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Abstract. Data on the interaction of carbon nanomaterials (full-
erenes, carbon nanotubes, graphite nanofibres and their metal-
doped modifications) with hydrogen are surveyed. New results on
the preparation and properties of hydrofullerenes are presented.
The prospects for the use of carbon nanomaterials as reversible
hydrogen sorbents are discussed. The bibliography includes 183
references.

1. Introduction

Hydrogen has indisputable advantages over other energy carriers
as it is a versatile, highly efficient and environmentally safe energy
carrier. This provides good prospects for its wide application in
power engineering, especially as a fuel for vehicles transport.!
However, there is a very serious problem hampering the use of
hydrogen as a fuel, namely, hydrogen storage and transportation.
None of the currently available methods for the storage of hydro-
gen (in the gas state under high pressure, in the liquid state, as
metal hydrides and hydrides of intermetallic compounds, or in the
adsorbed state at low temperatures, see Table 1) meets the
requirements imposed on hydrogen storage systems, e.g., by the
US Department of Energy (DOE) Hydrogen Plan (content of
hydrogen > 6.5 mass % or > 63 kg m—3)2 and by the Interna-
tional Energy Agency (content of hydrogen > 5 mass %, release
of hydrogen at temperatures below 373 K).> Therefore, the
development of new, more efficient methods for the storage and
transportation of hydrogen is still an important task the success of
which will determine, in many respects, further progress in the
development of the ‘hydrogen’ technology and power engineering.

Hydrogen accumulation based on the reversible sorption of
hydrogen is one of the most promising and popular methods for
the storage of hydrogen. The most popular sorbents include
hydride-forming metals and intermetallic compounds > as well
as active carbons prepared by various methods.®—? Fullerenes and
their derivatives, carbon nanofibres and nanotubes have been
suggested repeatedly over recent years as hydrogen-accumulating
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Table 1. Traditional hydrogen storage methods.?

Method and condi- Hydrogen Hydrogen Drawbacks of
tions for hydrogen  content in the volume the method
storage sorbent content
(mass %) /kg m—3
Gaseous H» 100 7.7 heavy containers,
(300 K, 10 MPa) small volume
capacity
Liquid H» 100 71 high losses,
(20 K) high cost
Metal-hydride
TiH» 4.0 150 insufficient
MgH>» 7.6 120 capacity; necessity
LaNisHg 7 1.4 85 of heating;
TiFeH» 1.9 95 sensitivity
Mg>NiHy 3.7 80 to admixtures
Cryoadsorption
activated carbon 0.05-2 ~1-2 necessity of cooling

(155 K, 6.9 MPa) and compression

substrates.> ¢ 10-11 In the present review, we consider the data on
the interaction of molecular hydrogen with these carbon nano-
materials (NM) and the prospects for their application as rever-
sible sorbents for the storage of hydrogen.

I1. Synthesis of hydrofullerenes

The presently known methods for the preparation of hydrofuller-
enes, such as the Birch—Hiickel reduction of fullerenes, hydro-
boration, catalytic hydrogenation of fullerenes, reduction of
fullerenes based on non-catalytic transfer of hydrogen from a
donor to an acceptor, efc., have been surveyed in detail in several
reviews.!2~ 14 However, the rapid development of studies in this
field requires a continuous analysis of the newly appearing
methods for the synthesis of hydrofullerenes, especially because
no ideal procedure for the preparation of hydrofullerenes with
reliably controlled composition is yet available.

T Hydrofullerenes are also called fullerene hydrides or hydrogen-contain-
ing fullerene compounds; sometimes they are also called hydrofullerites in
order to emphasise the solid state of the product.
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1. Hydrogenation of fullerites and metal fullerides with
molecular hydrogen

Chemical transformations occurring in mechanical mixtures of
powders of a fullerite (Ceo, Cs0/C70) and hydrogen-sorbing metals
and intermetallic compounds (Pd, V, LaNis, LaNi4¢sMng 3s,
CeCos) under the action of molecular hydrogen or deuterium
have been studied in a wide pressure and temperature range.!>~1°
It has been found that hydrogenation at 1.0—5.0 MPa and
573-673 K results in mixtures of metal hydrides MH, and
hydrofullerenes CeoH:

{C(,Q + M} + H2 —_— {C()()Hx + MH,}

Heating of the resulting mixture {CeoH. + MH,} in an inert
atmosphere results first in dehydrogenation of the metal hydride
and then (at 800 K) dehydrogenation of the hydrofullerene to give
hydrogen and fullerene —metal compositions.

<600 K

{CeoHy + MH,} — (CeoH + M} ~8(£ K
“H, —

{Ceo + M} .

Hence, we are dealing with a system which can accumulate
hydrogen under certain conditions and release it under other
conditions. This reaction cycle can be repeated many times, but
the side reactions, such as polymerisation and carbide formation,
restrict the prospects of application of these systems for hydrogen
accumulation.

Depending on the temperature, the reaction of the pre-
synthesised fullerides CgoPt and CgoPd49 with hydrogen (the H»
pressure being 1 -3 MPa) results either in hydrogen compounds
of metallofullerides <CgoMH,> or in mixtures of hydrofuller-
enes CeoH. (x = 2—26) with Pt or PdH,, respectively.

400-550 K < CeoPtH, >
CeoPt + Hy —

[ S00-T00 K oH, + Pt

400-550 K
——> <CgoPd4oH.>

CeoPdso + Ho —

[ S00-T0K cH, + PdH,

Upon heating to 800 K, almost all the hydrogen is evolved
from the reaction products, and the resulting mixture of the
fullerite with the metal (Pd, Pt) can be hydrogenated again in the
temperature range from 400 to 700 K to give mixtures of the
hydrofullerene with PdH,, or Pt.20-22

The source of gaseous hydrogen and its purity affect consid-
erably the hydrogenation of solid fullerenes and the state of the
reaction products. For example, the hydrogenation of crystalline
fullerene (fullerite) with hydrogen evolved upon the decomposi-
tion of hydrides of intermetallic compounds results in crystalline
hydrofullerenes containing from 10 to 30 hydrogen atoms per
fullerene molecule.?*2* The content of hydrogen in the product
increases with the number of the ‘heating to 673 K—cooling to
300 K’ cycles. The thermal cyclic hydrogenation mode not only
provides a deeper process but also gives samples with a more
homogeneous distribution of the components over the volume.
The IR spectra of the resulting hydro- or deuteriofullerenes show
intense absorption bands in the regions of C—H
(2800-3000 cm—!) and C—D (2050—-2200 cm—") stretching
vibrations. The relative intensities of the absorption bands of the
starting Cgo decrease abruptly (Fig. 1).

X-Ray diffraction analysis of the reduction product shows
that hydrofullerene CsoH (or deuteriofullerene CgoDy) retains the
crystal structure of the parent fullerite; the ayp parameter of the
face-centred cubic (FCC) lattice increases monotonically with the

1 In certain cases, heating above 950 K results in irreversible formation of
metal carbides.
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Figure 1. IR spectra of hydro-
CooH(D)524.2*

(/) and deuteriofullerenes (2)

amount of hydrogen (or deuterium) in the hydrofullerene
(Fig. 2).8

Heating of the hydrides synthesised by this method to 8§00 K
results in intense evolution of hydrogen. The IR spectrum of the
solid product of the thermal decomposition of hydrofullerene
manifests bands corresponding to Cep and a series of bands the
positions of which are close to those of the photo- or thermobari-
cally polymerised Cgo with the cyclobutane rings between the
fullerene molecules,?® which indicates that thermal dehydrogen-
ation is accompanied by polymerisation of the fullerene cages.

do /A

14.1

Figure 2. Dependence of the FCC lattice parameter ao of hydro- and
deuteriofullerenes CeoH(D), on the number of hydrogen and deuterium
atoms.?

The samples dehydrogenated at 800 K can be hydrogenated
again, but repeated ‘hydrogenation—dehydrogenation’ cycles
result in the accumulation of polymerised fullerene.?> The addi-
tion of NHs, HI or CoHsI (5 mass % — 10 mass %) to the hydro-
gen evolved from a metal-hydride accumulator accelerates
considerably the hydrogenation of the fullerite but also increases
the degree of polymerisation of the fullerene molecules formed
upon the dehydrogenation of the hydrofullerene.?

Studies of the magnetic properties of hydrofullerenes prepared
by hydrogenation of fullerene with hydrogen liberated from an
accumulator based on hydrides of intermetallic compounds of
nickel and rare-earth metals >3 showed that the samples contained
ferromagnetic particles; this was explained by the gas-phase
transfer into the reactor of traces of metal or metal hydride
particles by hydrogen which has evolved from the accumulator.
One could assume that fine particles of nickel and/or nickel — rare-
earth metal intermetallides act as catalysts of the solid-phase
hydrogenation of fullerene. The use of a nickel catalyst for
hydrogenation of solid fullerite, e.g., by controlled addition of
volatile nickel compounds to the gas fed into the reactor, could

§ According to the reported data,?’ the lattice parameters for C¢oH, and
CeoDy are similar for equal x values.
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provide more efficient reversible systems for hydrogen accumu-
lation.

The solid-phase hydrogenation of fullerenes continues to
attract the attention of scientists from the viewpoint of both
practical application (hydrogen storage) and synthesis of individ-
ual hydrofullerenes. For example, solid-phase deuteration of Ceo
at 373-773 K and pp, = 15 MPa gave deuterides with the com-
positions CeoDg, CeoD1s and CgoD36 (FCC structure, ap = 1.423,
1.448 and 1.500 nm, respectively).?” Controlled doping of full-
erene with palladium decreases (down to 373 K) the temperature
of hydrogen or deuterium sorption relative to that for the
undoped Cgo sample at a gas (H, or Dy) pressure of 100 MPa.?8
A neutron diffraction study of palladium-doped fullerene showed
no characteristic peaks of metallic Pd. Similarly, these peaks were
not observed in the samples treated with hydrogen. Treatment of
fullerene-containing carbon black by hydrogen plasma gives
hydrofullerenes with low hydrogen content (x = 1-6).2° Pro-
longed treatment does not increase the amount of sorbed hydro-
gen.

Progress is also observed in the field of liquid-phase hydro-
genation of fullerenes. Cheaper heterogeneous catalysts have been
developed and methods for more selective and extensive hydro-
genation have been found. For example, the hydrogenation of Ceo
on the Ni/Al,O3 catalyst 3° occurs under milder conditions (tol-
uene, 423-523 K, 2.5—7.5 MPa) than the hydrogenation on the
Ru/C catalyst.?! The reaction occurs selectively to give CeoHze.
The reaction selectivity can primarily be accounted for by the high
dispersion of nickel deposited onto Al,O3." A decrease in the
reaction temperature decreases the selectivity (similarly to the
reduction of Ceo with dihydroanthracene in the presence of an
organic catalyst 32).

Liquid-phase hydrogenation of Cg with hydrogen (at atmos-
pheric pressure, in the presence of 4% Pd/SiO,, 5% Ru/Al>O3 or
5% Rh/Al,O3) or with hydrogen donors (cyclohexane, decalin,
etc.) at 323—343 and 348-433 K, respectively, results in hydro-
fullerenes CeoH,.>? In some experiments, Pd/SiO, was used as the
catalyst for the hydrogenation of fullerene by hydrogen transfer
from a donor (cyclohexane, cyclohexene) to the acceptor (Ceo).
Titration of the hydrogen peroxide formed due to the oxidation of
CeoHy with 2-ethylanthraquinone in the presence of O», chemical
determination of hydrogen in CgoHy, as well as IR and NMR
spectra indicate that the Cgp reduction products have the compo-
sition CgoH4z _46.>> Unfortunately, the results of mass spectro-
metric determination of the hydrofullerenes formed have not been
reported; this might provide direct information on the composi-
tion of CgoHy.3?

In a search for systems for the hydrogenation of fullerenes and
dehydrogenation of hydrofullerenes which would comply with the
requirements for the practically applicable hydrogen accumula-
tors, Loutfy er al 3* have examined whether soluble catalysts could
be employed for hydrogenation of the C=C bonds and if salt
melts could be used as the reaction media for hydrogenation. They
also studied the effect of modification of the fullerene electronic
structure on the hydrogenation process. This approach was based
on the achievements in studies of the activation of the C—H bonds
by metal complexes,?® on the one hand, and on the data on the
efficient catalytic hydrogenation of the C=C bonds with hydro-
gen in the presence of Cs¢C70,°® on the other hand. Alkoxy
compounds of the Group IV metals were found to be efficient as
the soluble catalysts for fullerite hydrogenation and hydrofullerite
dehydrogenation. This study 3* has shown that the use of certain
soluble catalysts made it possible to decrease considerably the
activation energy of hydrogenation and the temperature of the
process. For example, the dehydrogenation of (Ceo/C70)H3s
occurred at 573 K (6 h) to give (Cgo/C70)H22 (the loss of

9| The results obtained ° agree with the conclusion on the possible involve-
ment of highly-dispersed nickel particles in the solid-phase hydrogenation
of Cgp.23:24

1.74 mass % H»,), while the repeated hydrogenation of
(Ce0/C70)H22 occurred at 423 K (12 h, 3.6 MPa) to give
(C60/C70)H ~4s5. It has also been shown that doping of fullerene
by an alkali metal facilitated markedly the fullerene hydrogena-
tion. The dehydrogenation in this system occurs at considerably
lower temperatures than the non-catalytic dehydrogenation of
solid hydrofullerites.

The use of operating temperatures below 400 K is important
for hydrogen-accumulating systems, hence these results 3 dem-
onstrate that an almost acceptable temperature range can be
achieved.

2. Reduction of fullerenes in the ‘metal —hydrogen donor’
system

The reduction of fullerenes is carried out using many traditional
methods of organometallic chemistry (see, e.g., the review 37). For
example, lithium in liquid ammonia in the presence of Bu'OH was
used for the reduction of Cg.38

Li, NH; (liq), ButOH
C()O _— C()()Hzn.

The process stopped in the step of the formation of CeoH32—36 (see
Refs 12 and 13). The products with a lower hydrogen content,
e.g., CeoH3o, were probably formed during the analysis or storage
of the samples. The composition CeoH3e of the reduction product
of Cep fullerene with lithium in liquid ammonia has also been
confirmed by other researchers.?®

Polyfullerenes obtained by photo-induced and radical poly-
merisation of Cgo cages (the radical polymerisation is preferable
for the synthesis of polyfullerenes) are also reduced according to
the Birch—Hiickel method to give hydropolyfullerenes with a
mean hydrogen content of ~ 3.5mass% (for CeoHse,
4.76 mass % Hy).** Hydropolyfullerenes, unlike monomeric
hydrofullerenes with an equal hydrogen content, are almost
insoluble in CS,. This implies that the reduction at low temper-
atures does not involve cleavage of the C—C bonds between the
fullerene cages in the polymers; this has been confirmed by gel-
permeation chromatography. The IR spectra of hydropolyfuller-
enes contain intense bands in the region of C—H stretching
vibrations. The 'H and '3C NMR spectra indicate structural
similarity between polymeric and monomeric hydrofullerenes
(the positions of the hydrogen atoms in the fullerene cage). The
use of polyfullerenes does not increase the degree of hydrogena-
tion of the fullerene cage, and hence, the amount of stored
hydrogen. Thus, polyfullerenes are not superior to Cgo molecules
in hydrogenation and dehydrogenation reactions.

The reaction of Cgo with EtAICl, and activated magnesium
[Ceo: Al: Mg = 1:(50-150):(30-50); 293-295 K] in a THF -
toluene mixture in the presence of Cp,TiCl, (1 mol.% —3 mol.%)
results in fullerene-containing aluminacyclopropane (yield 75% —
90%), hydrolysis of which in D,O results in a partially deuterated
fullerene derivative.*! Metallation of Cgo with an excess of Et;Al
in the presence of Cp,ZrCl, gives 2,3-fullerenoaluminacyclopen-
tanes, hydrolysis of which results in mixtures of hydrogen-
containing ethylfullerenes of the type H,,CsoEt,, (m = 1—12).4?

The reduction of Cgp and C7¢ in the ‘metal (M) — proton donor’
system, where M = Zn (E° = —0.76 V), Ti (E° = —1.63 V), Al
(E° = —1.66 V)or Mg (E° = —2.37 V), was also studied.*3> 4 It
was shown that the reaction of Cgo with the Zn/Cu redox couple
and a proton donor in toluene , unlike the reaction of Cgp with Zn
dust,* results in a more efficient fullerene reduction which occurs
via the consecutive formation of CgoHz, CeoHa, and finally, CeoHe;
the target compounds can be isolated in each step.**~47 Prolonged
heating of a C¢o—Zn/Cu—H,0O mixture in toluene results in two
CgoHg isomers in the ratio 6: 1, these amount to 30% —40% with
respect to the starting Cgo. The 'H and '3C NMR data show
1,2,33,41,42,50-C¢oHjg to be the main reaction product.**43
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The hydrogen atoms in 1,2,33,41,42,50-CeoH¢ are not
exchanged with deuterium atoms from DO on the NMR time
scale, i.e., the pK, of CsoHg is much higher than that of Bu'CeoH,
which rapidly exchanges protons with the medium.*® An attempt
to isomerise 1,2,33,41,42,50-C¢oHg in the presence of a Pd/C or
Pt/C catalyst (as has been done for 7,8-C70Ha, ¢f. Ref 49) resulted
in rapid dehydrogenation of hydrofullerene instead of the
expected reaction.

The reaction in the C79—Zn/Cu—H,O system under certain
conditions results in preferential formation of CyoHjo,
7.8,19,26,33,37,45,49,53,63-C70H ;o being the major isomer.>"
For various reasons (the presence of an oxide film, difficult
separation of the products from the reaction mixture, efc.),
efficient and selective reduction of fullerenes in the presence of
other metals (Ti, Al, Mg) **4 was found to be impossible.

Water is the most suitable proton donor for the preparation of
reduced fullerene derivatives in the C,—Zn/Cu—H>O systems
(n = 60, 70). Hydrofullerenes with low hydrogen content, viz.,
CeoHz, CeoHa, CeoHe and C;oHjp, were obtained in good
yields.#4 30 The isomer distribution is controlled by the reduction
kinetics. The use of strong acids as proton donors for the
reduction of fullerenes gives hydrofullerenes with higher hydrogen
content.”!

In toluene, the reduction of the fullerene cage in the Ce;H>
fulleroid in the presence of Zn/Cu occurs more slowly than that of
fullerene,>? but the reaction in o-dichlorobenzene occurs quite
efficiently to give three isomeric compounds C¢Hs which are
light- and air-sensitive even at low temperatures. The reaction of
sodium naphthalenide with Cgoin THF gives 1,1',2,2"-tetrahydro-
bi[60]fulleren-1-yl C20H> together with other products (including
1,2-dihydrofullerene).>* Compound Ci2H> is also formed upon
hydrolysis of the salt (MeaNCgHy4);C*[Cgo] "~ obtained by the
reduction of Cgo with the crystal violet radical.>*

The reaction of Cgp with dilithiumacetylenide results in
bis(hydrofullerenyl)acetylene C2H; (yield 6.6%).53 It should be
noted that deprotonation of CixH» is accompanied by fast
dissociation of the transient C35, dianion to the Cg monoanion,
whereas deprotonation of Ci2,H> results in the C%{z dianion.53

3. Reduction of fullerenes by organic compounds

The reduction of fullerenes based on non-catalytic hydrogen
transfer from a donor (e.g., dihydroanthracene) to an acceptor
(e.g., Cop fullerene) results in selective formation of CgoHze ™ or
CeoH s, depending on the reaction conditions.>3- 3¢

H H
C60 " “O ﬂ) CGOH” . ‘OO
H H

The hydrogenation of C¢ with dihydroanthracene results in a
series of hydrofullerenes C70H,, (n = 36—46), C7oHze being the
major product.

Anhydrous hydrazine in benzene reduces Ceo and the endohe-
dral compound *He@ Cg into the lower hydrides CgoH»—CgoHg
and *He@CgH,—-*He@CgoHs; their compositions and struc-

+ Lobach et al.5¢ paid much attention to standardisation of the conditions
for the preparation of CgHzs because the synthetic procedure affects
considerably the properties and structures of hydrofullerenes.

tures were determined using 'H and 3He NMR spectroscopy (in
the case of *He@Cgo). At high hydrazine concentrations, the
reaction mixture also contained higher hydrofullerenes, viz.,
CeoH g and CeoHz6.7

Photoinduced electron transfer (PET) plays an important role
in the reduction and oxidation of fullerenes. Since the one-electron
oxidation potential of the triplet-excited state of Cgp is 1.14 V
(relative to the saturated calomel electrode),’® electron donors
having less positive oxidation potentials can be used for the
photoreduction of Cgy. For example, the photoreduction of Ceg
with allyltributyltin in the presence of CF3;COOH results
in the selective formation of 1-allyl-1,2-dihydrofullerene,
Ceo-1,2-(H)C3H5s,%° while the reaction of Cgo with tributyltin
hydride in benzene occurs (under irradiation>® or at elevated
temperatures ) to give Ceo-1,2-(H)SnBus. If 10-methyl-9,10-
dihydroacridine is used as a hydrogen donor in the presence of
PhCN - CF3COOH in photoreduction of Ceo (4 > 540 nm), full-
erene is reduced selectively to give 1,2-CgoHz (70%).%°

H H
hv
+ S ——
Coo PhCN - CF;COOH
0
Me
A
—> 1,2-C¢oH; +
+ =
N

Me

This photoreduction reaction of Cgo is superior to, e.g., the
hydroboration of Cgo (see Ref. 61) because of its selectivity and
because mild reducing agents are used. However, in the absence of
irradiation this reaction does not occur even at 373 K.

The bimolecular rate constant for quenching of the triplet-
excited Ceo (*Cep) by 10-methyl-9,10-dihydroacridine (kq =
4.3 x 10° litre mol—! s—!) and the mechanism of the photoreduc-
tion of Cgo have been determined.®?

Similarly to the two-electron reduction of Cgg in the presence
of 10-methyl-9,10-dihydroacridine, the one-electron reduction of
Ceo involving 1-benzyl-1,4-dihydronicotinamide and its dimer
occurs through photoinduced electron transfer from the electron
donor to 3Cg.93-%* The difference between the redox and acid-
base properties of the radical cations formed upon PET can define
the reaction pathway.

Heating (100 °C, toluene) or pulse photolysis (Nd** : YAG
laser, A = 532 nm, benzonitrile) of a mixture of Cg with the
Hantzsch ester (diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate) under anaerobic conditions result in fullerene
hydrogenation products and diethyl 2,6-dimethylpyridine-3,5-
dicarboxylate (the dehydrogenation product of the Hantzsch
ester).

H H
EtOOC, COOEt EtOOC, N COOEt
SIS Bt
Me¢ N Me Me¢ N Me
H

The progress of the dehydrogenation of the Hantzsch ester
with the fullerene was monitored by '"H NMR spectroscopy and a
signal at 0 5.93 characteristic of 1,2-CgoH2 could be detected if the
reaction was carried out at room temperature. Heating of the
reaction mixture in the presence of excess Hantzsch ester results in
hydrofullerenes with the composition C¢oH, (x = 2, 4, 6) identi-
fied by mass spectrometry.®3- 66

Illumination of the same mixture by visible light under aerobic
conditions (room temperature), in agreement with the known
data ®7 on the sensitising effect of Cgo, completely converted the
Hantzsch ester in the presence of fullerenes to give the correspond-
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ing pyridine derivative; the concentration of Cgy remained
unchanged.®

Tertiary amines are widely used in the photoreduction of
fullerenes. Prolonged irradiation (4 = 350 nm, N») of a mixture of
Ceo with tertiary amines RNMe;, (R = Ph, Me) gives 1,2-CeoH2
along with a pyrrolidine derivative of Cgo (fullereno[Ceo]pyrroli-
dine).®8

The ESR method was used to study many photoreduction
reactions of Cep. For example, it was found that the Cg, radical
anion is formed in the presence of photo-activated TiO»%° or
triethylamine 7° in a mixture of organic solvents 7% and in an
aqueous solution.”! The photochemical reduction of Cg in the
presence of TiO» or ascorbic acid was studied.”? It was found that
the Cep fullerene is reduced photochemically by triethylamine to
give Cg . Prolonged irradiation of the reaction mixture results in
CeoH ™ (the C%a protonation product) which is decomposed to
Cgo in a dark reaction.”

Irradiation of Cgo in the presence of certain acceptor-type
photosensitisers (9,10-dicyanoanthracene, 1,4-dicyanonaphtha-
lene, N-methylacridinium and 2,4,6-triphenylpyrylium hexafluo-
rophosphates) results in 1-substituted 1,2-dihydro[60]fullerenes
following introduction of proton donors such as N,N-dimethyl-
formamide, 1,3-dioxolane, phenylacetaldehyde, methyl formate,
tert-butyl alcohol, propionic acid, erc¢.”*73

Co-sensitisers, e.g., biphenyl, are used in order to increase the
yield of the products. The Cg, radical cation formed was shown to
possess electrophilic character.

hv
Coo g™ Cio -

Cf +RH — H-C}, + R,
H_CZO + R' +em — H—Cs()—R.

4. Other methods for the preparation of hydrogen-containing
fullerene derivatives

Dihydrofullerene CeoH> was obtained in low yield upon sonica-
tion of Cgo solutions in decahydronaphthalene.”® The formation
of dihydrofullerene C¢oH> upon electrochemical hydrogenation of
Ceo in 30% aqueous KOH was also reported.”” The electrolytic
hydrogenation of Ceo and dehydrogenation of CeoH» are rever-
sible.””

Ceo + xHO + xe- =—= CgH, + xOH~ .

Mechanochemical reactions involving fullerenes and graphite
have been studied.”® 3! Mechanochemical treatment of graphite
in an atmosphere of hydrogen (1 MPa) at room temperature
results in nano-structured graphite which adsorbs hydrogen both
physically and chemically.®! The method of ‘high-speed vibration
milling’ (under these conditions, crystalline Cg is pulverised into
particles with sizes smaller than 1 pm) was found to be highly
efficient for the supramolecular complexation of fullerenes and
their derivatives with y-cyclodextrin and sulfocalixarene.” The
yields of [4+ 2]-cycloaddition products of fused aromatic com-
pounds (anthracene, tetracene, pentacene and naphtho[2,3-a]pyr-
ene) to Cep obtained according to this procedure are higher than
the yields of the same products obtained by heating the compo-
nents in solution.’? The solid-phase reaction of Cgo with KCN,
unlike the homogeneous reaction, gives the Ciyo dimer.®? This
reaction also occurs in the presence of other salts (K>CO3, AcOK),
metals (Li, Na, K, Mg, Al and Zn) and organic bases (4-di-
methylamino- and 4-aminopyridine).3? It is probable that the
mechanochemical method can also be applied for the synthesis of

hydrogenated fullerene derivatives* (similarly to the hydrogena-
tion of organic compounds with hydrogen 84).

I11. Properties of hydrofullerenes

1. The state of hydrogen in solid hydrofullerenes

In the majority of experiments on the reduction of Ceo and Cy,
mixtures of fullerene hydrides are obtained. Solid samples of
hydrofullerenes with the same molecular formula but prepared by
different methods differ strongly in their solubilities, light and air
resistances, abilities to withstand prolonged storage and in other
properties (see, e.g., Refs 13, 51, 85).

Of hydrofullerenes, CeoH36 has been studied most thoroughly.
Electron-impact and field-desorption mass spectrometric analysis
showed that CeoHis is the first stable thermal decomposition
product of CgoH3e prepared under the conditions of non-catalytic
transfer of hydrogen from a donor to an acceptor.>® The inter-
mediate hydrides CeoH,, (n = 33—35) are much less stable than
CeoHse. Intense peaks of CeoH s and Cep appearing in the mass
spectrum of a sample of CgHse after its prolonged storage
indicate that CgoHse undergoes decomposition; the presence of
the Cep peak is evidence of possible reversible addition of hydro-
gen to fullerene. The formation of CgoHze as the only reduction
product of Cgp under non-catalytic hydrogen transfer conditions
is also confirmed by the spectra obtained using matrix-assisted
laser desorption ionisation mass spectrometry (MALDI-MS): the
most abundant peak is that of CeoHJs, the fragmentation is
insignificant, the intensities of the satellite peaks corresponding
to the oxidation products CeoH,O" are much lower than in the
case of the CgoH36 obtained by the Birch reduction.?”

As noted above, solid hydrofullerenes decompose at temper-
atures above 800 K in aninert or in a hydrogen atmosphere to give
hydrogen and fullerenes.?? 8¢ The thermal decomposition product
of crystalline CgoD24 at 823 K mainly consists of fullerene (Fig. 3)
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Figure 3. Diffractograms of the parent fullerene (a), fullerene deuteride
CeoDa4 (b) and the product of thermodecomposition of the deuteride ().

with the distance between the Cgp molecules considerably exceed-
ing that in the parent fullerene (the ao constants of the FCC lattice
of the decomposition product and Ceo are 1.452 and 1.417 nm,
respectively). Presumably, the increase in the fullerene crystal
lattice constant resulting from hydrofullerene decomposition can
be useful in the synthesis of alkali metal fullerides with super-
conducting properties.8¢ The position of the Cls peak maximum
in the X-ray photoelectron spectrum of the CgoD24 deuteride is
shifted towards lower bond energies in comparison with that of
Ce0, which makes it possible to conclude that a small positive
charge exists on the deuterium atoms. The peak becomes narrower

1 Apparently, the microwave irradiation method #3 can also be used for the
preparation of hydrogenated fullerene derivatives.
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as the deuteride undergoes thermal decomposition, and its ‘centre
of gravity’ shifts to higher bond energies.%¢

Particular interest in the fundamental and applied aspects is
felt in the synthesis of hydrofullerenes in which the hydrogen
atoms are located both outside and inside the fullerene cage. This
is a way to increase the hydrogen capacity of fullerenes. Therefore,
studies of the properties of individual hydrogen molecules located
in a closed space are also of interest. For example, it was found
that compounds CeoHs> and CeoHas fluoresce in the long-wave
region. This phenomenon was interpreted taking account of the
possibility of penetration of hydrogen molecules into a closed
hydrofullerene cavity.8” Hydrofullerites obtained under ultrahigh
hydrogen pressures, pu, = 0.6 and 3.0 GPa, were studied by
inelastic neutron scattering (INS) spectroscopy.®® The spectra
showed that the synthesis of CeoHy (pu, = 0.6 and 3.0 GPa,
620 K, 24 h) followed by cooling the sample to 77 K under a
high pressure of H» is accompanied by the formation of a solid
solution of hydrogen in the CgoH, lattice (x &~ 24 and 3246 for
pu, = 0.6 and 3.0 GPa, respectively).88-8 The main features of the
INS spectrum of CeoH3, obtained at py, = 3.0 GPa *° are similar
to those for CeoH ~ 23 obtained at pu, = 0.6 GPa.! Presumably, a
considerable fraction of hydrogen (~ 3 H> molecules per Cego
molecule) are located as H, molecules in the interstices of the
CeoH lattices. Upon heating to 293 K, the H> molecules leave the
sample with heat evolution. Dissolved molecular hydrogen is
detected by the rotational transition peaks in the H, molecule
(~ 15 and 30 meV) in the difference INS spectra between the
‘quenched’ (H»-containing) and heated (H»-free) products. The
possibility of polymeric binding of the CgoH3z> hydrofullerite at
high H» pressure (3.0 GPa) is suggested by the presence of a peak
near 13 meV in its INS spectrum. The low-energy part of the INS
spectrum (< 9 meV) for CeoH3, is believed to indicate 888 the
presence of an endohedral hydrogen atom unbound with carbon.

Hydrofullerites obtained at py, = 0.6 and 3.0 GPa and
T =520-620 K and then quenched at 7 < 120 K exhibited
ferromagnetic properties up to 7'~ 300 K. Their magnetisation
was as high as M =12 emu g~ ! at H=1T.°?2 According to
analytical data, the concentration of ferromagnetic admixtures in
hydrofullerenes is insignificant. Magnetisation which disappears
upon heating of the samples above 340 K or upon prolonged
storage at room temperature is a property inherent in hydro-
fullerites obtained by various methods.?> %3 Probably, their mag-
netisation is caused by the presence of unstable transient radical-
type electronic states. The penetration of hydrogen inside the cage,
polymerisation of the fullerene cages upon dehydrogenation and
other high-energy transformations of the C—C and C—H bonds
in sterically hindered fullerene lattices could be the reasons for the
generation of quasistable carbon atoms with unsaturated valence
or delocalised unpaired electrons.

2. Thermodynamic analysis of the dehydrogenation of
hydrofullerenes

The thermodynamic properties of the CeoH3ze hydrofullerene
obtained by non-catalytic hydrogen transfer ® have been studied
in the temperature range from 4.8 to 340 K.%*% The following
values of thermal capacity, enthalpy, entropy and Gibbs free
energy were found for the hydrofullerene obtained at
T =1298.15 K and p = 101.325 kPa:

C,(298.15) = 690 J K—! mol~1;

H°(298.15) — H°(0) = 84.94 kJ mol—1;

$°(298.15) = 506 J K—! mol—1;

—[G°(298.15) — H°(0)] = 66.17 kJ mol—L.

High temperature is required for the dehydrogenation of
hydrogen-containing fullerene derivatives. Quantum-chemical
calculations of the C—H bond energy in fullerene hydrides

performed by the semi-empirical AM1 method gave the values of
306.27, 298.32, 295.80 and 293.72 kJ mol~! for CeoHia (Th),

CooHis (C3) and CeoHzs (T and Ty), respectively.®® Heating of
CeoH36 under isothermal conditions (594 and 610 K, 20 h) results
in dehydrogenation of the sample and evolution of gaseous H. In
this case, the composition of the solid residue is ‘CeoHe’:
CeoH3ze = CooH1s = ‘CeoHe’. The dehydrogenation occurs step-
wise °7 and is accompanied by sublimation of CeoH3 and CeoHjs.
The estimated saturated vapour pressures of CeoH3ze and CeoH s
at 594 K are 9.8 x 10~% and 5.4 x 10~2 MPa, respectively.

3. Specific features of hydrofullerene structures
The CeoD24 deuteride obtained by deuteration of crystalline
fullerene with gaseous D, is a crystalline powder with an FCC
lattice (ap = 1.455 nm)?? and a crystallite size of 51-56 nm.>
The synthesis of CgoD36 with an FCC lattice (@ = 1.500 nm) has
been reported.?” On the other hand, CgoH36 samples obtained by
hydrogenation under high pressure®® or in the presence of
iodine *° have body-centred cubic (BCC) lattices.'%®

Theoretical and experimental studies of the structures of the
most stable (7, Th, S¢ and two Ds3,) isomers of the CeoH3e
hydrofullerene have been carried out.”® 103 Comparison of the
experimental 'H and '3C NMR spectra of the solid CeoH3 (see
Ref. 99) with the calculated ones !4 made it possible to assume a
structure with the 7" symmetry '% for C4oH3e obtained by non-
catalytic hydrogen transfer.>® According to X-ray emission and
photoelectron spectral data, quantum-chemical calculations and
electrochemical behaviour, the most probable structure for the
CeoH3e hydrofullerene is that with the 7' symmetry and with four
isolated benzenoid (non-hydrogenated) rings located on the sur-
face of the C¢oH3se hydrofullerene in the vertices of an imaginary
tetrahedron (Fig. 4).103.106,107

Comparison of the CK, spectra of Cgo, CooH3zs and CeHe
prompts the conclusion that the m-electron systems of hydro-
fullerenes and benzene are similar; the localisation of the HOMO
electron density of the CeoH3ze hydrofullerene on the benzenoid
rings allows one to assume that n® metal complexes based on
CeoHz can be synthesised.!%6- 198 Studies of the electrochemical
behaviour of the CeoH36 hydrofullerene indicates that CeoH3ze is a
rather ‘hard’ molecule with low reactivity in redox reactions. The
electrochemical electronegativity decreases in the series
Ceo > CeoHz > CgoHze &~ CsHg. The approximate equivalence
of the electronegativities of the two latter compounds can also be
evidence in favour of the T-symmetrical structure of CeoHze.!07

The presence of a large number of reaction centres in the
fullerene molecules results in a large number of possible isomers of
hydro- and fluorofullerenes. Based on a combination of the MO
LCAO method with molecular mechanics, Breslavskaya and
D’yachkov '% predicted the structures of the most stable C, Xy

Figure 4. The most stable CgoH3ze isomers (one of the two Dsy is
shown).!03 The thick lines denote the non-hydrogenated C —C bonds.
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isomers with high hydrogen and fluorine contents (X = H, F;
n =76, 78, 84) and compared the theoretical data with the
available experimental results. According to the neutron diffrac-
tion structural data!'® for CgDs¢ prepared according to a
reported method ®° by deuteration of Ceo at 623 K and a D>
pressure of 3.4 MPa in the presence of iodine as a promoter, the
structure with the 7' symmetry is most stable for this deuterioful-
lerene as well [a structure with the 7'symmetry has been suggested
previously ° as the most stable one for CgoH36 (IR and '3C NMR
spectral data)].

Billups er al.''! studied the 3He spectra of 3He@CgoHze
samples prepared by reduction of 3He@ Cgo with lithium in liquid
ammonia3® and by non-catalytic hydrogen transfer.>> The
3He NMR spectra of both *He@CsoH3¢ samples contain peaks
at 0 —7.7 and —7.8; the third peak at 6 —16.45 was assigned to
the chemical shift of the *He@CgoH1g hydrofullerene. Compar-
ison of the experimental spectra ''! with the calculated chemical
shifts for the most stable He@CgoHzg isomers [§ —10.8 (T),
—7.7 (D3a7), —6.1 (Se), —3.4 (T},) and —5.6 (D3,)] 1% makes it
possible to assume that the D3, isomer is formed in both cases. In
addition, based on the *He NMR spectra of the sample prepared
by reduction of *He@Cgo with lithium in liquid ammonia, the
conclusion was made as to the low probability of the formation of
the isomer with the 7}, symmetry which had previously been
suggested 38 for a 3 He@ CgoH36 sample. According to the reported
data,!'? the isomer with the S¢ symmetry (see Fig. 4) is the most
stable C¢oH36 hydride, though the difference between the energies
of the ten most stable isomers is less than 62.76 kJ mol—!. In the
previous studies by the same authors, isomers with the 7"and D34
symmetries were noted as the most stable ones of the large number
of possible structures suggested for the CgoHse fullerene
hydride. !

Thus, it has been shown for CeoH3¢ that not only different
chemical methods can result in isomers with different symmetries,
but also products with different isomer compositions can be
formed within a single procedure (see, e.g., Refs 85 and 106). In
the case of the CeoH3¢ molecule, the problem of the most stable
structure remains open and requires more accurate theoretical
calculations. It is quite possible that certain methods for the
synthesis of CgoH3zs can produce thermodynamically unstable
isomers (e.g., due to kinetic factors). In order to verify the validity
of this assumption, one has to perform in-depth experimental and
theoretical studies, including the isomerisation of CgoHze. A
reliable determination of the CgoH3e structure is also interesting
from the practical respect. For instance, the knowledge of its exact
structure is very useful when one plans the syntheses based on this
hydrofullerene.

4. The reactivities of hydrofullerenes

According to the reported data,''* a hydride with the net
composition CgHig7 with ap = 1.476 nm is stable up to 703 K
in an Ar atmosphere. Further increase in the temperature results
in hydrogen evolution and is accompanied by decomposition of
part of the fullerene molecules and formation of graphite platelets
and methane.’ The use of catalytic amounts of ruthenium or
platinum did not decrease the temperature of hydrofullerene
dehydrogenation.

The dehydrogenation of Cg¢oH3zs on treatment with a strong
hydrogen acceptor, viz., 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none, which is widely used in the analysis of hydrofullerenes, was
found to be non-quantitative, since in addition to Cgo, its
derivatives were also formed.’® Thermogravimetric (TG) and
differential thermogravimetric (DTG) studies of CgoHse in the
presence of oxygen were carried out.?? It was found that CgoH3zg is
partially oxidised at 550 K to give CeoH36Ox (x & 4.8) and that its
combustion occurs at 745 K. Asit might have been expected, these

§ Presumably, the character of thermal decomposition and the crystal
lattice parameters of hydrofullerenes depend considerably on the con-
ditions of fullerene hydrogenation.

temperatures are much lower than the temperatures of partial
oxidation and combustion of Cg (705 and 888 K, respectively).3°
Complexes of polyaromatic compounds and fullerene with plat-
inum immobilised on silica exist in the temperature range
323-373 K and can be repeatedly hydrogenated and dehydro-
genated.!'* It is these properties that are required for practically
usable systems for the storage of hydrogen: good reproducibility
of hydrogenation —dehydrogenation cycles in a temperature range
as low as possible.

Deprotonation of 1,2-CeoH» in the presence of BusNOH
(benzonitrile, anaerobic conditions) is accompanied by the for-
mation of the Céa dianion which quickly reacts with a number of
alkyl halides to give mono- and dialkylfullerenes.!!3

Ph,CHBr, PhCH,Br, Mel, propargyl bromide and allyl
bromide are used as the alkylating reagents. However, attempts
at alkylation of the C% formed with octyl bromide failed.
Analysis of the absorption spectra for mono- and dialkylated
Ceo derivatives shows that the sp? carbon atoms in the monoalkyl
derivative are in the 1,2-position, while in dialkyl-Ceo derivatives,
they are in the 1,4-position. Fukuzumi et al''® studied the
mechanisms of formation of R,Csp and R(R")Cg dialkylfuller-
enes from chemically obtained C%(T and various alkyl halides (RX
and R'X) differing both in the nature of the R and R’ radicals and
of the halogen atom. In the first step, transfer of one electron from
the CZ; dianion to an alkyl halide occurs to give RCg,, which is
transformed to R.Cep or R(R')Cso according to the Sn2
mechanism.

It was shown that protonation of Bu'Cg, with trifluoroacetic
acid initially gives 1,4-Bu'CeoH; the latter is then quickly trans-
formed to 1,2-Bu'CgoH which is more stable thermodynamically.
Photoinduced transfer of an electron from a soft reducing agent,
1-benzyl-4-tert-butyl-1,4-dihydronicotinamide, to triplet-excited
Ceo results eventually in selective two-electron reduction of Cgo to
give Bu'Cy, which reacts with PhCH,Br or Bu'l in the next step to
give 1,4-Bu'(PhCH,)Cso (see Ref. 63) or BubCeo (see Ref. 117),
respectively. Photoalkylation of C;9 occurs similarly to give
Bu'C7, (and Bu'C;0H after protonation); the formation of five
regioisomers is possible for Bu'C7, unlike AlkCgq, which gives
only one product.!!®

The reactivities of the Cgg radical anion or the C%, dianion
manifest themselves not only in reactions with alkyl halides. The
higher C—H bond strength in lower hydrofullerenes in compar-
ison with the higher ones results in the possibility of the transfer of
a hydrogen atom onto these anions from higher hydrofullerenes.
It was shown by cyclic voltammetry that the reaction between Ceo
and CeoHse in a propylene carbonate — toluene mixture is induced
by electron transfer and eventually involves transfer of a hydrogen
atom from CgoH3e to the fullerene.!'® The pathway according to
which the Cgy radical anion and the Céa dianion electrogenerated
from Cgp react with CeoHse was considered as the most probable
variant of the transformation; this reaction involves the transfer of
a hydrogen atom from CeoHse and results in CeoH> (proton
transfer is impossible since the calculated '2° pK; for CgoHzg is
31.35 and CgoH> is a rather strong acid '2!- 122 with pK; = 4.7 and
pK> = 16). In order to estimate the possibility of formation of
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CeoH> from Cgp and CeoHze, Tkachenko et al.''® calculated the
mean C— H bond energies in hydrofullerenes CeoH2 and CgoHs3e,
which were found to be 295 and 279 kJ mol—!, respectively. Thus,
cleavage of a C—H bond in CgoH36 with subsequent formation of
a C—H bond in CeoH2 is energetically favourable.

The relatively week C—H bond strength in higher hydro-
fullerenes enables its homolytic cleavage by other relatively weak
acceptors as well. Elimination of a hydrogen atom from CgoH3e
under mild conditions can also be carried out by treatment with
the 2-(p-fluorophenyl)hexafluoroisopropyl radical.!'>> Heating
(353 K) of hydrofullerenes CgHyx (x=6-18) with
Hg[N(SiMes)z], Ti[N(SiMes)2](NEt2); and other metal com-
plexes also results in elimination of a hydrogen atom from
CeoHy and formation of fullerene-containing oligomers, e.g.,
- [(C60Hn)Hg2]m - 124

mCeoH, + 2mHg[N(SiMe3)2], —
—> —[(CsoH,)Hgo]n— + 2mHN(SiMes),.

IV. Sorption of hydrogen by carbon nanotubes and
graphite nanofibres

Much attention has been given recently to the sorption of hydro-
gen by such carbon nanostructures as carbon nanotubes, graphite
nanofibres and their metal-doped modifications.

Carbon nanotubes (NT) with low-defect structures were
found in 1991 in the products of electric-arc evaporation of
graphite.'>> However, long before that, similar NT ¥ with a high
content of structural defects have repeatedly been detected in solid
products of hydrocarbon pyrolysis on metal catalysts.!?¢ Owing to
its high efficiency, the catalytic pyrolysis of hydrocarbons is still
widely used for the practical production of long (up to millimetres)
carbon nanostructures, including NT and the so-called vapour-
grown carbon fibres (VGCF).

A graphene sheet rolled in a seamless cylinder is the main
element of carbon NT. Multi-walled nanotubes (MWNT) con-
sisting of graphene sheets rolled as a cylindrical spiral also exist.

Vapour-grown carbon nanofibres can consist of parallel-sided
graphene platelets perpendicular to the fibre axis (platelet-type
VGCF), of nested graphene cones (herring-bone VGCF), of
truncated cones (conical layer nanotubes, CLNT), ezc.

Single-walled nanotubes (SWNT) are closed networks built of
quasi-sp>-hybridised carbon atoms. The network consists of
hexagonal cells on the side surface of the cylinder. Open and
closed SWNT exist; in the latter, the cylinder ends are closed by
hemispheres (‘fullerene halves’) consisting of hexagonal and
pentagonal cells. The SWNT diameter ranges within 0.8—5 nm
(most often, 1—-2 nm) and its length is 1—-500 pum (most often,
5—-50 um). Carbon SWNT have a rather narrow diameter distri-
bution, in contrast to activated carbons in which the sizes of
macro-, meso- and micropores differ by a factor of several
hundred.!?”

A typical feature of SWNT is the formation of rather strong
molecular aggregates (named as bundles, strands, ropes, braids,
etc.), in which the axes of separate SWNT are parallel to each
other. The shortest distance between the carbon skeletons of the
adjacent SWNT in the bundles is 0.32 nm. This value is close to
the size of the van der Waals distance between graphene layers in
graphite and can be changed by introduction of inorganic or
organic intercalants, surfactants or by chemical modification of
the cylindrical surface of the NT.

Ideal (defect-free) multi-walled nanotubes (MWNT) are built
of SWNT inserted one into another. Ideal MWNT are formed in a
carbon arc if no metal catalyst is added to the graphite to be
vaporised. The distances between the layers in MWNT are close to
the interlayer distance in graphite. The outer diameters of electric-
arc MWNT are 5—40 nm (most often 15 nm), the inner diameters
are 0.8 —5.0 nm (mostly 1 —2 nm), and the lengths are 0.5—70 pm.

9] These nanotubes were called tubular graphite fibres.

The synthesis of SWNT and MWNT is accompanied by the
formation of other carbon modifications: fullerenes, multilayer
polyhedral nanoparticles, graphite microcrystals and amorphous
carbon. Furthermore, mixtures of products obtained by the
catalytic method contain metal particles. The content of carbon
NT in the synthesis products does not exceed 20% —70% (for
different methods), therefore in all cases purification from admix-
tures is the most laborious stage in the preparation of pure carbon
NT.

Many publications (see, e.g., the corresponding re-
views 128-133) report the state-of-the-art of the methods for the
preparation and study of the properties of carbon nanostructures
and their use.

1. Sorption of hydrogen by single-walled carbon nanotubes
The carbon material obtained by the electric-arc method and
containing single-walled carbon NT (in the form of bundles
containing 7—14 NT), amorphous carbon and particles of a
catalyst (for example, Co) adsorbs 5 mass % —10 mass % H»
(with respect to the pure SWNT) at 273 K and 300 Torr followed
by cooling to 90 K.13* According to the temperature-programmed
desorption (TPD) data,!3* hydrogen is desorbed from nanotubes
and activated carbon at 133 K. However, if a sample containing
SWNT is preliminarily subjected to a treatment which opens the
‘plugs’ at the tube ends, a second peak almost at room temperature
(290 K) appears on the TPD curve. This peak is explained by the
evolution of hydrogen adsorbed inside the SWNT due to the
penetration of H> molecules through the open tube ends. No high-
temperature peak of this type is observed in the desorption of
hydrogen from activated carbon samples or from fullerene soot
obtained in the absence of a catalyst. It is believed !3* that in the
carbon material obtained by the electric-arc method, the ‘high-
temperature’ hydrogen is mainly located in the SWNT channels,
whereas the ‘low-temperature’ hydrogen is adsorbed on amor-
phous carbon, on the outer surface of the SWNT and/or in the
intertube space of the SWNT bundles.

The amount of adsorbed hydrogen (99.9999% purity) for
relatively pure carbon SWNT obtained by the laser method (see
Refs 135 and 136) exceeds 8 mass % H> at 10—12 MPa and
80 K.!'37 In this case, the mean diameter and the specific surface
of a separate SWNT are ~ 1.3 nm and 1300 m? g~ !, respectively.
The diameters of the SWNT bundles are ~ 6—12 nm. The outer
specific surface of the bundles measured by the BET method is
285+5 m? g—!. The amount of adsorbed hydrogen depends on
the number of ‘sorption—desorption’ cycles. For freshly prepared
samples of pure SWNT, the C:H ratio of ~ 1 (~ 8.25 mass %
H») is achieved at 80 K and 7 MPa of H, (Fig. 5, curve I).
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Figure 5. Dependence of the amount of hydrogen adsorbed by an
SWNT at 80 K on pressure in the first (/) and subsequent cycles
(2and 3).'%7
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Hydrogen is initially adsorbed on the outer surface of an SWNT
bundle. An increase in pressure to 12 MPa during subsequent
cycles increases the amount of absorbed H», which is attributed to
the penetration of H, molecules into the intertube space of the
bundles. As a result, the intertube space increases and the bundle
breaks into separate SWNT; the outer SWNT surfaces are
completely covered and the inner surfaces are partially covered
by Hz molecules (Fig. 5). The increase in the intertube distance
inside the SWNT bundle can be detected by X-ray diffraction and
NMR spectroscopy.'3® It has been shown that an SWNT bundle
expands after immersing a carbon SWNT sample in a nitric acid
solution and shrinks to the original configuration after deinterca-
lation of HNOs, i.e., this change is reversible.

Liu et al.'3® synthesised carbon SWNT by the electric arc
method (the production rate of SWNT was 2 g per hour) in the
presence of hydrogen [a nickel-cobalt—iron powder
(Ni:Co:Fe =3:0.75:0.75) was used as the catalyst, and FeS
was used as the SWNT growth accelerator]. The content of SWNT
in the carbon material obtained by this method was ~ 60%, the
mean SWNT size was 1.85 nm, the diameter of the SWNT bundles
was about 20 nm. Upon treatment of the SWNT samples, which
included, in particular, heating at 770 K, the amount of adsorbed
hydrogen (room temperature, 10 MPa) reached 4.2 mass %,
which corresponded to the ratio H: C = 0.52. Up to 78% of the
adsorbed hydrogen desorbed under standard conditions. The
remaining hydrogen (from 0.52 mass % to 0.95 mass % H, for
different SWNT specimens) desorbed on heating the sample to
423 K.

Studies of the hydrogen-sorbing properties of a carbon
material obtained by the electric-arc method '4° and containing
~ 70 mass % SWNT showed that it adsorbs about 3.5 mass % H»
at 10 MPa and with multiple repetition of the cycles ‘cooling to
77 K —heating to 300 K .3-6 Interesting results were reported 4!
that up to 6.5 mass % — 7.0 mass % of hydrogen was absorbed by
an SWNT at room temperature and 0.1 MPa.

The specific surface and the gas-sorbing capacity of carbon
materials depend considerably on the preliminary thermal treat-
ment. It was shown 42 that heating of an SWNT sample, which
has preliminarily been acid-etched, above 600 K in vacuo results in
the liberation of different gases (CH4, CO, CO; and H»). After
thermal pretreatment, SWNT adsorb a considerably greater
amount of xenon at 95 K: the SWNT samples annealed at
1073 K absorbed 20 times more Xe than the samples heated to
623 K. The increase in the adsorption capacity of SWNT was
explained by the effect of high-temperature annealing, which
removes the carboxyl groups blocking the ends and defects of
the NT walls (Fig. 6). Apparently, such a thermal treatment
should also affect the hydrogen adsorption capacity of NT.

Hydrogen can also be stored in SWNT using an electro-
chemical process which is reversible. The relatively low but quite

reliably measured hydrogen capacity in the process
harge

HT + xH,O + xe— (HT + xH) + xOH~

is about 0.4 mass % for a number of SWNT specimens. In this
case, SWNT/Au is the negative electrode, Ni is the positive
electrode, Hg/HgO/OH ~ is the reference electrode, and 6 M
KOH is the electrolyte. The capacity decreases by only 30%
after 100 charge —discharge cycles.!*3

The maximum content of hydrogen in carbon NT specimens
reduced with dihydroanthracene at 623 K or with lithium under
modified Birch conditions corresponds to the ‘CoH—CoH’ and
‘CgH’ compositions, respectively;'44 145 this is several times less
than in the systems using physical hydrogen adsorption at high
pressures. The desorption of hydrogen from such hydrogen-
containing nanotube derivatives occurs only at 773 K, which
implies that hydrogen is chemically bound.!#45

2. Sorption of hydrogen by graphite nanofibres
Inconsistent data on the hydrogen-sorbing properties have been
reported for vapour-grown carbon fibres (VGCF). The highest

L

Figure 6. Schematic drawing of chemically treated single-walled NT
before and after heating above 600 K.!4

hydrogen-sorbing capacity of VGCF (11 mass % —67 mass %
H>) has been reported by Chambers et al.'#¢ The graphite nano-
fibres were obtained by catalytic pyrolysis of carbon-containing
gases on the nanoparticles of a metal catalyst containing iron,
nickel and copper, and then purified from the catalyst particles.
The VGCF with a length of 10-100 pm and a diameter of
3-50 nm obtained by this method can be assigned to the
platelet-type or conical layered structures.'#® In a favourable
conformation, the distance between the graphene sheets is
0.337 nm, while the gas-kinetic molecular diameter of hydrogen
is 0.289 nm. The sorption of hydrogen at 12 MPa and 298 K was
studied on a Sieverts-type apparatus.

In a series of studies,!4’-14% attention was drawn to the
necessity of careful preparation of the samples intended for the
H, sorption capacity measurements. It was noted that VGCF
having developed systems of slit-shaped nanopores with a great
number of open edges have a perfect configuration for hydrogen
adsorption. Owing to this unique VGCF structure, the hydrogen
molecules interact not only with the graphene sheet surface but
also with the adjacent H, molecules; it is believed that this may
result in the capillary condensation of hydrogen at anomalously
high temperatures.!4¢ Moreover, the sorption of H» is accompa-
nied by the expansion of pores (crevices), which can also result in
polymolecular sorption of hydrogen. Comparison of X-ray dif-
fraction spectra of VGCF samples before and after hydrogen
adsorption indicates that the interlayer distance d between sepa-
rate graphene sheets increases to 0.347 nm after H, adsorption
(d = 0.340 nm for the initial VGCF). As the adsorbed H, is
removed from the sample, the parameter d returns to the original
value (0.340 nm).!47.148

The results on the hydrogen sorption by VGCF reported by
Chambers et al.'#¢ have evoked both much interest and many
critical comments, as all attempts to reproduce this experiment
failed.® 149- 150 Moreover, the reported high values of H; absorp-
tion considerably exceed even the highest theoretical
estimates. 131

+ It may well be that an error was made in the evaluation of the amount of
hydrogen adsorbed by the VGCF. For example, the same study !4¢
reported data on the sorption of hydrogen by palladium and intermetallic
compounds which were much higher than the generally accepted values.
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Stobel er al.'* studied the adsorption of hydrogen on two
types of carbon materials: on various specimens of amorphous
high-porosity activated carbon and on VGCF synthesised in the
presence of a catalyst. The adsorption of H» by activated carbon
measured at 296 K and an H, pressure of 12 MPa was
1.6 mass %, which is in good conformity with calculations on
the physical adsorption of hydrogen. Under these conditions, the
adsorption of H, by VGCF did not exceed 1.2 mass %. The
authors %% did not obtain high H, absorption on carbon nano-
fibres with parallel-laminated structure prepared by them; how-
ever, they noted an unusual behaviour of the material in a
hydrogen atmosphere, which may be due to the fibre
nanostructure.

The hydrogen-sorbing properties of a lithium- and potassium-
doped carbon material prepared by catalytic decomposition of
methane have been studied. After removal of the catalyst, the
material contained up to 90% VGCF ¥ with an outer diameter of
25-35 nm, with mainly platelet or conical-layered structures.!>?
Doping with lithium or potassium [Li(K):C ~ 1:15] occurred
under conditions of the solid-phase reaction between VGCF and
Li(K)-containing compounds such as carbonates and nitrates.
Hydrogen uptake reaches 20 mass % for the Li-containing VGCF
at 653 K and 14 mass % for the K-containing VGCF at room
temperature, which amounts to ~ 160 and 112 kg (Hp) m—3,
respectively.!32 Multiple repetition of the H, absorption —desorp-
tion process results in an insignificant (~ 10%) loss of the
sorption capacity of the material. The specimens doped with
lithium had higher chemical stabilities under ordinary conditions
than those doped with potassium. The high sorption capacity of
Li(K)-doped VGCEF is attributed to the layered VGCF structure
with large interlayer clearance (0.347 and 0.335 nm for VGCF and
graphite, respectively) between the small-size (50 nm and less)
graphene sheets in the VGCF, as well as to the presence of an
alkali metal. Without alkali doping, the absorption of H» by the
VGCEF decreases abruptly.

Chen et al.'>? have also obtained anomalously high values of
H> sorption by graphite doped with Li and K [up to 35% —70% of
the sorption capacity of Li(K)-VGCF at 473-673 K and
pu, = 0.1 MPa]. The high hydrogen sorption by VGCF doped
with alkali metals was explained by possible dissociative hydro-
genation of the carbon sorbent, in which the alkali metal is a
catalytic active centre. This hypothesis is supported by the fact
that a band characteristic of the Li—H bond vibrations
(~ 1420 cm—") appears in the IR spectrum of a Li-doped VGCF
specimen upon treatment with H». In the temperature range from
473 to 673 K, the intensity of the Li— H vibrations correlates with
the hydrogen absorption. Subsequently, the hydrogen atoms are
transferred to the carbon network and add to carbon atoms. The
appearance of an absorption band in the region of the C—H
stretching vibrations confirms the dissociative mechanism of
VGCEF interaction with hydrogen. An increase in temperature
causes the desorption of hydrogen and, correspondingly, disap-
pearance of the bands assigned to vibrations of the C—H bond.
Thus, systems based on Li(K)-VGCF can store hydrogen at
elevated temperatures.

While recognising the validity of the qualitative dependences
of hydrogen sorption by carbon nanomaterials doped with alkali
metals,'>? Yang '3 assumed that these results might have been
affected by the presence of moisture in the hydrogen used.
Comparative experiments on the absorption of extremely pure
(99.999%) absolutely dry and moist hydrogen by the lithium-
doped VGCF obtained using the above technique '°? have shown
that the adsorption was 2 mass % and 12 mass % H», respec-
tively. It was assumed '3 that the anomalously high hydrogen

1 Chen et al.'>? relate this material, which contains layered truncated
graphene cones, to carbon nanotubes. In accordance with the terminology
accepted by Dresselhaus? and by us, it should be attributed to graphite
nanofibres.

sorption (up to 20 mass %) by the VGCF doped by Li and K '*?
can be due to the formation of alkali metal hydroxides and
hydrates in a humid atmosphere.

The graphite nanofibres obtained by pyrolysis of CO in the
presence of Co/La,O; also absorb Hp;'** preheating of the
samples at 1173 K is necessary in order to provide a high sorption
efficiency (see also Ref. 148). The samples preheated at 673 K
absorbed much less H», whereas graphite was found to be
completely inert under identical conditions.

The effect of thermal treatment of a carbon material surface
on the adsorption of hydrogen is shown by the data listed in
Table 2. It was found that etching followed by treatment of
carbon nanostructures increased their specific surfaces and the
hydrogen-sorbing capacities, which resulted in the stable absorp-
tion of 5 mass% H, by the samples treated with a NaOH
solution.'’> The VGCF-containing carbon soot obtained by
catalytic pyrolysis of ethylene on nickel at 900 K adsorbs about
2.5 mass % of hydrogen at 5—7 MPa and with repetition of the
cycles ‘cooling to 77 K —heating to 300 K’.3-6

Table 2. Effect of pretreatment of carbon nanotubes on hydrogen adsorp-
tion at pg, = 10 MPa and 7 = 293 K.!5>

Conditions of NT pretreatment H> (mass %)
Mechanochemical treatment (30 min), etching 2.67
(65% HNOs3, 72 h)
Mechanochemical treatment (30 min), etching 1.16
(65% HNOs3, boiling)
Heating with NaOH (3 mol litre—!, 1 h), washing 5.15

with H>O, drying at 373 K (2 h), calcination at 823 K
(1 h), treatment with H>SO4 (15%, 1.5 h), heating at
373 K (10 min), washing with H»O, drying at 373 K

Catalytic decomposition of acetylene at 1173 K in the pres-
ence of Co/SiO, results in the formation of carbon nano-
fibres.!56- 157 The sorption capacities of such metal-free carbon
fibres at 10 MPa hydrogen pressure is ~ 1 mass % H,. Although
the structure of the carbon material obtained by Klyamkin et
al 136157 i similar to that of the VGCF obtained by Chambers et
al.,'*¢ their sorption capacities differ strongly (1 mass % Hj!%°
and 67 mass % H, '4°), despite the similar behaviour of the speci-
mens in the stage of hydrogen desorption. According to the
reported data,’>® multi-walled carbon NT absorb up to
1 mass % H» at 10 MPa and 298 K. The amount of adsorbed H»
increases with an increase in pressure in the range of
10—-200 MPa.

The CO:H; ratio affects the specific surface of the nano-
carbon fibre obtained upon pyrolysis of CO in the presence of a
Fe —Ni— Cralloy and its sorption capacity with respect to Ha: the
hydrogen uptake by the VGCF decreases with an increase in the
H, content in the starting mixture.!'>°

High-precision calorimetric methods '®® were used to study
the adsorption capacity of a number of carbon materials, includ-
ing VGCF obtained according to the reported technique,'®' and
commercial SWNT. The materials studied were found to be poor
H> adsorbents under the experimental conditions (H» adsorption
at 303 K, H> desorption at 373 K), and their adsorption capacities
did not exceed that of activated carbon, which disagrees with
other reported data.!4°

Ozaki et al.'®> compared the adsorption of hydrogen on
platinum-coated carbon fibres prepared by two methods. The
first method involved the preparation of a homogeneous mixture
of a polymer with a metal complex followed by high-temperature
carbonisation of the specimen. High-temperature activation of
this specimen in water vapour or in CO» resulted in the migration
of the metal particles to the outer surface of the carbon carrier.
The second method employed a mixture of polymers, viz., one



Hydrogen-containing carbon nanostructures: synthesis and properties

141

which underwent pyrolysis and one which underwent carbon-
isation. The addition of a metal (Pt) compound to the pyrolysable
polymer made it possible to deposit the metal on the walls of the
pores formed upon pyrolysis. The H» adsorption for the material
obtained according to the second method depends on the amount
of platinum added: a small amount of platinum favours H»
spillover and higher H: Pt ratios. A decrease in the H: Pt ratio
with increase in the platinum concentration is due to an increase in
the metal particle sizes.!?

It was shown that thermal treatment of carbon nanofibres
prepared by pyrolysis of ethylene in the presence of a Fe — Ni— Cu
alloy (Fe:Ni:Cu = 85:10:5) in argon at 1273 K resulted in a
noticeable increase in the amount of the stored hydrogen (up to
6.5 mass % Hy).103 The importance of pretreatment of a specimen
before hydrogen sorption has also been noted in other stud-
ies 148154 where the necessity of a special thermal treatment of
VGCEF in order to remove the chemisorbed gases has been shown.
By analogy with NT (see Refs 142, 155), it may be surmised that
chemical treatment of VGCF and their subsequent high-temper-
ature annealing increase the specific surface of a VGCF and its
activity with respect to H» adsorption. After an appropriate
treatment, VGCF and NT obtained under catalytic pyrolysis
conditions (carbon source: benzene or methane; precursor of the
catalytically active species: ferrocene) can adsorb up to
4.0 mass % — 5.7 mass % H».1%% The absorption of pure hydrogen
(99.999%) by graphite fibre with a parallel-laminated structure
(98% of VGCF in the mixture) starts immediately without an
induction period to reach 10 mass % — 13 mass % H in the first
cycle (Table 3). The H» adsorption and desorption rates are
high.!% Upon repeated adsorption—desorption cycles, the sorp-
tion capacity of the material decreases to approximately 70% of

Table 3. Effect of pretreatment of a graphite nanofibre on hydrogen
adsorption at py, = 11 MPa and T = 373 K.!%°

Mean VGCF Conditions of VGCF H>
diameter /nm pretreatment (mass %)
80 evacuation, 5 h, 373 K 12.38
90 treatment with 37% HCI, washing 12.82
with H,O, evacuation, 5 h, 373 K
100 dispersion in ethanol, treatment 10.03

with 37% HCI, washing with H>O,
evacuation, 5 h, 373 K

125 dispersion in ethanol, treatment 10.1
with 37% HCI, washing with H>O,
evacuation, 5 h, 373 K

Note. The graphite nanofibre was obtained by pyrolysis of benzene at
1373—-1473 K in the presence of Fe and S.

2 4 6 8 10 H (mass %)

Figure 7. Hydrogen desorption isotherm at 300 K.16¢

the original value, which is thought to be due to the destruction of
the graphite fibre structure. The graphite nanofibre obtained by
pyrolysis of acetylene and ethylene at 873 K in the presence of Ni
adsorbs up to 10 mass % H> following keeping for 16 h at room
temperature at 12 MPa. After a decrease in pressure, almost all
hydrogen is released (Fig. 7).16¢

Despite the observed discrepancies in the available experi-
mental data (cf., e.g., Refs 148, 150, 158, 165), it is obvious that
NT and VGCF are actually characterised by high capacities with
respect to hydrogen.

3. Sorption of hydrogen by nanostructured graphite

The sorption of hydrogen on activated carbons at 133 K and
pH, =2 MPais 0.5 g H, per 1 kg of C (Ref. 8) and 2 mass % at
155 K and pp, = 6.9 MPa.!>® A uniquely high, though hard to
explain, hydrogen-sorbing capacity was observed for carbon of
AX-21 grade with 3000 m? g—! overall material surface and
700—1800 m? g—! micropore surface; the mass and volume
densities of H, at 77 K and 5.0 MPa were 100 g H» per 1 kg of
the adsorbent and 32 kg Ha per 1 m?, respectively.’

The relationship between the sorption capacity and the
volume of micropores has been analysed for a series of activated
carbons. It has been found that a pore size optimal for the
adsorption of hydrogen exists.!®’

Thermal desorption spectroscopy was used to study the
sorption of hydrogen by nanoporous carbon (NPC).'% It was
shown that the maximum amount of H» that can be adsorbed by
NPC is 15.6 at.% at 266 MPa and 773 K. Mechanochemical
treatment of graphite in an extra-pure hydrogen atmosphere
(99.9999%) at room temperature and starting hydrogen pressure
of 1.0 MPa results in nanostructured graphite which adsorbs H»
well.31 After milling for 80 h, the maximum amount of adsorbed
H> for such a sample is 7.4 mass % (CHoos). This value is
comparable to the values of H» absorption reached for nanotubes
and superactive carbon at temperatures below 100 K and H»
pressures of about 5 MPa.

Enoki et al.'%° studied the properties of nanostructured graph-
ite and its intercalated compounds. The composites prepared by
mechanical grinding of Mg and graphite in the presence of organic
additives (THF, cyclohexane, benzene) were found to be efficient
hydrogen-adsorbing materials.!’%!7! The introduction of an
organic additive is necessary for the composite structure to form
and its hydrogen-adsorbing properties to appear.

4. Theoretical calculations of hydrogen adsorption by carbon
nanomaterials

The mechanism of the uniquely high hydrogen sorption by carbon
NM has not yet been clarified. Different variants have been
considered: physical adsorption and chemisorption of H, mole-
cules on the graphene sheet surface; the arrangement of more than
one layer of H, molecules between the graphene planes; capillary
condensation of hydrogen inside the nanotubes and in the space
between the graphene sheets at anomalously high temperatures;
the charge state of hydrogen in carbon nanomaterials. Therefore,
the calculated maximum hydrogen capacities of NM differ
strongly as well.

The Monte-Carlo method was used !’ to calculate the
adsorption capacities of carbon materials with crevice-shaped
and cylindrical pores with respect to gaseous H, at various
temperatures and pressures. The calculated values of H» sorption
were compared to the experimental results obtained for the
specially prepared microporous activated carbon (AC). A linear
relationship between the adsorption capacity of hydrogen and the
specific surface of AC was found. The best AC samples had a
specific surface of 2290 m? g—!; the corresponding maximum
amount of adsorbed H, was 0.6 mass %. This value is in good
agreement with the calculated value of 0.7 mass % H» for ideal
slit-shaped pores with S=2600m2g-! at 300K and
PH, = 6 MPa.
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According to the reported data,!” carbon materials with slit-
shaped pores (d = 0.7 nm) are the optimum H, adsorbents at
room temperature and py, = 10 MPa. The highest calculated H»
volume density is equal to 14 kg m—3 (mass content equal to
1.3 mass % Hy). According to the data of Rzepka et al.,'’? the
sorption capacities of carbon materials with slit-shaped pores are
higher than those of materials with cylindrical pores over practi-
cally the entire temperature and pressure range studied. It was
noted that polymolecular (two-layer) sorption of hydrogen can be
observed at 77 K in pores with d = 1.0 nm even at low H
pressures; this corresponds to the gravimetric capacity of the
carbon material equal to ~ 2.0 mass % and 5.5 mass % H» for
cylindrical and slit-shaped pores, respectively. Therefore, the
observed high values of H, uptake by single-walled nanotubes
(5 mass % — 10 mass % H, at room temperature) 34 cannot be
explained by pure physical adsorption occurring in SWNT due to
strong capillary forces.

Calculations 7% of physical H, adsorption at room temper-
ature and py, = 11 MPa on carbon material with slit-shaped
pores with d = 0.34 nm corresponding to the interlayer distance
in VGCF %6 imply that hydrogen cannot be adsorbed by this
material. Since under these conditions the gravimetric capacity of
a microporous carbon material with d = 0.7 nm s as low as 1.3%,
the increase in d observed for VGCEF in the course of hydrogen
adsorption cannot result in adsorption equal to 11%—67%
reported in Ref. 146. Using the model of VGCF structure with
sorbed hydrogen shown in Fig. 8 for the calculation of H»
adsorption, it has been shown!7? that the distance of 0.34 nm
between the graphene layers is insufficient for the incorporation of
hydrogen molecules. Moreover, a graphite nanofibre with
d = 0.9 nm can adsorb as low as 0.46 mass % —1.6 mass % H»
at 298 K and py, = 5-11.2 MPa.

Analysis of H, adsorption on a graphite surface taking into
account the real sorption conditions and the geometric parameters
of the hydrogen molecule and the graphite layer gives the value of
~ 2.8 mass % H, for one H, layer adsorbed on a separate
graphene sheet.? In real systems, the intermolecular forces, the
interaction of the H, molecules with the material surface and the
presence of surface defects can result in the formation of addi-
tional sites for H, adsorption. Considering the possible formation
of the second hydrogen layer, the value of H, sorption on the
carbon surface was assessed to be ~ 4.1 mass %.

Doping of graphite with K, Rb and Cs increases slightly its
sorption capacity with respect to H»; the H, content due to

chemisorption corresponds to the CgKH»/3 composition, and the
H> content due to physical adsorption corresponds to the C24KH»
composition. However, the hydrogen content is small in both
cases (see Ref. 2 and the references therein). On the other hand,
for VGCF doped by a metal, high H> absorption was obtained
even at a low metal: carbon ratio (1:15), apparently because of
partial reduction of carbon in the graphite layer due to the
catalytic effect of alkali metals.'>> However, other researchers
are skeptical about the high values of H, adsorption obtained !>2
(see, for example, Refs 153 and 174), despite the elegant hypoth-
esis put forward by Chen et al.'>> for the explanation of the
absorption of hydrogen by nanomaterials doped by alkali metals.

Two geometrical models have been suggested for hydrogen
sorption by carbon NT bundles.? In the first one, hydrogen is
considered as a liquid capable of filling the free space unoccupied
by the carbon atoms of the nanotube. The use of density values of
0.071 and 2.26 g cm—3 for liquid hydrogen and carbon atoms,
respectively, results in the H» adsorption equal to 2.3 mass %.
According to the second model which accounts for the adsorption
of hydrogen molecules with a gas kinetics diameter of 0.289 nm
both inside the SWNT and in the inter-tube space of SWNT
bundles (Fig. 9), the overall H, adsorption for a (10,10)NT
bundle’ (the NT diameter being 1.38 nm) was found to be
4.0 mass % H». Of these, 3.3 mass % H» corresponds to the
adsorption inside the tubes and 0.7 mass % Ho, to adsorption
between the NT in the bundle. Under high-pressure conditions,
the compressibility of hydrogen and intermolecular interaction
might result in a denser packing of the hydrogen molecules and
hence in an increase in its adsorption on carbon NT. In order to
confirm this assumption, a detailed calculation has been carried
out '7> which has shown that the density of hydrogen in this case
can be, in fact, higher than follows from purely geometrical
considerations.

Computer simulation of hydrogen adsorption by SWNT and
a carbon material with idealised slit-shaped pores has also been
carried out.'>! The hydrogen—hydrogen and hydrogen —carbon
interactions were simulated using the Silvera—Goldman and
Crowell— Brown potentials, respectively; quantum effects were
also taken into account. Adsorption of hydrogen inside the NT,
between the tubes in the bundles and on the outer SWNT surface
was assumed in the calculations. The computer simulation of
hydrogen absorption by SWNT and activated coal is in favour of
SWNT but does not confirm the high values of hydrogen
adsorption for SWNT and VGCF found experimentally.!34 146

Figure 8. Cell model for the calculation of hydrogen adsorption by a
platelet-type graphite nanofibre (pore diameter 0.9 nm). The dark and
light circles indicate the carbon atoms and hydrogen molecules, respec-
tively.!7?

Figure 9. A typical arrangement of H> molecules adsorbed on triangu-
larily packed carbon nanotubes.?

§ The numbers in parentheses indicate the indices used for the description
of the nanotube structures; they are related directly to the NT diameter
and the chiral angle.
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Calculations of H, adsorption in SWNT bundles show ! that
the dense packing of SWNT results in lower gravimetric and
volume densities of hydrogen even at sufficiently high adsorption
potentials. Low adsorption can result from the surface inaccessi-
bility in dense SWNT bundles.

The results of calculations using the Monte-Carlo method
carried out for bundles of parallel SWNT demonstrate a strong
dependence of the gravimetric adsorption of hydrogen on the
bundle diameter, i.e. on its specific surface.'”® At 77 K and
pu, = 10 MPa, the adsorption of H, for isolated (10,10)NT and
for bundles consisting of three and seven (10,10)NT were
9.6 mass %, 7.0 mass % and 5.5 mass %, respectively. A depend-
ence of the gravimetric capacity of NT on the inter-tube distance
in a bundle was also noted.

The increase 138 in the inter-tube distance inside the SWNT
bundles observed upon their treatment with nitric acid allows one
to assume that the parameter g = a—d (where g is the van der
Waals gap, ais the lattice spacing, dis the NT diameter) used in the
calculations of H, adsorption can be optimised.!”” Optimisation
of the packing geometry (the g parameter) for SWNT has been
carried out in order to obtain the maximum hydrogen adsorption
on SWNT at 298 and 77 K. With this purpose, a series of NT have
been studied, viz., (9,9)NT with d = 1.22 nm, (12,12)NT with
d = 1.63 nm and (18,18)NT with d = 2.44 nm. It has been found
that the optimum g value is a function of temperature and equals
0.6 and 0.9 nm at 298 and 77 K, respectively.

It has been shown that none of the SWNT packing geometries
studied (the triangular and square ones) can provide high hydro-
gen adsorption at room temperature. Hydrogen adsorption
capacity approximating that recommended by the International
Power Agency can be obtained on carbon NT with d = 1.22 nm
and g = 0.9 nm only at 77 K and py, > 5 MPa.

Calculations for charged carbon NT by the Monte-Carlo
method have confirmed their somewhat higher ability to adsorb
H> in comparison with uncharged NT: the presence of a charge
results in an increase in H, adsorption by 10% —20% and
15%-30% for 298 and 77 K, respectively.!”® However, the
hydrogen mass and volume densities at 298 K are still too small
even for charged tubes.

Calculations using the density functional theory performed in
order to search the optimum conditions of hydrogen sorption by
SWNT showed that there are two types of H, chemisorption sites
on the outer and inner NT surfaces.!” Hydrogen is sorbed in the
atomic state on the outer and inner SWNT surfaces, and also in
the molecular form ¥ inside the SWNT channel.'®! The emergence
of a new absorption band at 4226 cm—! in the Raman spectrum of
NT samples after their electrochemical charging (for gaseous Ha,
4161 cm~—!) assigned to the absorption of molecular hydrogen
was considered as proof of the presence of adsorbed hydrogen.
The H» capacity of cylindrical channels of carbon SWNT
increases linearly with the NT diameter in accordance with the
expression: cp,(mass %) = 14.3(d/dy) [where 14.3 is the amount of
H> (in mass %) adsorbed by (10,10)NT, dp is the diameter of
(10,10)NT]. The maximum H, storage capacity of carbon NT is
limited by the energies of intermolecular repulsion between
hydrogen molecules located in the inner SWNT cavity and those
between H, molecules and SWNT walls.

Lee et al.'¥! calculated the sorption of hydrogen by multilayer
carbon nanotubes. Hydrogen atoms were found to be preferen-
tially adsorbed on the outer NT surface and the sorption capaci-
ties of MWNT with respect to H» were found to be independent of
their  diameters.!!  The  maximum  capacities  of

4 The inelastic neutron scattering spectra of SWNT after hydrogen
adsorption on them display a peak at ca. 14.5 meV corresponding to
rotational transitions in the H, molecule. The presence of this peak
indicates that physical adsorption of H, occurs under the experimental
conditions; the peak intensity decreases with a temperature increase in the
range of 25-40 K.!80

(5,5)@(10,J0)MWNT and (10,10)SWNT are 7.7 mass % and
14.3 mass % Ha, respectively.!7%- 181

V. Conclusion

Carbon nanomaterials attract interest as promising materials for
the development of hydrogen accumulators.

Theoretically, fullerene can be hydrogenated to CeoHgo with-
out destruction of the fullerene skeleton; this corresponds to
7.7 mass % H, (0.92 m? of H, per 1 kg of CgoHgo). However,
attempts at synthesis and characterisation of the hydrofullerene
with this composition have failed so far. Compound CgoHeo
should be extremely unstable; the excessive strain of this molecule
stems from the appreciable deviation of the configuration of
bonds between the carbon atoms from the most stable tetrahedral
configuration. According to molecular mechanics calculations,
the strain in the CgoHgo molecule can be decreased if at least ten
hydrogen atoms in the CgoHgp molecule are bound endohedrally
(this is the most stable conformation for the CeoHeo composi-
tion).182

The methods used in practice for the reduction of fullerenes
give CeoH, compounds with 4.5 mass % — 6.0 mass % H,. Their
preparation requires high temperatures and H, pressures or
reactive reducing agents (see, e.g., Refs 12 and 13). Analysis of
numerous studies on the synthesis, structures and reactivities of
hydrofullerenes shows that the practical applications of fullerenes
and their metal derivatives as hydrogen sorbents require that the
actual sorption capacities are increased, the hydrogenation is
accelerated, the dehydrogenation temperature is decreased and
the hydrogenation —dehydrogenation reversibility is ensured. In
addition, side reactions should be eliminated.® Nevertheless,
CeoHy and C7oH, hydrofullerenes have already been suggested,
for example, as modifying additives for the carbon anodes of
reversible Li-batteries. 83

Other carbon nanostructures, such as single-walled carbon
nanotubes and vapour-grown carbon fibres, as well as their metal-
doped modifications, are quite promising as hydrogen-storage
media. This is evident from Table 4 which shows generalised data
on the hydrogen-sorption capacities of SWNT and VGCF, which
in certain cases exceed considerably the values required for mobile
hydrogen-storage systems. However, the data on the amount of
hydrogen accumulated by carbon NM obtained by different
authors differ considerably. The reasons for the discrepancies lie
in the absence of reliable methods for the preparation of pure
SWNT and VGCF and the absence of generally accepted techni-
ques for their certification, for example, with respect to purity,
degree of their ‘openness’, nanotube diameter and interlayer
distances, and the amount of metal catalysts. In addition, the

Table 4. Sorption characteristics of various carbon nanomaterials.

Material Maximum T /K pu, /MPa Ref.
capacity (mass %)

SWNT 8.25 80 7.18 137
SWNT 5-10 90 0.04 134
SWNT 4.2 300 10-12 2,139
SWNT 6.5-7 300 0.1 141
SWNT 1.1-52 293 10 155
SWNT 35 77 < 3008 5-10 3
VGCF 11-67 300 11 146
VGCF 0.4 298-773 0.1 152
VGCF 10-12 373 11 166
VGCF 2.5 77 < 3008 5-10 3
Li-VGCF 20 473-673 0.1 152
K-VGCF 14 473-673 0.1 152
VGCF 10 300 12 167

a‘Cooling to 77 K « heating to 300 K’ process.
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hydrogen-sorbing capacity depends crucially on the pretreatment
of carbon nanomaterials and the purity of hydrogen used. There-
fore, the results obtained in the studies on hydrogen sorption
characterise only a particular material and cannot as yet be used
for comparison of the efficiencies of different types of carbon NM.
The mechanism of the uniquely high hydrogen sorption by carbon
nanomaterials is not clear, either. Nevertheless, the existence of
high hydrogen capacities in nanocarbon materials is obvious. This
allows one to hope that nanocarbon materials (provided that they
are accessible) can be used in actual hydrogen-storage systems.

The experimental and theoretical materials presented in this
review testify to a significant increase in the scope of research on
the synthesis and hydrogen-sorbing properties of carbon nano-
structures aimed both at the solution of fundamental scientific
problems and at the development of mobile hydrogen-storage
systems. This is also evident from presentations submitted at
various conferences on carbon nanomaterials, hydrides and
hydrogen power engineering.

This review was financially supported by the Russian Foun-
dation for Basic Research (Project Nos 99-03-32647 and 00-03-
32018) and the Russian Scientific and Technical Programme
(Project No. 99005).
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