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Abstract We review the current achievements in the numer-
ical studies of adsorption of molecular hydrogen in boron
substituted nanoporous carbons. We show that the enhanced
attraction of H2 by boron-substituted all-carbon structures
may allow designing new porous materials with modulated
capacity for hydrogen adsorption. Such new structures are
characterized by modification of energy landscape of ad-
sorbing surfaces extending beyond the vicinity of substituted
atom over several graphene carbon sites, and show strong
surface heterogeneity. Although the theoretical conception
and description of boron-substituted carbons made a con-
siderable progress during the last decade, the preparation of
these materials involves tedious procedures and still needs
to be improved.
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1 Introduction

Hydrogen has been for long considered as an alternative
to fossil fuels. However, molecular hydrogen has low crit-
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ical temperature (32.97 K) and for practical applications it
cannot be handled in liquid state. Therefore, a development
of hydrogen storage technology is crucial for the advance-
ment of its practical use in stationary and portable devices,
and, in particular, in transportation. Beside storage capac-
ity of hydrogen tanks, many other aspects are crucial for
successful development of practical applications: packag-
ing, cost, safety and performance. Several options are be-
ing studied and three main alternatives emerged for hydro-
gen storage: (i) compressed and cryo-compressed hydrogen
tanks, (ii) advanced metal hydrides for chemical hydrogen
storage, (iii) high surface area sorbents. This last option re-
quires a development of highly porous nanostructures of
light weight adsorbing hydrogen through physisorption. In
such materials, the relative weakness of the physical inter-
actions between sorbent and hydrogen should guarantee the
process reversibility which is necessary for the effective ap-
plication in real devices.

Two parameters appear to be crucial and should be
optimized for H2 storage in porous solids: a gravimet-
ric storage density (the percentage of the mass of stored
gas with respect to the whole gas-sorbent system) and a
heat of adsorption. The target of 6–9 wt% of adsorbed
H2 has been defined by DOE (US Department of Energy,
http://www.sc.doe.gov/bes/hydrogen.pdf) to preserve a rea-
sonable volume and weight of the host solid feeling fuel tank
and allowing ∼500 km vehicle autonomy. The modulation
of the heat of adsorption in the range of 15–25 kJ/mole (Bha-
tia and Myers 2006) is required in order to maintain the hy-
drogen molecule physisorbed even at the conditions close to
atmospheric (298 K and ∼1 atm.) and, at the same time, al-
low hydrogen to be easily desorbed by temperature/pressure
swing. For now, the reported experimental results on the
hydrogen storage in porous solids remain far below these
targets. At the same time, several numerical calculations es-
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timate the theoretical limits that could be achieved within
experimental systems.

The control of the adsorbing properties of a given sorbent
can be realized by modification of sorbent topology either
by its fragmentation, intercalation or substitutional doping.
In particular, the doping attracts a lot of attention as it may
influence the characteristics of sorbent in many ways, by in-
troducing simultaneously surface heterogeneity and modifi-
cation of intermolecular interactions. In the category of high
surface area carbon-based sorbents, substitution with boron
appears the most promising. The extensive current experi-
mental search for synthesis of highly B-substituted activated
carbons is based on theoretical predictions that B-doping
raises the binding energy of H2 from 4–7 kJ/mol (for purely
carbon materials) to 15–35 kJ/mol (Kim et al. 2006) by in-
teractions of electrons from the occupied σ orbital of H2 to
the empty pz orbital of B, making B-doped carbon an out-
standing candidate for high-capacity H2 sorbent.

Theoretical investigations of carbon-based structures
substituted by boron are already available. They play a cru-
cial role in the process of development of the final prod-
uct. As the experimental progress is technologically de-
manding, the theoretical calculations give an estimation of
technological limits and help to orient the experimental ef-
fort towards the most promising strategies. DFT calcula-
tions revealed a non-dissociative H2 chemisorption on B
and Be doped fullerenes. The coupling between a localized
empty pz orbital of the dopant and the H2 σ orbital was
essential for the enhanced interactions (Kim et al. 2006).
Substitution of boron atoms into the benzene ring of the
metal-organic frameworks (MOF) linkers substantially en-
hanced the Ca binding energy to the linker as well as the
H2 binding energy to Ca (Zou et al. 2010). The Kubas in-
teraction between H2 and Ca gave rise to a large number

of bounded H2 molecules (8 per linker), with the binding
energy of 20 kJ/mol, making the system promising for re-
versible hydrogen storage at ambient conditions. The the-
oretical exploration has also been made for boron carbide
nanotubes coated by lithium atoms (Wu et al. 2008). Ac-
cording to Authors, the enhanced energetical parameters of
adsorbent for hydrogen physisorption should stimulate fu-
ture experimental tests. Our recent papers (Firlej et al. 2009;
Kuchta and Firlej 2010c) have shown that substitution of
∼10% of atoms in graphene-like activated carbons by boron
dramatically increases hydrogen adsorption and leads to a
record uptake ∼5 wt% at room temperature and gas pressure
of 100 bars. However, most probably even higher B-content
(between 10% and 20% of boron atoms) is required for prac-
tical applications.

In this review we summarize the state of the art of mod-
eling hydrogen adsorption in carbon-based nanoporous sor-
bents containing substitutional boron atoms. After a brief
overview of experimentally prepared structures, we focus
on the theoretical/numerical results estimating potential hy-
drogen storage in such systems. From this perspective we
discuss in conclusions the possible orientations in further
designing of hydrogen nanosorbents showing properties de-
sired for future applications.

2 Synthesis and structures of boron-substituted
nanoporous carbons

2.1 Layered BCn structures

Graphite-like layered structures of bulk BCn (Fig. 1) were
successfully synthesized more than 20 years ago by the
chemical reaction of benzene and boron trichloride at 800 ◦C

Fig. 1 Regular structures of
BCn (n = 3,5,6,7) layers
prepared experimentally. The
dashed lines delimit the unit cell
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(Kouvetakis et al. 1986). Experiments (Krishnan 1991) and
ab initio calculations (Tomanek et al. 1988; Wang et al.
1996, 1997) suggested that the synthesized material consists
of BC3 layers of hexagonal symmetry. Different stacking
arrangements of BC3 crystals are studied with using ab initio
pseudopotential density-functional method (Sun et al. 2004;
Yanagisawa et al. 2004). Two stable BC3 structures, one
semiconducting and the other metallic, have been identi-
fied.

Boron atoms can be substituted for carbons in the basal
hexagonal graphite plane (Endo et al. 2001) by annealing
highly oriented pyrolytic graphite in presence of boron car-
bide B4C at high temperature (T ∼ 2500 ◦C). The pres-
ence of substitutional boron has been confirmed using scan-
ning tunneling microscopy (STM). The boron was substi-
tuted at random positions, with an average substitution ratio
1 : 27. The B–Cα distance estimated from STM images was
0.159 nm (Cα-carbon directly connected to substitutional
boron) and only 0.141 nm between nearest carbon atoms
located far from substitution site. This result has been in-
terpreted as a signature of a distortion of the graphene plane
upon substitution, and the improper angle at substitution site
was estimated to be ∼164 ◦. Molecular orbital calculations
reveal that substituted boron hold high electron density, in
agreement with STM results. However, the out-of-plane lo-
cation of substitutional boron has not been confirmed by re-
cent ab initio calculations (Firlej et al. 2009).

Solid-solution technique to prepare BCn compounds
require heat treatment at temperatures close to carbon
graphitization and lead to relatively low substitution ratio
(<2.35%) (Radovic et al. 1998; Lowell 1966; Lee et al.
2002). Therefore, to prepare BCn layers or thin films, chem-
ical vapor deposition (CVD) is being frequently used, as
it operates at lower temperatures (700–900 ◦C) and leads
to higher boron uptake (Hach et al. 1999; Shirasaki et al.
2000). Usually, C6H6 or C2H2 and BCl3 are used as BCn

precursors. During deposition boron is incorporated into
the structure via electrophilic attack on individual benzene
rings. The cumulative addition of rings occurs in the gas
phase, where both: in-plane and inter-plane diffusion con-
stant of boron are larger than that of carbon (Hach et al.
1999). Deposition rates are extremely slow and a thin film
grows only to a thickness of ∼1 mm (Hach et al. 1999). The
material consists of interconnected platelets of hexagonal
morphology observable via TEM. X-ray diffraction mea-
surements showed that the distance between layers of thin
films prepared in this way varies with boron concentration
in the deposits and with reaction temperature. Moreover,
addition of boron improves films crystallinity up to a boron
concentration of ∼25%; beyond this critical value, the film
crystallinity deteriorates, mainly because of interlayer in-
tercalation of boron-containing precursor (Shirasaki et al.
2000). According to 11B-NMR measurements (Lee et al.

2002), boron atoms are isolated from each other in samples
with low-boron content; boron-boron contacts appear only
in samples of high-boron content. Thin films obtained by
CVD have been identified as BC5 (Naeni et al. 1996) and
BC6 (Hach et al. 1999). In the later case, the interlayer spac-
ing was nearly identical to that of perfect graphite but an
ABAB stacking of layer planes was missing.

Recently, a carbonization of B-containing polymeric pre-
cursors has been developed to prepare microporous boron-
containing carbons (Chung et al. 2008). The materials with
a high B content (7.2%) and surface area (780 m2/g) exhibit
enhanced hydrogen binding energy (∼11 kJ/mol), twice as
high as in pure microporous carbons.

2.2 B–C nanoporous structures with cylindrical pores:
nanotubes and templated carbons

Boron-containing carbon nanotubes have been prepared us-
ing variety of techniques, including arc discharge, laser ab-
lation, substitution reaction (Borowiak-Palen et al. 2003;
Han et al. 1999; Golberg et al. 1999), CVD (Ceragioli
et al. 2008), and precursors pyrolysis (Borowiak-Palen et al.
2003; Han et al. 1999; Golberg et al. 1999). All these meth-
ods do not allow a control of structural properties of the
material (tube size, chirality and relative orientations); only
CVD techniques aiming to produce tubes of less dispersed
parameters are still under development.

An alternative method to produce nanoporous carbons
with cylindrical pores of uniform diameter consists in build-
ing them around appropriate templates (Martin 1994). The
template synthesis is widely used for preparing various
micro- and nanoporous materials as it offers the possibil-
ity of full controlling of pores morphology and pore walls
composition. The method has been successfully used to syn-
thesize carbon nanotubes by Che et al. (1998) and Kyotani
et al. (1996) Combination of CVD and template synthe-
sis allowed to prepare nanoporous carbons with cylindrical
pores that were highly aligned, uniform in diameter, hol-
low and open ended (suitable for filling with other materi-
als). Depending on template used, the pore diameters var-
ied from 20 to 200 nm. Using this approach boron sub-
stituted carbon nanotubes has been also synthesized. Two
procedures have been developed: carbonization of hydrob-
orane polymer formed in situ during the polymerisation
of divinyl benzene and BH3 in alumina membrane tem-
plate and carbonization of acetylene in the presence of bo-
rane gas in NaY zeolite template (Ceragioli et al. 2008;
Sankaran and Viswanathan 2007). Structural analysis of the
tubes prepared in this way clearly showed that the boron
atoms are bonded to carbon atom in two different chemi-
cal environments, BC3 and BC4 type. The 11B MAS NMR
study confirmed this result and additionally showed that
there is no possible quadrupole interaction due to B–B bond.
However, the substitution ratio has not been estimated.



416 Adsorption (2010) 16: 413–421

2.3 Metal-organic and covalent-organic frameworks

Metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs) constitute a new class of ultra-light
nanoporous networks with large specific surface area. They
are very promising sorbents for gas storage in general and
hydrogen in particular. The boron-rich components are of-
ten used as structure building blocks (Farha et al. 2007;
Li et al. 2010; Klontzas et al. 2010; Han et al. 2008;
Zhao et al. 2008; Chen and Wu 2004). This large and rapidly
developing area exit the frame of this review devoted to only
B/C sorbents and will not be discussed here in details.

3 Quantum chemical calculations

The available quantum-chemical studies regard two groups
of problems. One is concerned with boron induced effects
to the hydrogen adsorption template, the second collects
studies of direct interactions between adsorbent constituted
by boron substituted carbons and hydrogen (atom or mole-
cule). The quantum-chemical models falls into two gen-
eral methodological categories: methods utilizing periodic
boundary conditions and the cluster approach. Both of these
approaches possess limitations and are complementary to
each other. At present, available realizations of “periodic”
methods are based exclusively on density functional the-
ory (DFT) formalism (Parr and Yang 1994). Despite ex-
tensive search, available functionals do not account ade-
quately for dispersion interaction energy which constitutes
major component for physisorption of H2. The majority of
“cluster” calculations were also performed within the DFT
approach. However, although computationally demanding,
many methods for inclusion of correlation energy are avail-
able for confined conditions (Schleyer 1998). The second
order Møller-Plesset perturbation theory (MP2) (Møller and
Plesset 1934) is the simplest approach leading to reasonable
results. More advanced methods (higher order MP pertur-
bation, coupled cluster, configuration interaction methods)
are also available. The obvious restrictions of cluster mod-
els originate of nonphysical effects due to the reduction of
size of studied systems.

The results of density functional theory studies for boron
substitution indicate that such process leads to low spin
nanographene sheets, unlike all carbon sheets (Redfern et al.
2009). This implies that boron lowers the energy of the high-
est occupied orbital resulting in holes in the valence orbital
energy levels. These results are consistent with a number of
experimental findings. The theoretical studies applying “pe-
riodic” calculations for the boron exchange in bulk graphite,
nanotubes or graphene nanoribbons show that boron creates
holes at the top of valence band and lowers the Fermi level

(McGuire et al. 2005; Carroll et al. 1998). Each boron “con-
figuration” gives rise to a unique electronic state signature
reflecting subtle changes in orbital energies.

In the last 15 years the infinite graphite-like structures
substituted by boron have been studied theoretically apply-
ing density functional theory within the periodic boundary
conditions approach. The cohesion energies of random al-
loys at all compositions were calculated and studies showed
that the random distribution of boron in BxC1−x was dis-
couraged mostly because of the repulsive boron-boron first
neighbor interactions (Magri 1994). The results supported
experimentally suggested observations that ordered BxC1−x

structures were formed with x ranging from 0.15 to 0.25.
Several calculations (Wang et al. 1996, 1997; Magri 1994)
confirmed that the ordered structure with the hexagonal
symmetry within the layer is the most stable structure for
the C3B compound. The BC stacking sequence along the
normal to the layer is stable with a c-lattice parameter 6.85–
6.90 Å (Wang et al. 1996, 1997). Also, the ordered struc-
tures of C5B can be stable in both stacking sequences with
the c-lattice parameter 6.00 Å, which is significantly smaller
compared to 6.60–6.70 Å of pure graphite (Wang et al. 1996,
1997; Hu et al. 2006).

For confined graphene-like clusters it is convenient to ap-
ply “cluster” models. In this case, the explanation in terms of
an empty p orbital which is expected to change the electron
acceptor level has been found insufficient for understand-
ing the modification of carbon reactivity. Especially, the en-
hancement of oxidation resistance at relatively high levels
of boron doping and a catalytic effect at low levels of boron
doping (Serin et al. 2000) require a theoretical explanation.
The theoretical ab initio analysis (Wu and Radovic 2004)
confirmed that boron substitution in the carbon network can
result in two opposite effects on carbon oxidation: cataly-
sis and inhibition. Boron substitution was found to decrease
the global cluster stability and to affect the local reactivity
of its edge sites. This phenomenon must also change the in-
teraction properties important for H2 adsorption. The func-
tionalization as well as reactivity of particular atom within
the B/C structure depends on the boron substitution site. The
loss of electron, due to the B presence, allows for different
π -bonding conjugation as the function of B/C exchange site.
Such a conjugation in case of boron nanotubes leads to two
possible organizations (local or global) of electron spin den-
sity (Saloni et al. 2010) and in an effect to different reactivity
regarding the H2 physisorption.

The chemisorption of hydrogen has been studied within
both “periodic” (Zhou et al. 2009; Miwa et al. 2008; Zhang
2007; Zhu et al. 2006; Ferro et al. 2004a) and “cluster” mod-
els (Ferro et al. 2003, 2004a, 2004b; Zheng and Zeng 1998).
The studies were performed applying exclusively density
functional theory approaches. These results constitute part
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of information needed to design the hydrogen storage me-
dia based on chemisorption. Such properties of boron substi-
tuted carbons make them attractive as potential storage ma-
terial based on the spillover (that is, dissociative chemisorp-
tion and migration along graphene plane) mechanism. Since
some metal cluster are known for dissociative adsorption of
hydrogen molecules, such clusters can be themselves ad-
sorbed on B/C carbons. The balanced energetics of B/C
material-metal cluster-H2 system can lead to hydrogen stor-
age with assumed physicochemical parameters. Preliminary
studies of palladium adsorption are available (Chen et al.
2009). New DFT calculations showed (Zhu et al. 2006) that
there is a correlation between the stability of the graphene
sheet, the distribution of π electrons, and the electrosta-
tic potential. After boron substitution, the distribution of
the HOMO electron wave is no longer uniform; rather, the
whole aromatic rings adjacent to the boron atoms are cov-
ered by the HOMO electron wave, and the π electron den-
sity around the substitutional boron is much higher than that
in other areas. Boron substitution makes the graphene struc-
ture less stable and the off-plane π electrons around the sub-
stitutional boron atoms more concentrated, thus lowering the
electrostatic potential. As a result, the hydrogen adsorption
energy on carbon is improved.

The hetero-atoms doped to carbons create possible ac-
tivation centers for molecular hydrogen adsorption. The
DFT studies for boron modified carbon nanotubes and
fullerenes are available (Kim et al. 2006; Viswanathan and
Sankaran 2008; Sankaran et al. 2005, 2008; Sankaran and
Viswanathan 2006; Ni et al. 2009). However, because of the
importance of dispersion forces as leading component of in-
teractions involving H2 (Lochan and Head-Gordon 2006)
one should consider these results with a caution. The sec-
ond order Møller-Plesset perturbation or higher level the-
ories have to be applied for the reasonable accounting for
correlation energy. The calculations involving model boron
doped graphenes interacting with H2 were performed with
the aim to determine of atom-atom potentials (Firlej et al.
2009). The Monte-Carlo simulations, applying above men-
tioned potential functions, suggest the promising properties
of studied boron substituted carbon nanospaces.

4 Numerical studies of adsorption in B/C
nanostructures

Hydrogen can adsorb in a host matrix in molecular form
(physical adsorption) or as atoms bonded to surface (chemi-
cal adsorption).

Physisorption in nanoporous carbons is particularly ap-
pealing way of hydrogen storage because its mechanism is
simple. However, the main obstacle for widespread appli-
cation of this option is the weak energy of hydrogen ad-
sorption on all-carbon surfaces (Kuchta and Firlej 2010c;

Bernard and Chahine 2007; Zubizarreta et al. 2008). Sub-
stitution of carbon atom with boron improves effectively
adsorption efficiency. Numerical estimations of hydrogen
physisorption in B-modified carbons are however to date
almost absent, mainly because of the absence of reliable de-
scription of H2 interaction with surfaces of different geome-
tries and substitution ratios. Recent Grand Canonical Monte
Carlo (GCMC) simulations (Firlej et al. 2009) report an en-
hanced H2 uptake in a model of modified graphene slits
with slit walls containing up to 10% of randomly distributed
boron atoms. The energy of interaction between H2 mole-
cule and the boron substituted surface was calculated using
the ab initio methodology (the second order Møller-Plesset
level of theory utilizing restricted open Hartree-Fock wave
function). An analysis of energy landscape of graphene sub-
stituted with one boron atom shows interesting features.
First, the substitutional boron is not actually the location of
strongest energy of adsorption, but it contributes to a dra-
matic enhancement of the adsorption over the neighboring
hexagons of the graphite lattice. As the boron atom is larger
than carbon there is a local weak maximum of the energy
at the boron, and it is located farther from the surface. Sec-
ond, modification of the energy landscape extends far be-
yond the nearest carbons and is still perceptible ∼7 Å from
the substituted boron (Fig. 2). The calculations showed that
the energies of hydrogen adsorption in such model systems
are close to optimum at low coverage (10.0–13.5 kJ/mol for
5–10% boron concentration), but decrease at high coverage
(5.0–6.0 kJ/mol), with an average of 7.5–10 kJ/mol over a 0–
100 bar pressure cycle (Fig. 3). The calculations also showed
that the substitution ratio of 10% is not sufficient to reach
the required hypothetical optimum of heat of adsorption of
∼15 kJ/mol suggested upon theoretical (Bhatia and Myers
2006) and numerical (Kuchta and Firlej 2010c) consider-
ations. However, it is not obvious that the higher contents
of boron will proportionally increase the adsorption energy.
At high substitution ratios boron atoms are not any longer
independent from each other and their contribution to the
surface-hydrogen interaction may not be additive. The ap-
pearance of B–B or B–C–B contacts is a qualitatively new
situation and H2 interaction with these local structures of the
adsorbing surface needs separate ab initio analysis.

In MOF and COF boron-rich structures (Chung et al.
2008), although the choice of the structural elements is cru-
cial for the system adsorption properties, there is no ex-
plicit analysis of the role of boron in a complex environ-
ment which contains many different atoms. For example, the
force field parameters used for simulations of hydrogen ad-
sorption in several COFs (Zhao et al. 2008) result from ab
initio calculations of H2 adsorption on boroxine (B3O3H3)

and silane (SiH4). The resulting well depths ratios for H–C,
H–O, H–B and H–Si interaction are 100 : 25 : 48 : 110, with
relatively weak adsorption over boron site. When this article
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Fig. 2 (Left panel) Energy landscape for H2 adsorption on graphene
layer substituted by one boron atom at x, y = (0,0) location. Isoen-
ergetic lines are separated by �E/kB = 10 K and go from E/kB =

−580 K (pink grey) to −940 K (navy). (Right panel) Minimum of H2
adsorption energy and its distance from the substrate along the (x,0)

line—see the original paper (Firlej et al. 2009) for details

Fig. 3 Energy landscape for H2 adsorption on graphene layer sub-
stituted by boron atoms. Substitution is random; B : C ratio is
equal 5% at x, y = (0,0) location. Isoenergetic lines are separated
by �E/kB = 10 K. The color code is the same as on Fig. 2: from
E/kB = −580 K (pink grey) to −1100 K (dark navy)—see the origi-
nal paper (Firlej et al. 2009) for details

was written, it was unknown how universal these relations
were.

Chemisorption of atomic hydrogen on graphite-like sur-
faces is an extensively studied alternative of hydrogen stor-
age in the context of the spillover mechanism. Ferro et al.
(2003) modeled the boron-doped graphite surfaces by mod-
ified C16H10 cluster in which one or two carbon atoms are
substituted by boron. The study has shown show that the
boron atom is not a stable adsorption site for hydrogen atom
as it induces an increase of H binding energy. In general,

such variation of surface properties is not suitable for prac-
tical applications: higher binding energy makes the recov-
ery of hydrogen more difficult. However, at the same time,
boron favors the diffusion of an isolated H atom on the sur-
face and dramatically decreases the activation energy for
atoms recombination. On BC3 surface, the activation en-
ergy for the diffusion of an isolated atom is reduced to
50–54 kJ/mol (from 91 kJ/mol for diffusion on graphite) and
is totally suppressed in the vicinity of another H (while it re-
mains high, 46 kJ/mol, on graphite). The activation energy
for the final recombination step falls down to 9 kJ/mol on
BC3 (272 kJ/mol on graphite) (Ferro et al. 2004a).

The binding energy of hydrogen to the surface is also
affected by the presence of boron (Saloni et al. 2010). In
graphene, the binding energy of hydrogen adatoms form-
ing dimer-like configurations is by nearly 100 kJ/mol atom
higher than the binding energy of two isolated H monomers
(EbH = 94.8 kJ/mol). The presence of a single substitu-
tional boron atom increases the hydrogen binding energy
by 87 kJ/mol with respect to the binding on graphene.
Chemisorbed hydrogen atom is attached to the carbon which
is the nearest neighbor to the substitution site. The adsorp-
tion of two hydrogens close to other dimer-like configura-
tions is energetically less favorable. This result indicates that
the formation of hydrogen clusters on the graphene sheet
may be suppressed in boron substituted carbons when the
substitution ratio is low. The situation is changing when
the B : C ratio increases. For boron concentration of ∼2.4%,
the binding energy of hydrogen in dimer configuration be-
comes higher than the binding energy of two separated hy-
drogen atoms. In this case, boron atoms create preferential
adsorption sites for hydrogen adatoms, and thus stimulate
the formation of hydrogen clusters on the adsorbing sur-
face.
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5 Conclusions

Although boron containing carbons show properties that
make them promising for a variety of applications (Radovic
et al. 1998; Wei et al. 1999) and, in particular, for hydrogen
storage, preparation of these materials seems to be involv-
ing tedious procedure. The preparation of boron containing
carbon materials is an art by itself. Moreover, an additional
experimental effort is necessary to prepare BCn materials in
the form of porous matrices with the pore sizes adapted for
an efficient and reversible adsorption of hydrogen. There-
fore, the theoretical calculations and numerical simulations
give an estimation of technological limits and help to focus
the experimental effort on the most promising strategies.

The main conclusions from the current state of both the-
oretical and numerical calculations are the following:

(1) High surface area microporous carbon structures are re-
quired to reach the generally accepted goals. However,
structural modifications creating additional adsorption
surface do not automatically increase the amount ad-
sorbed (Kuchta et al. 2010a, 2010b). By themselves,
these structural modifications lead to a strong structural
heterogeneity and (usually) to a lower uptake. The only
way to compensate the heterogeneity effect is to cou-
ple surface modification with the additional source of
enhanced hydrogen-wall interaction.

(2) Activated carbons, chemically modified by boron, ap-
pear as potentially applicable systems, if prepared as
high quality microporous structures. Calculations based
on a high quality force field obtained from the extensive
ab initio calculations prove that the amount of adsorbed
hydrogen may double in boron substituted carbons (as
compared to pristine graphene) (Firlej et al. 2009; Wei
et al. 1999).

(3) The MOFs and COFs structures define an alternative
approach and can potentially reach the energy and sur-
face requirement. However they need to be engineered
to limit the free volume inside the pores and optimize
hydrogen-pore wall interaction. It is not clear whether
the high hydrogen uptake in MOFs reported recently
(Collins and Zhou 2007) is mostly a consequence of
high surface area of MOFs structures, or it is also re-
lated to the presence of boron which may increase the
adsorption energy. The existing results point rather to
the first option (Li et al. 2010; Klontzas et al. 2010;
Han et al. 2008; Zhao et al. 2008; Chen and Wu 2004).

(4) Catalytic properties of boron for molecular hydrogen
dissociation coupled to carbon capacity to enhance hy-
drogen diffusion across the adsorbing surface made
boron-doped carbons good candidates to improve hy-
drogen sorption via spillover mechanism.

(5) Other similar systems, such as boron-nitride com-
pounds, are also potentially interesting as storage mate-
rials (for example, boron-nitride nanotubes, which show

enhanced selectivity of deuterium over hydrogen ad-
sorption (Kowalczyk et al. 2008)).
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