous carbonaceous solids at 77 K [92].

Predictions varied from between 0.7–4.4 wt% and 0.2–3.3 wt%

in basic and oxygenated models, respectively, in response to

the pore size of the materials. Georgakis et al. further sug-

gested that matrix-loaded hydrogen could indeed exceed the

density of liquid hydrogen [92]. The majority of experiments

have demonstrated that loadings of about 2.5 wt% at low

pressures (1–10 atm) [42,69] and 5.5 wt% at high pressures (up

to 60 atm) [24,57] were attainable. Georgiev et al. studied

hydrogen adsorption on high purity chemically-activated ACs,

both experimentally and theoretically, near the triple point

[87]. An adsorption maximum of 4 wt% was noted under these

conditions, whereas hydrogen adsorption was virtually

absent at room temperature. A threshold micropore size of

0.6 nm was reported as the starting point of hydrogen

adsorption. Thomas concluded that hydrogen adsorption on

microporous carbons can reach 5 wt% at 77 K, but only

0.5 wt% at ambient temperatures and high pressures [6]. In

comparison, thermodynamic surveys have implied adsorp-

tion values ranging from 0.03 to 1.90 wt% for a stack of

graphitic sheets [154] or 0.05 to 2.25 wt% for isolated sheets

[148], and 23.8 wt% depicting the upper limit for porous

carbonaceous and oxygenated carbonaceous models at high

pressures (80 MPa) [117,155]. A super AC, Maxsorb, showed the

best hydrogen storage capacity of 0.67 wt% at room temper-

ature. Lowering the temperature to 77 K gave rise to a signifi-

cant increase of the hydrogen storage capacity as Maxsorb

adsorbed 5.7 wt% hydrogen at 77 K and 3 MPa hydrogen

pressure. The final results also implied that it would be diffi-

cult to meet the DOE target of 6.5 wt% by physisorption alone,

even at 77 K. Still, other investigators have experimentally and
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theoretically professed high hydrogen storage values in

carbon materials via physisorption. Clearly, the large dispar-

ities amongst various theoretical predictions and experi-

mental results for hydrogen adsorption on microporous ACs

remain to be elucidated.

4.2. Carbon nanotubes

CNTs, which define a relatively new class of carbonaceous

materials, have become a source of much academic interest.

After the discovery of CNTs by Iijima in 1991, the capacity of

CNTs to store hydrogen has fascinated many scientists [118].

In the case of SWCNTs, hydrogen adsorption has strongly

reflected sample preparation, as shown by some notably

different hydrogen loadings. In spite of high cost issues,

SWCNTs have appeared to outperform ACs, at least in some

respects, as evidenced by a higher hydrogen coverage per unit

area. The larger bulk density of SWCNTs has also enhanced

volumetric storage [69] and experimentally and theoretically

obtained hydrogen loadings have ranged between 0.3 and

20 wt% in such materials [8,9,93–113]. The major advantage of

CNTs is related to the fact that the carbon structure is

practically known. This aspect has permitted the correlation

of experimental data with theoretical predictions and has

served to better illuminate the storage mechanism. That being

said, one aspect that continues to detract from better

modeling the behavior of CNTs is related to metallic impuri-

ties, which invariably become incorporated into the structure

of CNTs during production. The spatial distribution and

chemisorptive effects of such metals are not only subject to

variability, but their presence can also influence the adsorp-

tion mode and capacity.

Ye et al. have proposed a nanocontainer for the storage of

hydrogen, comprising a SWCNT with two C60 fullerenes

embedded within the inner core to work as tiny trap/release

valves [91]. Using molecular dynamics simulations, the group

was able to predict a maximum hydrogen adsorption capacity

of 7.7 wt% at pressures greater than 10,000 bar. Even here,

measurements have been the subject of debate, as a different

group reported that CNTs posed no benefits when compared

against ACs for hydrogen storage [90]. In fact, a maximum

hydrogen adsorption of 9.2 wt% was attained in their work

when assessing slit-shaped pores in the ACs. An optimal

adsorption temperature of 115 K was suggested.

Table 2 – Physisorption-based hydrogen uptake values of carbonaceous materials.

Type of carbonaceous
material

Temperature, K Pressure, MPa Hydrogen
uptake,
w/w %

Approach Reference

Super activated carbon 93–293 79.4 23.8 Theoretical [112]

Microporous

activated carbons

77 0.1–1 0.03–23.8 Theoretical [87]

CNTs and SWCNTs 298–395 9–14 0.3–20.0 Theoretical/

Experimental

[6,7,9,88–108]

GNFs 300 8 10–15 Experimental [40,120]

CNTs 298 10 >10 Experimental [130]

CNTs 115 3 9.2 Experimental [85]

SWCNTs and MWCNTs 77 10 5–8 Experimental [9,55,118,125]

SWCNT/C60 Fullerene 300 1000 7.7 Theoretical [86]

Porous carbon 77 0.1 0.5–7.5 Experimental [4]

GNFs 293 12 6.5 Experimental [35]

MWCNTs 100–300 15 6.3 Experimental [111]

Microporous

activated carbons

20–298 0.1–100 0.5–5.5 Experimental [22,55,67,110]

MOFs 77 0.1 5 Experimental [4]

SWCNTs 298 10 4–5 Experimental [7]

MWCNTs 293 13.5 4.6 Experimental [32]

Pretreated SWCNTs 298 10 2.4–4.2 Experimental [7]

Heat treated MWCNTs 298 10 1.3–4.0 Experimental [24]

High purity chemically

activated carbons

13.8 0.007 4 Theoretical/

Experimental

[82]

MWCNTs 298 1–10 4 Experimental [27]

High purity

chemically

activated

carbons

298 1–2 <4 Theoretical/

Experimental

[82]

Microporous activated

carbons, oxygenated

77 0.1–1 0.2–3.3 Theoretical [87]

ACs and SWCNTs 77 0.1–1 2.5–3 Theoretical [67]

Graphitic carbons 100–200 0.5 0.09–1.1 Theoretical [111]

Activated carbons 298 10 1 Theoretical [77]

SWCNTs and MWCNTs 298 10 <1 Experimental [55,66,87,118–128]

SWCNTs, MWCNTs

and GNFs

293 10 <1 Experimental [15,129–131]
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Dillon et al. described substantial hydrogen adsorption in

SWCNTs at ambient temperatures, causing a turn in research

in the direction of such materials [8]. The gravimetric storage

density of a low-purity SWCNT sample ranged from between 5

and 10 wt%. The hydrogen storage capacity of various carbon

nanostructures, including SWCNTs [8,9,11,41,119,120,121],

MWCNTs [68,122,123], graphite nanofibers (GNF)

[7,45,46,125,126], and other nanocarbon materials [41],

together with the conventional microporous ACs [41,46,126],

have been extensively explored experimentally and theoreti-

cally after the report by Dillon et al. [8]. The majority of results

indicated that the storage capacity of SWCNTs and MWCNTs

for hydrogen was lower than 1 wt% at ambient temperature

and about 10 MPa [57,68, 92,123–133] but the capacity could be

raised considerably to between 5 and 8 wt% when decreasing

the temperature of adsorption to 77 K [11,57,123,130]. Still,

other theoretical assessments of hydrogen adsorption on

CNTs implied that the 6.5 wt% threshold specified by the DOE

could not be achieved [16,100,136–140,148].

Liu et al. [9] reported 2.4–4.2 wt% hydrogen storage at room

temperature and 10 MPa, with pretreated SWCNT samples.

Liu et al. further claimed 4–5 wt% adsorption in SWCNTs at

100 atm and room temperature [9], whilst Ye et al. determined

a H/C ratio of about 1/1 for hydrogen on SWCNTs at 80 K [11].

Results for hydrogen adsorption on MWCNTs provided values

of 2.0 wt% (40 bar) [113], 3.7 wt% (69 bar) [114], 4.0 wt%

(100 bar) [29] and 6.3 wt% (148 bar) [116]. Li et al. showed that

the structure and crystallinity of MWCNTs had affected the

hydrogen storage capacity, as exemplified by an increase from

1.3 to 4.0 wt% after heat-treatment at 2473 K [26]. Hou et al.

examined hydrogen storage in MWCNTs and correlated the

capacity against the average outer diameters, reporting

a maximum value of 4.6 wt% at 293 K and 13.5 MPa [34]. As

anticipated, the hydrogen storage capacity was found to vary

linearly as a function of the diameters of the MWCNT. Hou

et al. further claimed that small ‘‘carbon islands’’ might have

served as major hydrogen adsorption zones in these MWCNTs

[34]. In contrast, Tibbetts and Meisner, and Shiraishi et al.

reported a 0.3 wt% capacity [79,140]. More strikingly, they

proposed that any claim stating adsorption values higher than

1 wt% had arisen from experimental inaccuracy.

In fact, hydrogen loadings achieved by physisorption were

found to not exceed 1 wt% when quantified using ion beam

analysis.

4.3. Metal–organic frameworks

MOFs can display extremely high surface areas as well as

favorable adsorbate-surface interactions, and as such they

have attracted much interest for their potential merit as

storage media. Strategies to yield MOFs with enhanced

hydrogen adsorption capacity, more favorable adsorption

enthalpies and better kinetic confinement characteristics

continue to be tested. The nature of MOFs is such that the low

pressure zone of hydrogen adsorption isotherms has

appeared primarily dependent on the adsorbate–adsorbent

interaction, whereas other factors would grow increasingly

important in proceeding to higher pressures ([3] and refer-

ences therein). This claim has been supported experimentally

for MOFs (and in silico for carbon nanostructures) ([3] and

references therein). Despite BASF’s commendable hydrogen-

powered car campaign, hydrogen physisorption on MOFs (and

undoped carbon nanostructures) currently remains below the

DOE-assigned feasibility target to utilize hydrogen as a trans-

portation fuel in motor vehicles. Hence, the scope of MOF-

promoted adsorption technologies appears limited for the

time being to specific applications, such as the bulk storage of

hydrogen [70]. Presently, an upper limit of 7.5 wt% hydrogen

adsorption has been noted for MOFs under conditions of high

pressure, whereas 5 wt% adsorbed hydrogen has been

observed on microporous ACs at 77 K under comparable

conditions [6]. The temperature dependence of hydrogen

adsorption in MOFs is clearly an important parameter in

assessing storage performance and purpose. Like the ACs,

there has been no basis to anticipate that raising the pressure

alone should enhance room-temperature adsorption to a level

comparable at 77 K. Still, kinetic trapping/confinement of

hydrogen has been observed in some MOFs. This finding has

implied a potential mode of entrapment that could lead to

materials displaying better temperature-dependent hydrogen

adsorption traits [6]. Thus, optimizing the surface area,

topology and reactivity, and fine-tuning such entrapment

kinetics by tweaking framework flexibility and pore-opening

dynamics describe some ongoing themes of research in MOF

chemistry.

4.4. Graphite nanofibers, carbon nanohorns and
graphitic carbon inverse opal

GNFs consist of graphene sheets arranged in a parallel,

perpendicular, or angular orientation with respect to the fiber

axis, with only the graphene edges exposed. It has been

professed that the unique layering structure of GNFs can serve

to intercalate multiple layers of hydrogen. Indeed, some

unexpectedly high hydrogen storage capacities in GNFs have

been claimed by Chambers et al. [7]. In particular, the GNFs

tested appeared to adsorb more than 20 L of hydrogen per

gram at 298 K and 12 MPa. High, reversible adsorption values

in GNFs have also been witnessed by Gupta and Srivastava

[42,125]. Some findings were as great as 10–15 wt% at 300 K

and 8 MPa. Browning et al. indicated that GNFs had adsorbed

up to 6.5 wt% at 12 MPa pressure and ambient temperature

[37]. In direct contrast, Monte Carlo simulations with chemi-

sorption modes deliberately precluded yielded less than 1 wt%

hydrogen storage at room temperature and 10 MPa in various

carbon materials such as GNFs, SWCNTs and MWCNTs

[17,134–136]. The juxtapositioning of these findings strongly

implied a chemisorption contribution to hydrogen loading,

which could indeed apply in view that GNFs are typically

prepared in the presence of high amounts of metal catalyst.

On a related study, Cao et al. reported that ‘‘graphitic

carbon inverse opal’’ (GCIO), a new class of microporous

carbon material, could serve as an exceptional absorbent for

hydrogen storage at room temperature [137–139]. In GCIOs,

the optimum pore diameter for adsorbing hydrogen was

found to be approximately 0.7 nm, which would correspond to

the dimensions of a double layer [138].

In 1999, Iijima et al. prepared a new carbon particle via

carbon dioxide laser ablation of graphite at room temperature

[167]. The catalyst-free particle comprised an aggregate of
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numerous horn-shaped, single-walled graphene ‘‘sheaths’’,

thus qualifying the term single-walled CNHs (SWCNHs). The

SWCNHs so prepared appeared to share similarities to

SWCNTs. However, in view of the pure (>95%) and essentially

metal-free composition, SWCNHs have been deemed as ideal

models to study hydrogen storage via physisorption.

5. Hydrogen chemisorption studies of
various carbon-based materials

Developing optimal carbon-based chemisorbents for high-

capacity hydrogen storage has essentially addressed the need

to prepare readily reversible storage systems as well as to

better understand the interplay of catalytic metal sites and the

unsaturated carbon matrix. The intrinsic binding energy

between the hydrogen molecule and adsorbent, the accessible

adsorption surface, and the bulk density of the adsorbent have

once again played a role, but the interrelationships of such

parameters overall has proved more complex in comparison

to cases involving physisorption. It has been generally

professed that metallic compounds chemisorb hydrogen

atoms via dissociation of dihydrogen whereas carbon mate-

rials physisorb hydrogen molecules by establishing weak van

der Waals interactions. The two storage modes have illumi-

nated two very different scenarios as atomic hydrogen typi-

cally locates, at least initially, within interstitial bulk sites of

intermetallic compounds, whereas dihydrogen molecules

should adsorb along the surface or within the pores of carbon

materials. In combining these physisorption and chemisorp-

tion modes, composite storage materials comprising metal

dopants and carbonaceous supports have shown a propensity

to display the advantages of both. The hydrogen storage

capacity of various metal-bearing carbon materials has been

summarized in several reports [24,94,127,163–166].

5.1. Mesoporous carbons

Following the discovery of ordered mesoporous carbons by

Ryoo and co-workers [183], template-based syntheses of

carbonaceous materials have evolved into a well-defined and

pivotal area in carbon-metal composites research [184–189]. In

keeping with this theme, Campesi et al. studied carbon

templates bearing either intermetallic compounds or hydride

forming metals (e.g. Pd) in hopes to develop materials with

improved hydrogen storage properties as well as to confirm

the positive professed effect of small-size metal clusters [182].

In a related work, the storage capacity of Pd-doped ordered

mesoporous carbons was measured, with the 10 wt% metal

component homogeneously distributed as 2 nm clusters [183].

Palladium did not affect the hydrogen storage capacity when

compared to undoped samples at 77 K and 1.6 MPa, as the

uptake of hydrogen was attributed to physisorption along

carbon under those conditions. At room temperature and

moderate pressures (0.5 MPa), however, the same doped

samples yielded an eight-fold improvement over the corre-

sponding Pd-free carbon templates. Additional work has

confirmed that this notable increase of hydrogen uptake

underlined the contribution of chemisorption originating at

the Pd clusters. Metal–carbon interfaces of metal-doped

activated carbon samples has been quantitatively examined

by Lueking and Yang [12] and Yang et al. [175] in the course of

establishing a relationship between spill-over source and the

receptor that controls spill-over. As a result of their work, it

has been confirmed that metal particles, as dopants, do

present an effective hydrogen adsorption and spill-over

mechanism.

In addition to ion radiation, carbon surfaces have also been

oxidatively re-functionalized using oxygen, nitric acid or other

oxidants to yield oxygen-containing surface-pendent func-

tional groups. Gas phase-oxidized activated carbons showed

a rise in hydrogen adsorption at temperatures between 400–

700 �C [168]. Conversely, liquid-phase persulfate-oxidized

activated carbons displayed a loss of hydrogen adsorption

capacity [169]. Chemisorption-mediated hydrogen uptake

values are presented in Table 3, reflecting the different classes

of carbonaceous materials.

5.2. Carbon nanotubes

As noted in the previous sections, the hydrogen storage

capacity of CNTs can differ extensively. The basis for such

a difference is neither obvious, nor is it likely related to one

particular reason. Common explanations include differential

activation by the presence of varying amounts and types of

impurities within the samples (i.e., metal catalysts, amor-

phous carbon), as well as different processing histories and

pretreatment procedures prior to conducting the adsorption

experiments. Currently it is not precisely clear how these

metallic catalyst particles, which are used throughout the

synthesis of nanotube samples, might be influencing the

hydrogen storage capacity of CNTs.

Among the newer of results, hydrogen adsorption in

bundles of alkali metal-intercalated CNTs has been reported

by Simonyan and Johnson [164]. Overall, hydrogen adsorption

in metal-intercalated CNT bundles was substantially

enhanced in comparison to unmodified CNTs. The size and

charge of these metal clusters were further elucidated using

a simple model. Electronic charge transfer from the metal

clusters to the nanotubes was also modeled. Hydrogen

adsorption in CNT bundles was simulated as a function of

various lattice spacings and correlated against related exper-

imental results, which depicted swelling of nanotube bundles

upon hydrogen loading. Good agreement was found between

theory and experiment at higher pressures. Thus it could be

said that hydrogen at 77 K very likely intercalated and swelled

the nanotube bundles, increasing the adsorption capacity in

the process.

Currently, most theoretical studies have strived to esti-

mate the hydrogenation properties of hybrid carbon/metal

compounds. Yildirim and co-workers [143,145] have studied

the interaction between hydrogen molecules and Ti-doped

SWCNTs using ab initio calculations. From their computations,

they estimated a maximum hydrogen uptake of 8 wt%.

Interestingly, the computations implied that a naked Ti atom

should coordinate to dihydrogen without any energy barrier.

The Ti–H2 entity thus formed was further complexed to three

additional H2 molecules, yielding a Ti–4H2 system. These

calculations have corroborated experimental findings in the

sense that decreasing the size of metallic clusters served to
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noticeably alter the thermodynamics of hydrogen absorption.

Similarly, the enthalpy change of magnesium hydride as

a function of nanosize was confirmed by the recent work of

Rud et al. [161]. The group specifically determined that the

crystallite size and lattice strains of a Mg–carbon nano-

material (CNM) composite was less than in magnesium–

graphite and magnesium–graphite–nickel powders. Not

surprisingly, a sample of Mg–carbon nanomaterial composite

displayed better hydrogen sorption kinetics than the corre-

sponding magnesium–graphite and magnesium–graphite–

nickel samples. At 453 K, w5 wt% of hydrogen could be stored

within the Mg–CNM composite. Hydrogen sorption was

observed to commence at temperatures as low as 363 K.

Boron-substituted nanotubes (BCNTs) have also depicted

a potential technology base with ideal prospects [178].

Template-assisted syntheses of BCNTs were achieved via the

carbonization of hydroborane polymers encased within an

alumina-based membrane as template [178]. Such work has

yielded BCNTs that feature an impressive 2 wt% hydrogen

capacity at 80 bar and 300 K.

In other studies, research groups have assessed the effects

of lithium or potassium inclusion on the chemisorptive

behavior of CNTs, realizing improvements in many cases. For

instance, Chen et al. observed that lithium and potassium-

doped CNTs had yielded considerably improved hydrogen

capacities, with loadings increasing from 14 to 20 wt% as

temperature was incrementally lowered from 400 �C to

ambient [13]. They further proposed that a chemical dissoci-

ation had occurred inside the nanotubes and their work led to

various investigations [15,41,52,120,123–128], which created

some controversy, as expressed by Ding et al. [102].

Transition metal-doped CNTs, with s–p–d hybridization

states involved, have served to intrigue and to impress in view

of high storage measurements [170,171]. Despite this attrac-

tive finding, the storage attributes of these complex systems

have not been elucidated, which perhaps explains why tran-

sition metal–CNTs continue to define the most intensively

studied of dopant-facilitated carbonaceous storage systems

[12,175,177]. The hydrogen bonding attributes and orbital

geometries of Ti, Sc, Pt, and Pd dispersed on CNTs (or fullerene

and other aromatic hydrocarbons) have been assessed using

density functional calculations and found to reinforce the

notable increases of hydrogen storage capacity [170,171]. In

particular, an unusual hybridization state has been found to

permit a direct bond between molecular hydrogen and the

metal center through what has become known as Kubas’s

interaction, after the innovative work of Kubas [172]. A key

factor in stabilizing such Kubas-type complexes has been the

contribution of vacant metal d-orbitals of suitable energy

[172,173]. The precise hydrogen-loading mechanism of CNTs

(as well as other metal-bearing carbon-based materials) has

been rationalized. In CNTs, metal atoms residing within the

composite have been envisaged to facilitate the transfer of

molecular and atomic hydrogen onto various binding sites via

a spill-over mechanism [12,174–177]. For instance, Reddy and

Ramaprabhu recently deposited 3–5 nm nanocrystalline plat-

inum dispersions along SWCNT surfaces [179]. In conducting

this work, they noted that Pt had enhanced hydrogen storage

by dissociating dihydrogen and thereby providing a means for

atomic hydrogen to strongly adsorb at the defect sites of each

nanotube. Ansón et al. suggested that SWCNTs (and activated

carbons) bearing palladium nanoparticles could store 35%

more hydrogen via an apparent spill-over mechanism [177].

As a last example, Pd-doped CNT systems featured an esti-

mated 3.7 wt% hydrogen storage capacity when 50% of the

hexagons in the (8.0) SWCNT had become occupied by Pd

atoms [177]. Interestingly, many experimentally measured

Pd–CNT systems tested comparatively low (w0.5 wt%), with

a marked dependency on the test conditions [12,174,177,178].

A part of this discrepancy was related to the inadequacy of

Table 3 – Chemisorption-facilitated hydrogen uptake values of carbonaceous materials.

Type of
carbonaceous
material

Incorporated
material or

process used

Temperature,
K

Pressure,
MPa

Hydrogen
uptake, w/w %

Approach Reference

CNTs Li, K 298–673 – 14–20 Experimental [11]

CNTs and fullerene Li, Ti, Sc, Ni, V, Pt,

Pd

298 0.1 9 Theoretical [165,166]

SWCNTs Ti – – 8 Theoretical [152,154]

CNMs Mg 363–453 0.5 5–7.6 Experimental [156]

CNTs B, Pd, Pt 300 8 0.5–3.7 Theoretical/

Experimental

[10,170,173]

CNTs Alkali metals 80 12 2 Theoretical [159]

Surface modified ACFs Ni 303 10 1–1.6 Experimental [84]

CNTs Ion irradiation – – 1 Experimental [187]

SWCNTs and activated

carbons

Pd 298 9 0.7 Experimental [172]

CNTs Pd, V 298 2 0.66–0.69 Experimental [175]

CNTs Pd 298 1.67–2.2 0.35 Experimental [176]

CNTs K – – 5 H2/K Theoretical [99]

Ordered mesoporous

carbons

Pd 77 0.5–1.6 0.78 H/Pd Experimental [177]

Graphene sheets and

SWCNTs

Pt 298 – 1.4 H/Pt Theoretical [185]

Activated carbons Oxidation 78 4 – Experimental [163]
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metal–nanotube interfaces, which have been professed to

impede high loadings in metal-doped CNTs [12,175].

Zacharia et al. explored the room-temperature hydrogen

storage capacities of Pd- and V-doped CNTs at 2 MPa using

a Sieverts apparatus [180]. The storage capacity was determined

as 0.66 and 0.69 wt%, respectively, which depicted a near 30%

increase in comparison to the undoped CNTs. Furthermore,

these transition metal-doped CNTs displayed rapid initial

adsorption kinetics in comparison to the base carbon materials.

Once again it appeared that these catalysts had increased the

storage capacity by means of a spill-over mechanism. Attempts

to re-load previously loaded CNTs implied that virtually 70–85%

of the spilled hydrogen was located at physisorption binding

sites such as external walls or groove sites.

Pd-doped CNTs prepared by either impregnation or in situ

condensed-phase reduction have also been studied using the

Sievert volumetric apparatus [181]. The doped samples dis-

played almost twice the hydrogen storage capacity of undo-

ped samples at 298 K and 1.67–2.2 MPa. In particular,

adsorption experiments conducted at 298 K and 2.2 MPa yiel-

ded a maximum of 0.35 wt% hydrogen storage. Interestingly,

any potential contribution of spill-over effects in these

samples appeared to have been precluded, as the majority of

metal particles lay buried within the nanotube channels.

Hence, dissociative chemisorption and spill-over were clearly

retarded by poor access and positioning. In addition, the

release characteristics did not show a significant bearing on

the choice of method used to dope these CNTs. Instead, the

amount liberated depended mainly on the storage capacities

of the CNTs. Simply mixing CNTs with palladium catalyst

tripled the hydrogen uptake. That being said, the loading

capacity of each undoped support remained the predominant

factor in determining the overall uptake of catalyst-carbon

mixtures. Henry-type adsorption characteristics further

implied that significant adsorbate–adsorbate interactions did

not exist in the experimental pressure regime [180].

Lastly, the introduction of structural defects via ion irra-

diation has presented a potential alternative approach to

improve hydrogen adsorption and specifically to enhance

chemisorption of hydrogen in CNTs [192]. In this work,

SWCNTs were irradiated using a hydride beam with a gun

potential of 13.5 keV, yielding defect sites that could

presumably enhance hydrogen adsorption. Desorption

measurements conclusively showed that post-irradiated,

hydrogen-loaded samples had liberated more hydrogen than

pre-irradiated, hydrogen-loaded samples. As well, CNT films

have been hydrogenated using ion beam implantation of

atomic hydrogen. The C–H bonds formed were shown to be

stable at ambient temperature and quantitatively cleaved at

600 �C, thereby establishing the reversibility of hydrogenation

and potential merit of the material. These results, more than

any other, drove home the message that chemisorption-

mediated hydrogen storage was possible in SWCNT films and

technologically viable in at least some applications.

5.3. Activated carbon fibers, graphite nanofibers and
intercalation compounds

Lee et al. had studied hydrogen adsorption along surface-

modified ACFs in attempting to elucidate chemisorption [89].

In the samples tested, ACFs doped with Ni and F showed

a consistent increase of adsorption capacity. Interestingly,

a significant decrease of the micropore volume was noted in

the course of doping but it was not serious enough to mask the

increase of loading capacity. It has been suggested that

intercalation of potassium into GNFs can augment hydrogen

storage by a factor of ten, the change attributed to pore

broadening. Using sophisticated simulation routines, Frou-

dakis investigated this scenario and claimed that hydrogen

adsorption had been facilitated by a charge transfer from

potassium atoms to the nanotube, which gave rise to induced

polarization of the hydrogen molecules by the positively

charged potassium ions [19,104]. Browning et al. studied

adsorption in GNFs and expressed, on the basis of kinetic data,

that chemisorption was a partial contributor to the overall

storage capacity and kinetics [37]. In particular, the rate-

determining step leading to hydrogen storage was apparently

related to hydrogen dissociation along graphitic edge sites.

Such a storage mode was proposed to be consistent with

chemisorption in view of the higher than expected loadings

and slower kinetics compared to physisorption.

In 1987, Lagrange et al. prepared graphite intercalation

compounds comprising higher-than-unity stages and heavy

alkali metals [162]. The intercalated graphite structure defined

a lacunar order that was able to sorb large quantities of

hydrogen at temperatures close to 77 K. In the physisorbed

material, the chemical formula KC12s $ 2H2 was assigned

(where s denotes the stage). In comparison, the first-stage or

stage 1 type derivative was assigned the formula KC8 $ KC8

was formed upon hydrogenation via chemisorptive dissocia-

tion of adsorbed dihydrogen to yield alternating planes of

graphite and intercalated alkali metal layers. Indeed,

a complete transformation of the solid phase structure was

observed upon hydrogenation between 20 �C and 150 �C. To

gain insight into the kinetics of adsorption, a mixture of

protium and deuterium was loaded along the two types of

intercalated materials, yielding an isotope effect. Isotopic

separation was more pronounced during physisorption of

KC24 compositions than chemisorption of KC8 surfaces. Apart

from exploiting alkali to load hydrogen into graphite

compounds, other uncommon treatments such as sonication

were postulated or observed to raise hydrogen adsorption

[16,19,54,100,102–112].

6. Techniques used to assess hydrogen
adsorption

6.1. Experimental approaches

Techniques to detect the formation of C–H bonds have been

employed to probe various chemical interactions between

hydrogen and carbonaceous materials. Methods to do so have

included electron microscopic analysis, FT-Raman, FT-IR, XRD,

X-ray photoelectron spectroscopy (XPS) and 13C NMR tech-

niques. A second requirement has been to quantify the adsorbed

hydrogen per carbon atom ratio. This task has been typically

achievedusingatom-specific methodstoprobetheC1score level

carbon atoms in CNTs. With XPS, H2-coordination-induced

chemical shifts of the C1s level have been used to identify the C–
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H bonds involved. As well, the fraction of affected carbon atoms

has been deduced from their relative intensities [193]. An alter-

native basis to study the unoccupied orbital structure has drawn

upon the core excitation process of X-ray absorption spectros-

copy (XAS) [194]. In particular, the formation of C–H bonds

around specific carbon atoms has been inferred in the course of

altering the electronic structure of a CNT.

Coming to more specific examples, several groups have

obtained experimental evidence supporting the existence of

chemisorbed hydrogen using sophisticated instrumental

analysis techniques:

a. In 2001, low-temperature inelastic neutron scattering

experiments conducted by Ren and Price revealed the influ-

ence of different adsorption sites on the strength of the

hydrogen-carbon interaction in materials [195]. In particular,

these findings revealed an interaction of approximately 5 kJ/

mole when measured against various metal-free carbon

materials [55,195]. The account concluded by confirming that

surface adsorption of dihydrogen had occurred without real-

izing significant interaction energies, thus supporting the

common belief that carbon sites alone would be too inert to

activate dihydrogen. In comparison, strong interactions

between dihydrogen and surface would have been expected

during chemisorption. The authors argued that the hydrogen

molecule must have first become activated in order to expe-

rience chemisorption, thus supporting the notion that a cata-

lytic agent should mediate hydrogenation in carbon materials.

The catalytic agent, it was professed, would be a material that

would become readily coordinated to hydrogen in comparison

to carbon, could aid cleavage of dihydrogen upon association

and could promote transfer of hydrogen atoms to equipoten-

tial sites along the carbon surface. Surface-resident hetero-

atom impurities such as N, P, S and B have shown promise in

this respect as hydrogen storage activators of carbonaceous

materials [196]. Sankaran et al. further claimed that carbon

materials contain other sites that serve to promote hydrogen

adsorption and absorption [196].

b. A custom-made Sieverts apparatus has been used by

Xua et al. to investigate the hydrogen storage capacity of

SWNHs, SWCNTs, GNFs, ACs and graphite at room tempera-

ture and 77 K [141]. The utility of this method was made clear

by its practicality. The hydrogen storage capacity of the

carbon materials correlated well against their surface area,

volume and average micropore diameter. In addition, the

results showed that the storage capacity was less than 1 wt%

at room temperature.

c. Electron microscopic analysis, FT-Raman, FT-IR, XRD,

XPS and 13C and 11B MAS NMR techniques have all been used

to investigate BCNTs. The existence of boron in different

chemical environments has been confirmed by XPS and 11B

MAS NMR. Hydrogen absorption by such studies has yielded

an apparent maximum of 2 wt% hydrogen storage capacity.

d. An atomic hydrogen beam technique [197] was

employed by Nikitin et al. to monitor the facilitated hydroge-

nation of SWCNT films [198]. While impractical for real

hydrogenation applications, the approach as a measurement

technique was noteworthy in the sense that all values

obtained, by default, excluded the dihydrogen dissociation

component of the overall hydrogenation mechanism. XAS

measurements were used to highlight a decreased p*

character along the C]C bonds forming the walls of SWCNT

films. Furthermore, XAS was used to establish an increased C–

H* resonance upon hydrogenation. On the basis of XPS results

combined with theoretical calculations, an approximate

65 � 15 atom% hydrogenation of carbons was concluded to

have occurred in the SWCNT films, which corresponded to

5.1 � 1.2 wt% hydrogen capacity.

e. Micropore volume measurements have been extremely

informative and are typically obtained by using several

methods. With the Dubinin–Radushkevich (DR) equation,

carbon dioxide adsorption data obtained at 273 K is extrapo-

lated to quantify micropore volumes of pores �7 nm. Simi-

larly, nitrogen adsorption data at 77 K can be used to probe the

volume of pores <2 nm. A comprehensive account of surface,

volume and loading measurements has illustrated consis-

tencies and variations between pore structure and hydrogen

uptake on a variety of microporous and nanostructured

carbon materials at 77 K and 1 bar pressure [6]. Among the

materials chosen, surface area measurements have indicated

values that ranged from modest to very high, with

a maximum loading area of 2630 m2/g, for instance, available

along both sides of a graphene layer. Large variations in the

relation between surface area and loading capacity measure-

ments have been noted. More interestingly, some materials

boasting very high total pore volume measurements did not

adsorb hydrogen to a large extent at 1 bar. While perhaps

counter-intuitive, the root cause of this discrepancy could be

narrowed, thanks to this technique, to the much smaller

interaction energy of hydrogen in wide pores compared to

small micropores (<0.7 nm). Furthermore, the correlation of

measured data points showed greater scattering for surface

areas exceeding 1000 m2/g. This aspect was likely related to

the wider pore size distributions often found in materials

possessing larger surface areas. That being said, measure-

ment techniques may also be prone to error, and materials

demonstrating high apparent surface areas have often man-

ifested erroneous contributions from pore filling effects.

f. XPS has been used by Ruffieux et al. to probe the inter-

action of dihydrogen with sp2-hybridized carbons on graphite

(0001), SWCNTs and C60 multilayer films [199]. These

substrates were chosen to sample the diverse range of

curvatures representative of the established classes of carbon

networks. XPS spectroscopy of samples treated with atomic

hydrogen and low-energy hydrogen ions revealed that

hydrogen had been chemisorbed along the basal plane of sp2-

bonded carbon networks, as evidenced by the reduced emis-

sion from p-derived states and a reduction of the electron

work function by as much as 1.3 eV. The kinetic energy barrier

to hydrogen adsorption was determined to be strongly

curvature-dependent. Indeed, activation energies were

observed to decrease as local curvatures increased along the

carbon network. In the case of C60 and single-walled carbon

nanotubes, hydrogen chemisorption was validated upon

exposure to atomic hydrogen. In contrast, chemisorption on

graphite (0001) was promoted by hydrogen ions of low kinetic

energy (w1 eV). Not surprisingly, the energy barrier to subse-

quent adsorption events was shown to incrementally increase

upon progressive hydrogen saturation. Apart from XPS

measurements, scanning tunneling microscopy of individual

adsorption sites on a graphite (0001) surface revealed
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long-range (w5 nm) electronic effects. It seemed that the

superstructure had originated from the scattering of delo-

calized electronic wave functions at point defects. The resul-

tant standing waves, in turn, had induced a redistribution of

the local density of states.

g. A near edge X-ray absorption spectroscopy (NEXAFS)-

based method was developed in 2005 by Lenardi et al. to

quantitatively evaluate the chemisorbed fraction of hydrogen

in nanostructured carbon films [200]. In the carbon K-edge

spectrum obtained, the peak identifying the C–H carbons was

assumed to directly reflect the amount of hydrogen bonded to

carbon. The assumption was supported by a comparative

analysis of gas-phase hydrocarbons examined via electron

energy loss spectroscopy (EELS). The NEXAFS method was

subsequently applied to the analysis of nanostructured

carbon films synthesized via supersonic cluster beam depo-

sition. Following exposure to molecular hydrogen (0.12 MPa,

3 h, room temperature), various samples yielded a hydrogen

loading of approximately w1.5 wt%.

h. Imamura et al. used thermal desorption spectrometry

(TDS) and neutron diffraction measurements to characterize

the hydrogen loading of certain carbon nanocomposites. The

materials, which were prepared by ball milling graphite,

magnesium and benzene or cyclohexane under various

conditions, displayed novel hydrogen storage traits [201]. The

measurement techniques established in particular that

hydrogen uptake had proceeded by at least two mechanisms.

In the simplest sense, some hydrogens had become strongly

associated to the carbon component whereas the remaining

were held as hydrides in the magnesium component. The

findings were particularly interesting, as ball milling had

generated large amounts of dangling carbon bonds in the

graphite substrate. These ‘‘loose ends’’ served as active sites in

the uptake of hydrogen. When hydrogenated composites were

incubated with deuterium gas at 453 K, deuterium exchange

was found to occur with the magnesium hydride component,

but not with any hydrogen directly associated to the carbon.

i. Nitrogen physisorption, X-ray diffraction, transmission

electron microscopy, metal surface area analysis, and

temperature-programmed hydrogen reduction and desorp-

tion methods have been used by Zieliński et al. to characterize

hydrogen storage in a nickel-doped commercially activated

carbon source [202]. Furthermore, a high-pressure volumetric

adsorption–desorption system was used to measure hydrogen

storage and release at room temperature and 20–30 bar. A

variety of parameters such as the metal type, metal content

and preparation history were examined in view of their

established influence on hydrogen uptake. Overall, stored

hydrogen was deemed to have been loosely chemisorbed

along the carbonaceous material. More interestingly,

hydrogen seemed to have chemisorbed to carbon acceptor

sites, which had been induced by H2-pretreatment at 623 K.

6.2. Theoretical approaches

Complicated model systems notwithstanding, theoretical

approaches have proven extremely convenient and

supportive in validating and better directing the development

of hydrogen storage media. In as much that CNTs feature

well-defined structures, most work on carbonaceous storage

media has necessarily focused on these carbon allotropes and

their metal-doped variants. The density functional theory and

several universal force field models have proven very useful in

modeling CNT hydrogenation as a function of heteroatom

substitution and location. By way of these techniques,

hydrogenation activators such as nitrogen, phosphorus,

sulfur and boron have been compared and their optimal

placement along various carbon surfaces has been predicted.

This contribution has served particularly well in providing

a rational basis to target the most suitable chemical activa-

tors, geometries and related design requirements in efforts to

yield CNTs with high storage capacities [196]. Using density

functional theory, Chen et al. systematically assessed the

potential mechanisms of hydrogen spill-over into several

carbon-based materials [190]. Modeled in particular was the

adsorption and diffusion of atomic hydrogen in graphene

sheets, SWCNTs and hexabenzocoronene. Furthermore, the

minimum-energy-pathway potential energy maps of selected

adsorption and diffusion scenarios could be modeled. In this

treatment, the migration of atomic hydrogen from the Pt

cluster to the substrate was shown to easily proceed at

ambient conditions. While slightly endothermic, indicative of

adsorption along carbon, the simulation nonetheless revealed

a small kinetic energy barrier. The results also affirmed that

diffusion of carbon-chemisorbed hydrogen atoms would be

energetically prohibited, as any such migration would require

rupture of the C–H bond. Hence, the findings implied that

hydrogen spill-over would likely occur via a physisorption

mode. Also, the mobility of H atoms was found to reflect the

surface curvature of carbon.

In a related study, Lueking and Yang [191] systematically

addressed the hydrogen storage issue and confirmed that

hydrogen storage in various carbon-catalyst materials could

be increased via hydrogen spill-over from a supported cata-

lyst. In particular, the group illustrated that a dynamic steady-

state model was needed to predict the nature of hydrogen

spill-over. The work focused on secondary spill-over experi-

ments to bypass unpredictable events associated with

primary spill-over, such as sporadic material changes.

7. Conclusion

As hydrogen storage describes one of the key challenges in

developing a clean-burning hydrogen economy, it is not

surprising that much effort has focused on optimizing the

current state of storage technologies. In keeping with this

theme, nanostructured carbon materials do indeed feature

commercial advantages over other storage methods. As well,

they boast flexibilities relating to their design and the choice

to employ physical and/or combined physicochemical storage

strategies. Some nanostructured carbon storage materials,

particularly microporous carbons and CNTs, are currently

depicted as the best hydrogen storage media in light of their

improved capacities, favorable kinetic behavior, and moder-

ately good reproducibility and self-consistency amongst

differing experimental and theoretical test methods. That

being said, several isolated accounts depicting the tremen-

dous potential of GNFs should not be regarded lightly, as it is

possible that further development and clarification of the
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microscopic storage mode could propel GNFs into the

limelight.

Despite all the encouraging developments, current nano-

material technologies still remain far from meeting the DOE

target of 6.5 wt% loaded hydrogen. While hydrogen storage

capacities and kinetics have been satisfactorily quantified in

carbonaceous materials, the mechanisms of hydrogen uptake

and release remain to be better elucidated. Preparing future

designs for hydrogen storage appears to rest upon better

understanding many factors such as the nature of the surface-

pendent functional groups, the pore and surface microstruc-

ture and topology, the adsorption and desorption properties,

the thermodynamic and kinetic behavior of pure materials as

well as their metal-doped composites, and the hydrogen

uptake–release mechanism. It follows that a most crucial

technical target is to optimize the adsorption sites of the

carbon network and thereby to facilitate the kinetics of

loading and release, particularly under room temperature and

moderate pressure conditions. Such an undertaking will also

require a precise knowledge of the interaction between

hydrogen and a given carbon surface, as many examples

herein have exemplified interactions and mechanisms that

were physical, chemical or possibly intermediate. Clearly, if

nanostructured carbons are to become the base materials of

a hydrogen-storage technology, many improvements remain

to be achieved. This goal can be released by identifying and

characterizing all physicochemical contributors to the overall

problem and systematically optimizing each one.
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[189] Lu AH, Schüth F. Adv Mater 2006;18:1793–805.
[190] (a)Chen L, Cooper AC, Pez GP, Cheng H. J Phys Chem C 2007;

111:5514–9;
(b)Chen L, Cooper AC, Pez GP, Cheng H. J Phys Chem C 2007;
111:18995–9000.

[191] Lueking AD, Yang RT. Appl Cat A: General 2004;265:259–68.
[192] McDaniel FD, Naab FU, Holland OW, Dhoubhadel M,

Mitchell LJ, Duggan JL. Surf Coat Technol 2007;201:8564–7.
[193] Nilsson A. J Electron Spectrosc Relat Phenom 2002;126:3–42.
[194] Stohr J. NEXAFS spectroscopy. Berlin: Springer; 1996.
[195] Ren Y, Price DL. Appl Phys Lett 2001;79:3684–6.
[196] Sankaran M, Viswanathan B, Srinivasa S. Int J Hydrogen

Energy 2008;33:393–403.
[197] Nikitin A, Ogasawara H, Mann D, Denecke R, Zhang Z,

Dai H, et al. Phys Rev Lett 2005;95. 225507–1-4.
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Appl Phys A Mater Sci Process 2004;78:975–80.
[200] Lenardi C, Marino M, Barborini E, Piseri P, Milani P. Eur Phys

J B 2005;46:441–7.
[201] Imamura H, Kitazawa I, Tanabe Y, Sakata Y. Int J Hydrogen

Energy 2007;32:2408–11.
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