
1. Introduction

In a relatively short period of time, several `energy revolu-

tions' associated with the development of new sources and

forms of energy (i.e. steam engines) have occurred in the

history of mankind. Indeed, wood, peat and coal as tradi-

tional sources of thermal energy were superseded by various

kinds of petroleum and gaseous fuels as main sources of

electrical energy; probably, in the future the latter will be

replaced by atomic energy.

Energy consumption continuously increases, whereas

energy storage and transportation still remain technically

challenging. Energy storage in nuclear fuel is hazardous.

Modern storage units used for accumulation of mechanical

energy (e.g., compressed spring energy, flywheel rotation

energy) or electric and magnetic field energy (capacitors,

accumulators, coils, etc.) are poorly suitable for energy

storage applications.1, 2 The potential of utilization of wind

energy, tide energy and energy of geothermal sources has

natural limitations. A significant part of water resources is

already in electricity generation, while solar energy applica-

tions in the most economically developed countries are

limited by low solar radiation. Alternative fuel sources,

including biofuel (bioethanol, biomethanol, biogas, biodie-

sel) and synthetic fuel (dimethyl ether, methanol, etc.), are

also limited.3 ± 5

Currently, a significant part of energy is produced using

petroleum and natural gas. In the context of increased

energy consumption, this increases the environmental load.

Potential energy sources that can replace or compete with

fossil fuel include hydrogen.6 ± 8 The energy content of

hydrogen per unit mass is 120.7 MJ kg71, being higher

than that of any hydrocarbon fuel (e.g., 46 MJ kg71 for

petroleum-based fuel). Hydrogen has boundless resources,

viz., it ranks second in the number of atoms (*17%) after

oxygen (*52%) and ninth (*1%) in mass; the average

content of hydrogen in Earth's crust is 1.4 g kg71.9 Hydro-

gen conversion processes are environmentally safe. Hydro-

gen can be used instead of coal as a reducing agent for iron

recovery from ore in steel production, and decarbonization

of the process leads to a considerable decrease in harmful

emissions of metallurgical production.10 Mobile applica-

tions of hydrogen can be exemplified by the operation of

hydrogen fuel cells (HFCs) in automotive and aerospace

industry. At present, HFCs are widely used in power

engineering. Electrochemical oxidation of hydrogen in

HFCs involves a slow stage of dissociative electrochemical

adsorption of molecular hydrogen on a platinum electrode

H2+2Pt ? 2 Pt7Hads (1)
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and a fast electron transfer step

2 Pt7Hads ? 2 Pt+2H++2e (2)

The reaction is sensitive to CO impurity (*1 ppm)

which causes an abrupt increase in the anodic potential

and reduces the HFC performance.11 ± 16

Pure hydrogen for mobile applications can also be

produced and accumulated using electrolysis of water or

excess of electrical energy during off-peak hours (at night or

on holidays) when the energy consumption decreases.17

Energy stored in hydrogen can be released at any time by

combustion of hydrogen. Progress in hydrogen energetics is,

in particular, hindered by the fact that H2 is a gas of low

density (*0.089 g L71) and high corrosion activity under

normal conditions.

Interest in the hydrogen storage problem has grown

particularly in the last 15 years. Recent reviews and original

publications are devoted to both classical and new concepts

of hydrogen storage.18 ± 27 An analysis of published data

revealed no hydrogen storage system that would meet all

modern requirements, being fundamentally superior to all

other systems. However, from the standpoint of transpor-

tation, the storage systems based on hydrogen-containing

chemical compounds are considered separately. The density

and content of hydrogen in such systems are independent of

external factors and therefore hydrogen present in organic

compounds can be safely stored and transported over long

distances under normal conditions, whereas other systems

should meet specific requirements for temperature, pres-

sure, air-tightness and safety.

This review presents an analysis and overveiw of pub-

lished data on the hydrogen storage systems based on

physical, physicochemical and chemical interactions

between hydrogen and the storage material (medium). The

emphasis is placed on the hydrogen storage and release

systems based on heterogeneous catalytic hydrogenation of

mono- and polycyclic aromatic hydrocarbons with a storage

capacity of more than 6.5 mass%± 7.0 mass% H2 and on

dehydrogenation of corresponding naphthenes. We will

discuss the mechanisms of reversible processes depending

on the structure of substrates. A distinctive feature of this

review is a structured approach to consideration of reac-

tions involving aromatic hydrocarbons and corresponding

naphthenes.

The following abbreviations and designations are used

in the review:

bcc Ð body-centred cubic lattice,

CNFs Ð carbon nanofibres,

CNTs Ð carbon nanotubes,

D Ð external diameter of cylinder (tank),

d Ð cylinder (tank) wall thickness,

Ea Ð activation energy,

DG Ð Gibbs energy,

DH Ð enthalpy of reaction,

K Ð equilibrium constant,

NEXAFS Ð near-edge X-ray absorption fine structure,

DP Ð excess pressure,

PCC Ð petroleum coke carbon,

R Ð universal gas constant,

Ssp Ð specific surface area,

DS Ð entropy of a process,

s Ð tensile strength of a material.

2. Physical and physicochemical systems for
accumulation, storage and release of hydrogen

Storage of large amounts of gaseous hydrogen does not

require special conditions and practically does not differ

from natural gas storage. Hydrogen can be accumulated in

gas holders as well as natural or artificial underground

storage tanks.9 Utilization of H2 for on-board applications

faces certain limitations. For instance, at room temperature

and atmospheric pressure, 4 kg of hydrogen necessary for a

fuel cell vehicle to cover 200 km occupies a volume of 45 m3

(this corresponds to a cylinder 5 m in diameter), which goes

beyond all reason.2 Compaction of hydrogen is achieved by

cooling below the critical temperature (7239.95 8C) or

compression under high pressure. The International Energy

Agency targets for an efficient on-board hydrogen storage

system are as follows: a storage capacity of at least

5.5 mass% H2 and a volumetric hydrogen density of at

least 40 kg m73 at operating temperatures in the range

from 740 to 60 8C and a maximum pressure of

1.2 MPa.28, 29 These values were calculated ignoring the

masses of tank, valves, controllers, pipes, pipe hangers,

thermal insulation systems, coolers and other auxiliary

equipment.

According to the commonly accepted classification,

there are physical, physicochemical and chemical methods

for hydrogen storage and release. In physical systems,

hydrogen does not interact with the storage material.

Physicochemical and chemical methods are based on the

ability of hydrogen to reversibly interact with the storage

material through van der Waals or chemical interactions.

2.1. Compressed hydrogen gas
Storage of compressed hydrogen gas in cylinders offers the

following advantages:

Ð relatively fast refuelling,

Ð low energy expenditure for hydrogen supply to con-

sumers, and

Ð no major infrastructure changes required for mobile

applications.

However, the effective hydrogen storage capacity is very

low. Hydrogen is characterized by very high diffusibility

and can penetrate dynamic seals and switching fittings or

microcracks. Contact with hydrogen can lead to corrosion

embrittlement of metals. Indoors, even a slight leak of

hydrogen from cylinders is more hazardous than the leak

of petroleum fuel or natural gas.30 Thickening of cylinder

(tank) walls is followed by an increase in its size and mass 31

and, correspondingly, by a decrease in the gravimetric

content of hydrogen:

d

D
� DP

2s� DP
(3)

where d is the wall thickness, D is the external diameter of

the cylinder (tank), DP is the excess pressure and s is the

tensile strength of the material.

Clearly, at a certain point, a further increase in wall

thickness becomes unprofitable; small amounts of com-

pressed hydrogen gas are stored in conventional steel

cylinders with operating pressures of up to 15 ± 20 MPa.

The energy consumption for compressing gas in a conven-

tional steel cylinder is about 2 ± 3 kW h kg71, while the
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total energy consumption for hydrogen storage exceeds

10%± 15% of the calorific power of hydrogen. As a

consequence, the content of hydrogen in steel cylinders is

at most 1.2 mass%± 1.5 mass% and the volumetric hydro-

gen density is 10 ± 12 kg m73. Increasing the storage

capacity by compressing to high pressures is a complicated

engineering problem that remains to be solved. For

instance, hydrogen compression at a pressure of 55 MPa

causes the hydrogen volume to decrease by 30% (cf. 55% at

a pressure of 103 MPa); however, the explosion hazard of

the method increases substantially.31 It should be noted that

the energy density of hydrogen is much lower than that of

petroleum fuel even at so high pressures, viz., 4.7 MJ L71

(1.3 kW h L71) at a pressure of 70 MPa vs. 31.7 MJ L71

(8.8 kW h L71), respectively.29 Besides, high-pressure, car-

bon-fibre hydrogen storage cylinders (tanks) are nearly

tenfold more expensive than a petroleum fuel tank of the

same volume.

A possible method for storage of compressed hydrogen

gas is microencapsulation at pressures in the range of

35 ± 65 MPa. It utilizes low-density glass microspheres

5 ± 500 mm in diameter with nearly 1 mm-thick walls, which

can fill any closed space.32, 33 Unlike steel cylinders, in this

case the hydrogen volume is redistributed over a large

number of small cells; this excludes instantaneous gas blast

in case of emergency destruction of the tank. In some cases,

the content and volumetric density of hydrogen can be as

high as 10 mass% and 20 kg m73, respectively; however,

hydrogen release at the necessary rate is achieved only at

temperatures of about 600 8C, at which the glass strength is

significantly reduced. To be strong enough, multicapillaries

should have a perfect, defect-free surface, which is difficult

to prepare and expensive. In addition, there is a problem of

switching with gas compressor valves, as well as potential

losses during transportation and operation. Taken alto-

gether, this limits the prospects for application of the

multicapillary approach as a common method for hydrogen

storage.

2.2. Liquid hydrogen
The cryogenic method provides a much higher hydrogen

density (70.8 g L71). Hydrogen as cryogenic liquid exists in

a very narrow temperature range from the boiling point

(7252.77 8C) to the freezing point (7259.19 8C).6 The

critical pressure for storage of liquid hydrogen is 1.3 MPa

and therefore the strength requirements for cryostats are

not as stringent as for compressed hydrogen storage tanks;

this allows one to achieve high gravimetric content of

hydrogen stored (100 mass%).34, 35 The local overheating

(hot spot) problem is solved using a portion of cooled

hydrogen, which leads to additional energy expenditure

and reduces the hydrogen storage capacity. In particular,

the storage capacity of aerospace cryogenic systems reaches

a value of 85 mass% H2 . The actual storage capacity of

small cryostats decreases to 15 mass%± 20 mass% H2 tak-

ing account of screen vacuum thermal insulation (a total of

6 ± 8 kg per kilogram of hydrogen with inclusion of the mass

of the cryostat). The volumetric density of hydrogen in

small cryostats equals that of gaseous hydrogen in carbon-

composite cylinders (40 MPa); however, the physical mass

of the storage system per kilogram of hydrogen stored is

four to five times smaller, which allows such systems to be

used for on-board applications.

The drawbacks of the cryogenic method are as follows:

high energy consumption for liquefaction of hydrogen

(*10 kW h kg71) and storage of liquid hydrogen and

unavoidable evaporation losses (to 5% daily). The total

energy cost of hydrogen liquefaction and storage can be as

high as 50% of the calorific power of hydrogen.31 Indoors,

evaporation makes the technique more explosion hazardous

than storage in steel cylinders. At present, no solution to the

hydrogen loss problem is available.

2.3. Physisorption of hydrogen
Physisorption implies that hydrogen is stored within an

accumulating matrix through van der Waals forces acting

between the sorbent surface and hydrogen molecules. Since

the hydrogen7matrix binding energy is low

(1 ± 10 kJ mol71), the storage capacity of adsorbents is at

most 1 mass%± 3 mass% H2 under normal conditions and

increases only on cooling even for sorbents with a high

specific surface area of pores and channels. Elevated pres-

sure favours penetration of hydrogen molecules into micro-

pores. Heating causes the reverse process (desorption) and

hydrogen releases from the sorbent without significant

difficulties.36

The best known adsorbents with a high specific

surface area include carbon materials and zeolites,

i.e., nonstoichiometric complex aluminosilicates

Mx/n(Al2O3)x(SiO2)y .mH2O (where 2 y> x). The adsorp-

tion capacity of zeolites is determined by the structure of the

framework, the accessible free-space volume and the nature

of the cation representing the binding site of hydrogen

molecules. Zeolites can contain a 1D, 2D or 3D system of

pores and channels which can occupy up to 50% of the total

volume of the material. In spite of this, the storage capacity

of zeolites is low (*0.3 mass% H2 ) under normal condi-

tions. The adsorption of hydrogen is hampered since pores

are blocked by extraframework cations and small pores are

inaccessible. At the liquid nitrogen temperature, the storage

capacity of different-type zeolites increases to, e.g.,

1.8 mass% H2 for NaY and 2.19 mass% H2 for CaX. A

slight increase in the storage capacity was also observed

upon incorporation of metals with high hydrogen binding

energies into the zeolite structures.37 ± 39

Carbon materials have less ordered structures than

zeolites and are by and large characterized by higher hydro-

gen storage capacity, but only at cryogenic temperatures.

For instance, the storage capacity of active carbons that is

equal to 7 mass%± 8 mass% H2 in the temperature range

from 7208.15 to 7195.15 8C and a pressure of about

4 MPa decreases to 0.5 mass% H2 at room tempera-

ture.40 ± 44 Assuming that the hydrogen7matrix binding

energy is 10 kJ mol71, the total energy of the adsorbent

and 4 kg of H2 , necessary for a fuel cell vehicle to have a

range of 400 km, is *20 MJ.6, 22 Cooling of this system

with liquid nitrogen (7196.15 8C, heat of vapourization is

5.6 kJ mol71) requires at least *100 kg of liquid N2 . Such

a system is technically difficult to operate; therefore,

numerous attempts have been made to design carbon

materials with higher hydrogen7matrix binding energies,

mainly by increasing the surface area and volume of pores

and channels.45 Carbon nanofibres (CNFs) demonstrated

no increase in the CNFs7hydrogen binding energy, prob-

ably, due to strong interaction between graphite layers,

which precludes the diffusion of hydrogen. As a result, the

adsorption storage capacity of CNFs at room temperature

remains as low as that of conventional carbon materials

(0.7 mass% H2 at 10 MPa).46, 47 The hydrogen storage

capacity increases only upon surface activation; however,

L.M.Kustov, A.N.Kalenchuk, V.I.Bogdan

Russ. Chem. Rev., 2020, 89 (9) 897 ± 916 899



no linear correlation between the storage capacity and the

increase in the specific surface area of CNFs was estab-

lished.

The hydrogen storage capacity of carbon nanotubes

(CNTs) does not differ from that of CNFs in spite of the

curvature of graphene sheets and the presence of large inner

cavities. For instance, the storage capacity of single-walled

CNTs with a specific surface area of 2560 m2 g71 is less

than 1 mass% H2 under normal conditions and 4 mass%±

5 mass% H2 at 77 K.48 ± 50 As for CNFs, no correlation

between the specific surface area and the adsorption

capacity was found. Depending on the synthesis conditions,

the reaction products contain CNTs and other forms of

carbon (fullerenes, multi-walled polyhedral nanoparticles,

graphite and amorphous carbon nanocrystals Ð a total of

30% to 80% by mass) that influence the results of experi-

ments.31

Great expectations were associated with graphene, a

novel carbon material. However, it was shown that gra-

phene has low hydrogen storage capacity (<1 mass%)

similarly to CNTs.51 The energy barrier to adsorption

decreases and, correspondingly, the hydrogen storage

capacity increases only upon functionalization of graphene.

For instance, a storage capacity of 5.1 mass% H2 was

reported for an Al-doped graphene sheet; however, this is

lower than the target values.

A high specific surface area and a large pore volume in

metal-organic frameworks (MOFs) are due to the absence

of pore walls owing to specific interactions between mono-

or polynuclear coordination sites (metal ions) and organic

ligands.52 ± 55 The probability of hydrogen adsorption

increases upon formation of additional adsorption sites

through the filling of the MOF cavities with organic or

inorganic guests. At the same time, the hydrogen storage

capacity values of MOFs rarely exceed those of CNTs. For

instance, the storage capacity of compound

Zn4O[O2C7C6H47CO2]3 (Ssp= 3000 m2 g71) is

1 mass% H2 at room temperature and 4 mass%±

5 mass% H2 at 70 K and a hydrogen pressure of 2 MPa.

The MOF-210 and NU-109 samples with a specific surface

area of 3200, 6240 and even nearly 7000 m2 g71 also

demonstrated the hydrogen storage capacities of at most

2 mass%. These and certain other facts were explained in

an experimental study56 where the authors showed that

hydrogen adsorption increases with increasing specific sur-

face area only to a value of 2000 m2 g71 since larger surface

areas cannot be fully covered with hydrogen molecules.

Experimental data were confirmed by the results of grand

canonical ensemble Monte Carlo calculations.57, 58

The results obtained demonstrate that a high specific

surface area should not be used as the one and only criterion

when developing novel adsorbents with high hydrogen

storage capacity. Many authors consider the enthalpy of

adsorption (DH) 59, 60 as at least equally important para-

meter:

7RT lnK=DG=DH7TDS (4)

where R is the universal gas constant, T is the temperature

of the process, K is the equilibrium constant, DG is the

Gibbs energy and DS is the entropy of the process. At

DG<0 and DH<0, the process proceeds spontaneously.

The difference between the enthalpies of hydrogen

adsorption (desorption) of the storage systems based on

physisorption (1 ± 10 kJ mol71) and on chemisorption

(40 ± 100 kJ mol71) is illustrated by Scheme 1 which

presents the ranges of the hydrogen7storage material

interaction energies. A comparison of two outermost values

showed that for an optimum storage system based on

adsorption materials the energy of the interaction between

hydrogen and the storage material should be in the range of

20 ± 30 kJ mol71 under normal conditions.60 Therefore,

investigations of chemical systems should be aimed at

synthesizing organic compounds with low energies of

hydrogen release.

Optimum values of the enthalpies of hydrogen adsorp-

tion can be achieved by activating the surface of storage

materials through polarization or irradiation.61, 62 In partic-

ular, high electric field increases the ability of fullerenes to

bind hydrogen, probably, due to the interaction of the

charged spherical surface with polarized H2 molecules.63, 64

Switching off the electric field causes the system to return to

the initial state while hydrogen molecules are readily des-

orbed. It was shown 61 that irradiation favours excitation

and activation of the surface and internal adsorption sites,

which strengthens the interaction between hydrogen and the

surface of the material and improves the sorption properties

of the material. The volumes of hydrogen adsorbed on and

desorbed from g-irradiated CNTs increased by about 15%

compared to the untreated CNTs.62

An analysis of the data obtained in the experiments with

adsorption materials demonstrated that, in spite of rela-

tively low cost and simple design, systems for hydrogen

accumulation, storage and release based on the physico-

chemical interaction with porous materials having a high

specific surface area still do not meet the technological

requirements even if researchers use modern methods of

synthesis and surface activation. Such a situation is mainly

due to the low density of hydrogen and to the need for

cryogenic conditions to increase the hydrogen storage

capacity. Few reports on high hydrogen storage capacities

of certain new porous nanomaterials characterize particular

samples rather than represent the results of systematic

studies.31

2.4. Metal hydrides as hydrogen storage materials
Metal hydrides contain metal ± hydrogen bonds of different

energy. The density of hydrogen in certain metal hydrides

reaches a value of 170 g L71, being more than twice as high

as the density of liquid hydrogen.65 Increasing the pressure

of gaseous hydrogen and lowering the temperature favours

the formation of metal hydrides; otherwise, they decom-

pose.

Considering the types of chemical bonds, there are ionic,

covalent and metal hydrides. Typical representatives of the

first group include alkali and alkaline-earth metal hydrides

(NaH and CaH2, respectively) with ionic bonds

M+7H7.66 The packing density of metal atoms in the

structure of ionic hydrides is higher than in the structure of

M is the storage material

H2+M > M_H2 H2+M > MH2

(physisorption) (chemisorption)

0 10 20 30 40 50 60 70 kJ mol71

Scheme 1
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the parent metals due to contraction of the metal lattice in

the course of hydride formation.

Covalent hydrides are usually formed by the low-molec-

ular-mass Group II elements, which predetermines the

highest storage capacity among all metal hydrides (e.g.,

18.2 mass% H2 for BeH2). However, the lack of direct

methods for the synthesis by the reaction between hydrogen

and the parent metal and irreversible character of decom-

position negate the advantage of covalent hydrides as a

basis for hydrogen storage systems.

Light-metal alanates M(AlH4)n and borohydrides

M(BH4)n , where n is the valence of the metal, are also

considered as promising covalent hydrides. However, the

storage capacity of these compounds decreases, being, e.g.,

7.4 mass% H2 for sodium alanate NaAlH4 and

10.5 mass% H2 for lithium alanate LiAlH4 . Moreover, as

opposed to binary hydrides, hydrogen release from alanates

is a multistage process, e.g.,

6NaAlH4=2Na3AlH6+4Al+6H2 (5)

2Na3AlH6=6NaH+2Al+3H2 (6)

As a result, the overall process is characterized by slow

kinetics and is reversible under rather severe conditions. In

particular, the operating temperatures for NaAlH4 decom-

position are as follows: from 185 to 230 8C for the first stage

and to nearly 260 8C for the second stage; NaH decomposes

only at 425 8C. As to LiAlH4 , about 2.65 mass% of the

total content of hydrogen is retained in LiH after two stages

of decomposition (LiH completely decomposes at temper-

atures above 680 8C). Like the synthesis of a simple alumi-

nium hydride AlH3 , that of LiAlH4 requires elevated

pressures.65 Therefore, in spite of the high initial storage

capacity, alanates are not promising materials for hydrogen

storage applications.

Aluminium borohydride Al(BH4)3 is characterized by

the maximum volumetric hydrogen density (150 kg m73)

while LiBH4 is characterized by the maximum gravimetric

hydrogen density (18.4 mass%) under normal condi-

tions.67 ± 69 However, as in the case of alanates, intense

hydrogen desorption from these borohydrides begins at

temperatures above 400 8C. The amount of hydrogen des-

orbed from LiBH4 at moderate temperatures (100 ± 200 8C)
corresponds to a storage capacity of merely 0.3 mass% H2 .

Complete release of hydrogen occurs only at about 500 8C,
while the total amount of H2 desorbed at temperatures

below 600 8C in the hydrogenation7dehydrogenation cycle

is at most half its content in the parent material (9 mass%

H2). In addition, dehydrogenation is accompanied by the

formation of stable intermediate products (including toxic

diborane B2H6). The reverse reduction process requires high

energy consumption and thus becomes much less efficient.

In some cases the yield of M(B12H12)n/2-type intermediates

is decreased by stabilizing M(BH4)n giving polycationic

borohydrides MM0(BH4)n, where M and M0 have different

electronegativities.70 ± 72 It is assumed that in the future

combining cations in such a manner can become an efficient

method for controlling the thermodynamic stability of

metal borohydrides similarly to conventional doping of

hydrogen-accumulating alloys. Besides, borohydrides in

the nano state can be prepared and preserved by incorpo-

rating into nanoporous substrates. In particular, researchers

succeeded in reducing the temperature of hydrogen desorp-

tion from NH3BH3 (16 mass% H2) and the amount of

borazine formed; however, the kinetics of the process is

very low.73 It was also found 74 that the addition of water

causes a tenfold increase in the hydrogen release rate; the

effect is most probably due to destabilization of the

BHd77d+HN bonds in the crystal lattice of NH3BH3 by

polar H2O molecules. The reaction affords polyaminobor-

ane as a side product.

Among metal hydrides, MgH2 (7.6 mass% H2) is best

known. Like other simple metal hydrides MHx , hydrogen in

MgH2 donates its electron to the metal, which in fact leads

to formation of a metal-hydrogen alloy; dehydrogenation of

the alloy is characterized by high enthalpy (*90 kJ mol71

with respect to H2) and proceeds at high temperatures and

pressures (250 ± 350 8C, 5 ± 10 MPa). Also, high density of

magnesium hydride makes its surface hardly permeable to

hydrogen; as a consequence, the kinetics of hydrogen

uptake and release slows down.75 The available methods

for eliminating these difficulties do not solve the problems

of reducing the mass of the system and the need to provide

special conditions for hydrogen transportation in the form

of MgH2 .

Yet another well-known simple metal hydride is AlH3 ,

which is characterized by low enthalpy of desorption of H2

(5 ± 8 kJ mol71). However, a direct synthesis of this com-

pound from aluminium and hydrogen requires very high

pressures.

Considerable interest in the low-temperature AB5

(CaCu5 structural type), AB2 (Laves phases) and AB (CsCl

structural type) metal hydrides as well as pseudobinary

hydrides of certain vanadium-based alloys (VH2) and the

Ti7Cr system with the body-centred cubic (bcc) lattice is

due to favourable thermodynamics in the relatively comfort

range of hydrogen absorption energies (30 ± 43 kJ mol71)

and to high hydrogen adsorption/desorption rates at mod-

erate pressures and temperatures.76 In the AB5 compounds,

the A component is a rare-earth metal (e.g., LaNi5Hx)

and(or) calcium, while in the AB2 and AB compounds

these are titanium subgroup elements; the B component is

usually a transition metal (Fe, Ni, Co, V, Mn, Cr, etc.),

most often, nickel as a good catalyst for the dissociation of

H2 .31 For these hydrides, the equilibrium pressure of hydro-

gen above the atmospheric pressure is attained at temper-

atures below 1008C; therefore, the adsorption7desorption

processes are characterized by low energy cost. However,

high atomic masses of metals cause the gravimetric density

of hydrogen to appreciably decrease relative to the total

mass and size of the storage systems based on these

hydrides. For instance, the storage capacity of LaNi5Hx

(x=6± 7) is at most 1.4 mass% H2 at a volumetric density

of 85 kg m73 while that of bcc alloys in the Ti ± Cr system is

2.5 mass%± 3 mass% H2 .

A comparison of different hydrides as hydrogen storage

materials showed that the main advantage of hydride-based

storage systems consists in compact equipment since the

volumetric density of hydrogen in the metal matrix

(90 ± 100 kg m73) is higher than in liquid hydrogen and

comparable with the density of hydrogen in water

(110 kg m73). Also, the metal hydride approach is safe

because the pressure of gaseous hydrogen over the vast

majority of metal hydrides at room temperature is at most a

few atmospheres. However, high atomic masses of metals

predetermine a large size of the metal hydride-based hydro-

gen storage systems; this considerably reduces the hydrogen

storage capacity. An additional problem consists in the

brittle behaviour of the metals interacting with hydrogen.
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3. Hydrogen storage in chemically bound state

3.1. Systems based on chemical compounds
Unlike the storage systems based on physical and physico-

chemical interactions of hydrogen with the storage material,

in chemical systems hydrogen is a constituent of organic

compounds and therefore its content and density are inde-

pendent of external factors, being determined by the nature

and structure of a particular compound. Hydrogen present

in chemical substrates can be safely stored and transported

over long distances under normal conditions as well as

released and converted to other forms of energy when

necessary. Typical examples of chemical substrates with

high volumetric hydrogen density (>100 kg m73) and

gravimetric hydrogen density are provided by ammonia

(17.6 mass% H2) and methanol (12.6 mass% H2) that are

produced on a large scale.

Remind that the synthesis of ammonia and production

of hydrogen from ammonia are energy-consuming proc-

esses. The former is an exothermic reaction which proceeds

at high pressures and temperatures, the yield of ammonia

being usually at most 14%± 16% per reaction cycle. The

Haber ± Bosch process 77 enables a nearly 100% conversion

of atmospheric nitrogen to ammonia; however, the

average electrical energy consumption exceeds a value of

3200 kW h.

Catalytic decomposition of ammonia into molecular

nitrogen and hydrogen

2NH3=N2+3H2792 kJ (7)

occurs at 900 8C. This is an endothermic reaction that can

be maintained using a portion of the released hydrogen. In

this case the efficiency of the system for hydrogen produc-

tion and storage is 60%± 70% of the efficiency of the

system that operates using no released hydrogen. On the

other hand, compression of ammonia requires 20 ± 25 times

higher installed capacity compared to compression of

hydrogen (at a compressor efficiency of 75% for both

gases). An undoubtful advantage of ammonia 78 manifests

itself only in comparison with the storage and transporta-

tion of liquid hydrogen since the number of hydrogen atoms

in one litre of liquid anhydrous ammonia is larger than in

one litre of liquid hydrogen. The liquefaction temperature

of ammonia is only 733.39 8C (critical temperature is

131.85 8C) and it can be liquefied with ease at ambient

temperature and a pressure of 1.0 MPa. However, taking

into account high energy expenditure for the synthesis and

decomposition, ammonia, as a storage system, loses its

advantages over aromatic hydrocarbons with high hydro-

gen storage capacity.

The efficiency of hydrogen production from methanol

and subsequent storage is also 65%± 70%;79 however, the

released hydrogen contains COx impurities

MeOH=CO+2H2 (8)

H2O+CO=CO2+H2 (9)

Catalytic decomposition of MeOH and conversion of

CO are endothermic processes proceeding at 400 ± 600 8C
and atmospheric pressure. Steam conversion of methanol

proceeds under milder reaction conditions, namely, at

70 ± 350 8C. These temperatures are lower than the temper-

ature of steam conversion of methane; therefore, the energy

consumption for production of hydrogen from methanol is

about 20% lower compared to natural gas. However, in

both cases the cost of hydrogen purification from associated

gases is high.

Among new chemical systems for hydrogen storage and

release, there are formic acid and ionic liquids. Interest in

the use of the former compound followed the development

of a one-step method for its synthesis from hydrogen and

atmospheric carbon dioxide.80, 81 Traditionally, formic acid

is obtained in a multistage process accompanied by the

formation of undesired side products. However, formic acid

has a low flash point (60 8C) and low hydrogen storage

capacity (4.3 mass%). Formic acid, ammonia and metha-

nol are also of limited use for hydrogen storage systems

because of their aggressive behaviour and toxicity; indeed,

one of the main reasons for the interest in hydrogen is

environmental safety. In addition, in this case hydrogen

should be purified from associated gases.

Unlike formic acid, imidazolium ionic liquids containing

cyclohexane moieties {e.g., 1-methyl-3-[3-(cyclohexyl)pro-

pyl]imidazolium bis(trifluoromethylsulfonyl)imide} are

nonflammable in operation because of low vapour pressure,

high density, chemical and thermal stability.82, 83 Dehydro-

genation of benzimidazolines (N,N 0-dimethyldihydrobenz-

imidazole, 1,3-dimethyl-2-phenylbenzimidazoline or 1,3-

dimethylbenzimidazoline) on Pd catalysts in acetonitrile

produces small amounts of hydrogen already at room

temperature. As an example, Scheme 2 presents the reaction

scheme for hydrogen release from 2-(2-carboxyphenyl)ben-

zimidazoline.

Using imidazolium ionic liquids, a volumetric hydrogen

density to 30 g L71 at atmospheric pressure was attained;6

this value is nearly twice as high as the volumetric density of

hydrogen compressed at a pressure of 35 MPa. However,

dehydrogenation of compounds in question proceeds in fact

irreversibly and the complete release of hydrogen takes an

unacceptably long time of at least 100 h.

3.2. Systems based on aromatic hydrocarbons
Among chemically bound hydrogen storage systems,

`organic substrate ± catalyst' composites based on aromatic

hydrocarbons with a storage capacity higher than

7.2 mass% H2 , capable of participating in catalytic hydro-

genation7dehydrogenation reactions (Scheme 3), are of

principal interest.6 ± 8

The foundations of hydrogenation catalysis of organic

compounds were developed in the late 19th ± early 20th

century by Sabatier and Zelinsky.84 More recently,

Ipatieff 85 established that the hydrogenation reaction rate
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depends on the hydrogen pressure. At present, catalytic

hydrogenation processes based on Ipatieff's principles

belong to the key processes in chemical industry. Mean-

while, actualization of environmental problems contributes

to a fundamentally new application of classical hydrogena-

tion7dehydrogenation reactions, which differs from tradi-

tional views on the use of hydrogenation processes.86 ± 88

The hydrogen storage systems based on aromatic hydro-

carbons allow one to avoid most limitations on pressure,

temperature, volatility and safety inherent in physical and

physicochemical methods.89, 90

Dehydrogenation of naphthenes is energetically more

favourable than dehydrogenation of linear aliphatic mole-

cules since arenes formed in the reaction are characterized

by increased stability of the aromatic system.91 The neces-

sary purity of hydrogen is ensured by selective catalysts

based on Group VI and VIII transition metals (or by these

metals per se) that allow one to carry out reactions without

formation of side products and COx gases.92 ± 94 Studies on

aromatic hydrocarbons as a basis for reversible hydrogen

storage systems have been started quite recently.

Currently, substrates for hydrogen storage systems

based on catalytic hydrogenation ± dehydrogenation reac-

tions are mainly chosen using the energy approach. Accord-

ing to this approach, a decrease in the dehydrogenation

temperature (this is of importance for operation of fuel

cells) is possible for those naphthenes whose p-conjugated
aromatic analogues meet the following condition: the abso-

lute value of changes in the enthalpy of hydrogenation |DH|

is less than 15.0 kcal mol71 (62.8 kJ mol71) with respect to

H2 .95 Taking simple polycyclic (Fig. 1 a), fused (Fig. 1 b)

and linearly connected (Fig. 1 c) aromatic compounds as

examples, one can see that this criterion is best met by the

polycyclic and fused compounds.8 Moreover, according to

quantum chemical calculations,95 the |DH| values for these

types of compounds decrease with increasing number of

unsaturated hydrocarbon rings.

Considering a 100% conversion of simple naphthene

substrates into p-conjugated aromatic hydrocarbons (e.g.,

dehydrogenation of (i) cyclohexane to benzene or (ii) deca-

lin to naphthalene), the total amount of the released hydro-

gen is *7.2 mass% (cf. 7.4 mass% for perhydroanthracene

or coronene). However, these compounds are poorly hydro-

genated and dehydrogenated. In particular, the amount of

hydrogen released in the dehydrogenation of pentacene

(C22H14) { and coronene (C24H12) under identical conditions

corresponds to a storage capacity of 0.15 and 1 mass% H2 ,

respectively.95 Hydrogenation of fullerene C60 affords, e.g.,

compound C60H48 with a maximum hydrogen content of

4.5 mass%± 6.3 mass%, which is lower than the storage

capacity of conventional polycyclic hydrocarbons. To date,

all attempts to synthesize and characterize hydrofullerene

C60H60 with a storage capacity of 7.7 mass% H2 failed;

a

7DH /kcal mol71 16 14 12 10 8 6 4 2 0

b

c

Figure 1. Enthalpies of hydrogenation of differently fused aromatic compounds plotted vs. the number of unsaturated hydrocarbon
rings.95 For a ± c, see text.

{We believe that the molecular formulas of the compounds in question

facilitate a visual comparison of these systems based on the C/H atom

ratio.
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probably, this is due to instability of the compound owing

to excess steric strain.96

In this connection it is appropriate to mention that,

from the standpoint of accumulation, storage, transporta-

tion and release of hydrogen, the requirement for cyclic

character of hydrogenation and dehydrogenation of poly-

cyclic hydrocarbons without loss of substrates differentiates

these reactions from traditional hydrogenation catalysis.

Solution to the problem thus formulated depends on the

development of the `substrate7catalyst' composite system

whose components are suitable for 100% saturation in the

hydrogenation step and subsequent release of hydrogen

without formation of side products. The latter pollute the

released hydrogen, which can lead to decomposition and

loss of the substrate; this reduces the operating life of the

hydrogen storage system.

A catalytic reaction involves a number of successive

stages including adsorption, desorption, diffusion, dissoci-

ation and reaction per se; therefore, knowledge of specific

features of each stage is of great importance for optimizing

the process. Usually, a heterogeneous catalyst has a nonuni-

form surface with various types of active sites. Since com-

plex organic molecules (e.g., aromatic or naphthene

hydrocarbons) can be differently oriented relative to the

catalyst surface, only molecules with a particular spatial

configuration can enter reactions on certain types of active

sites.97 ± 100 Ordered structures were experimentally detected

in a number of systems. For instance, an ultrahigh vacuum

scanning tunnelling microscopy study of adsorption mono-

layers of p-hexaphenylene molecules on the Au(111) surface

showed that the molecules can be either arranged parallel to

the surface or be differently tilted to it.97 It follows that

efficient chemical systems for storage and release of hydro-

gen should be developed taking account of the structural

factor.

In modern theoretical organic chemistry the properties

of molecules are interpreted in terms of displacement of

valence electrons with inclusion of five effects, viz., the

electric field effect as well as the s-inductive, p-inductive,
mesomeric and electromeric effects. Hammett 101 showed

that correct results can be obtained taking account of two of

them provided that correlations between the structure and

physicochemical properties of molecules are known.

The idea of the mechanism of a catalytic process can be

obtained using structurally similar compounds character-

ized by successive changes in the molecular size and shape.

Since the stability of all aromatic compounds is governed by

the state of the constituent benzene rings, a comparison of

the hydrogen storage systems based on polycyclic hydro-

carbons is impossible without studying the simplest ana-

logues to polycyclic systems, namely, two pairs of

monocyclic compounds, benzene7cyclohexane and tol-

uene ±methylcyclohexane. Catalysts for which reaction

mechanisms were confirmed experimentally are of great

importance.

3.2.1. The benzene ± cyclohexane system

The gravimetric density of hydrogen in the benzene ± cyclo-

hexane system (two monocyclic compounds) is

7.14 mass%. Both substrates are liquids under normal

conditions; however, high saturated vapour pressure

(12.7 kPa for benzene and 13.0 kPa for cyclohexane)

favours removal of hydrogen stored in cyclohexane.102

This makes the hydrogen storage system less safe.

According to X-ray and spectral analysis data, benzene

(C6H6) is a planar molecule. Six carbon atoms form a

regular hexagon with equivalent s-bonds. All of the car-

bon ± carbon bonds are formed as a result of the overlap of

C(sp2) atomic orbitals. Delocalization of electrons in the

benzene molecule over six centres makes them completely

indistinguishable and gives the most stable electron density

distribution in the closed p-system. The stabilization energy

of the benzene molecule is 150.7 kJ mol71;103 all C7C

bonds in this molecule are 1.397 �A (0.139 nm), being

shorter than the arithmetic mean of the single (1.544 �A)

and double (1.337 �A) bond lengths.103 ± 105

In the molecule of cyclohexane (C6H12) the C7C7C

bond angle equals 111.088, being larger than the tetrahedral

angle (109828 0), while the C7C bonds 1.528 �A long are

shorter than the single bonds.103 ± 105 At room temperature,

more than 99% of cyclohexane molecules in the equilibrium

mixture of conformers adopt a chair conformation that is

20 ± 25 kJ mol71 more stable than the boat conformation.

In the former conformation, equatorial and axial hydrogen

atoms alternate, so there are three `up' and three `down'

hydrogens. Equatorial atoms are directed radially from the

ring towards the molecular periphery, while axial atoms

deviate from the ring plane by about 18. The torsion angles

are equal to 55.98, while the C7H bonds are 1.119 �A.

Actual dimensions of the benzene and cyclohexane

molecules are such that several reacting atoms approaching

the catalyst surface cannot simultaneously contact with one

active metal atom. Therefore, the interaction between the

reacting molecule and the active metal atom only leads to

adsorption since the molecule is insufficiently activated to

participate in the reaction. Among the best catalysts for

reversible hydrogenation7dehydrogenation of benzene and

cyclohexane, there are homogeneous iridium catalysts

IrH2[C6H3-2,6-(CH2PBu
t
2)2].

89 However, high cost, rapid

deactivation and losses upon removal of reaction products

make these catalysts of limited use for hydrogen storage

applications.

In accordance with Balandin's multiplet theory of cat-

alysis, hydrogenation of benzene on the surface of a hetero-

geneous catalyst proceeds in either in-plane or edgewise

fashion (sextet and doublet models, respectively).106 In the

case of in-plane chemisorption, the six-membered ring of

the benzene molecule can be flatly superimposed on the

metal surface only if the crystal structure of the metal has a

face where atoms occupy vertices of equilateral triangles

(multiplets) and the interatomic distances fall in certain

intervals. If the interatomic distances go beyond these

intervals, hydrogen atoms in the benzene molecule become

too distant from the metal atoms, which precludes adsorp-

tion, and the six-membered ring cannot be perfectly super-

imposed on the crystal face. Correspondence between the

metal lattice constant (a) and geometric parameters of

cyclohexane (benzene) molecules is possible for a small

group of metals with cubic (A1) and hexagonal (A3) lattices:

Metal Pt Pd Ir Rh Cu Co Ni

a /�A 2.78 2.75 2.71 2.69 2.56 2.51 2.49

Nearly identical atomic arrangement in these metal

lattices and on small surface areas containing a few atoms

can be explained by a trend towards the closest packing. In

the case of cyclohexane dehydrogenation, flat superimposi-

tion is due to the fact that the chemisorption forces acting

during the formation of the active complex of cyclohexane
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with the catalyst are stronger than the forces that tend to

retain the initial conformation.

The maximum hydrogen release rate (3800 mmol H2 per

gram of metal per minute) for cyclohexane dehydrogenation

was obtained in a flow reactor on the Pt/Al catalyst (3 g of

Pt per m3 of catalyst; Al is anodized aluminium) at

375 8C.107 A decrease in temperature to 3008C caused the

hydrogen release rate to decrease to 1900 mmol H2 per

gram of metal per minute.108 A comparable hydrogen

release rate (1800 mmol H2 per gram of metal per minute)

was achieved on the heterogeneous catalyst 3.8% Pt/AC

(AC is activated carbon) at 300 8C.107 An increase in the

platinum concentration to 10 mass% led to a decrease in

the hydrogen release rate to 510 mmol H2 per gram of metal

per minute. The use of the bimetallic catalysts Pt ±Mo/PCC,

Pt7W/PCC and Pt7Re/PCC instead of the Pt/PCC system

(PCC is petroleum coke carbon) increased the conversion of

cyclohexane. Replacement of platinum by nickel led to an

abrupt decrease in the hydrogen release rate (7.1, 8.1 and

6.8 mmol H2 per gram of metal per minute for the Ni/C

catalysts containing 10 mass%, 20 mass% and 40 mass%

Ni, respectively). As 0.5 mass% Pt was added to the 20%

Ni/C catalyst, the cyclohexane conversion increased and the

content of cracking products noticeably decreased.108 Pre-

sumably, improvement of the dehydrogenation kinetics

upon adding the second metal to the catalyst is due to

promotion of C7H bond cleavage and(or) desorption of

aromatic products.109

Bimetallic catalysts were proposed by inventors from the

USA 110 who succeeded in improving the activity of a

Re7Pt catalyst in the reforming reaction compared to

that of the Pt catalyst by adding a small amount of rhenium

to platinum. Physical mixing of the Pd/PCC and Pt/PCC

catalysts also increased their activity.99 Such a mixture

utilized the ability of palladium to suppress the reverse

reaction and the high hydrogen recombination activity of

platinum to achieve a synergistic effect of spillover and

hydrogen migration and recombination over Pt and Pd.

However, in spite of the synergistic effects observed, the

activity improvement mechanism of the catalysts in ques-

tion was not described, in particular, due to the complex

structure of the catalysts (catalyst surface demonstrates

differently arranged faces and defects). To simplify the

solution to the problem, the Pt(111) single-crystal surface

is often used as a model for a real catalyst.111

It was hypothesized that hydrogenation of benzene

involves successive addition of hydrogen atoms to the

benzene molecule adsorbed on the catalyst to give cyclo-

hexadiene, cyclohexene and cyclohexane.112 The free ener-

gies of these reactions at 550 K are 82.1, 742.7 and

739.4 kJ mol71, respectively,113 benzene conversion into

cyclohexadiene being the rate-limiting step. An alternative

approach treats the hydrogenation of benzene as the inter-

action of adsorbed hydrogen with an aromatic com-

pound.114

All elementary events of the benzene hydrogenation

reaction were analyzed 115 and the activation energy of

each elementary enent of benzene hydrogenation and cyclo-

hexane dehydrogenation was evaluated using quantum

chemical calculations in terms of the density functional

theory (Scheme 4; the numbers at arrows denote the activa-

tion energy values in kJ mol71).

The Pt(111) single-crystal surface was chosen as a model

catalyst, which significantly simplified calculations com-

pared to the calculations of the process on a heterogeneous

catalyst. It was shown that the successive conversion of

benzene into hydro-, dihydro-, trihydro-, tetrahydroben-

zenes, cyclohexyl and cyclohexane is characterized by the

lowest energy expenditure. The activation energies for the

addition of the first (Ea= 64 kJ mol71) and (especially) the

last hydrogen atom (Ea= 96 kJ mol71) are higher than the

activation energies of the intermediate stages. The addition

of the last hydrogen atom is the rate-limiting stage of

benzene hydrogenation. For cyclohexane dehydrogenation,

the activation energy for each stage is by and large higher

than for benzene hydrogenation. The maximum value

Ea= 104 kJ mol71 was found for cyclohexyl conversion

into tetrahydrobenzene, which is consistent with Balandin's

multiplet theory of catalysis.

In accordance with the sextet model, the absence of

cyclohexadiene and cyclohexene in gas phase samples is due

to the fact that flatly adsorbed cyclohexane molecules are

converted into benzene ones upon abstraction of all the six

hydrogen atoms in such a manner that the six-membered

ring resides at the active site until complete transformation

to the benzene ring. Having one hydrogen atom abstracted

from the carbon atom, the second H atom executes stretch-

ing vibrations along the line of the C7H bond parallel to

the surface. If the vibrational amplitude exceeds a certain

limit, the second hydrogen atom is abstracted and subse-

quently combines with the first hydrogen atom. The

abstraction of the second hydrogen atom determines the

energy barrier to the overall dehydrogenation reaction.

Interestingly, the rate-limiting stages of the hydrogenation

and dehydrogenation reactions are different.

A complete conversion of cyclohexadiene requires a

particular orientation of the molecule being adsorbed on

the Pt(111) surface.116 The chemisorbed carbonized layer of

reaction products on the platinum surface acts as a pro-

moter and facilitates the desorption of reaction products;

however, it inhibits the process under particular conditions.

The H7H and C7H bonds dissociate on one type of active

sites, while C7C bonds are cleaved on some other active

sites on the platinum surface. At the same time, oxidative

treatment of the catalyst favours changes in the electronic

structure of the surface of the Pt catalyst, while certain

additives (e.g., oxygen) favour acceleration of and selectiv-

ity enhancement for both direct and reverse reactions. At

high pressures, the presence of terraces and cleavage frac-

tures on the catalyst surface enhances the stability of the

surface against the formation of a chemisorbed carbonized

layer compared to the single-crystal surface. The apparent

activation energies of the reaction at high and low pressures

are different because of different reaction mechanisms. In
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particular, the chemisorption of cyclohexane requires a

group of at least five platinum atoms, whereas the dehydro-

genation of adsorbed cyclohexane requires at least eight free

platinum atoms.117

3.2.2. The toluene ±methylcyclohexane system

A good example of changes in the behaviour of substituted

hydrocarbons compared to benzene is provided by the

toluene (C6H5CH3)7methylcyclohexane system118 that

can be treated as a simplified model for more complex

polycyclic objects. It should be noted that both compounds

are liquid substrates under normal conditions but the

system initially has a lower hydrogen storage capacity

(6.12 mass%) due to the presence of a methyl group. The

saturated vapour pressure of toluene and methylcyclohex-

ane (3.8 and 6.2 kPa, respectively) 102 is lower than that of

benzene. Taking account of this fact, many researchers use

just this pair of substrates as a basis for a hydrogen storage

system.

In benzene homologues, donor substituents havung a

positive inductive effect (including methyl groups) cause

deformation of s-bonds in the hydrocarbon ring and an

increase in the degree of delocalization of positive charge of

the s-complex compared to the unsubstituted p-complex of

benzene.118 Redistribution of the electron density leads to

an increase in the stabilization energy of a toluene molecule

to *163 kJ mol71 (Ref. 103) compared to that of benzene

and to acceleration of hydrogen substitution at meta- and

para-positions. The bulky substituent impedes the reaction

at ortho-position due to van der Waals repulsion.

Hydrogenation of toluene on Pt and Pd catalysts was

modelled by analogy with that of benzene as successive

addition of dissociatively adsorbed hydrogen to an associa-

tively adsorbed aromatic compound.119 Toluene loses aro-

maticity upon the addition of the first hydrogen atom, this

stage being the rate-determining for the formation of a non-

aromatic intermediate. This mechanism implies a non-com-

petitive adsorption of hydrogen and the aromatic com-

pound. An alternative mechanism involves the formation

of a complex of the adsorbed aromatic compound with

active sites on the catalyst surface and hydrogen.120 This

scheme was successfully used in the studies of hydrogena-

tion of ethylbenzene and m-xylene.

In accordance with Balandin's multiplet theory of cat-

alysis, one-step dehydrogenation of mono- and polysubsti-

tuted cyclohexane homologues with simultaneous abstrac-

tion of all hydrogen atoms requires that all substituents be

on the same side relative to the ring plane.94 For methyl-

cyclohexane, this condition is met since this molecule exists

in the chair conformation and up to 95% of methyl

substituents are equatorial in the equilibrium state.103

Pioneering investigations of toluene hydrogenation and

methylcyclohexane dehydrogenation were carried out by

Zelinsky.84 In the 1960s, Sinfelt contributed largely to

studies on the mechanism of methylcyclohexane dehydro-

genation.121 It was established that the reaction is charac-

terized by high selectivity, being zero-order with respect to

hydrogen and nearly zero-order with respect to methylcy-

clohexane. The activation energy for toluene desorption

(138.1 kJ mol71) was found to be different from the heat

of adsorption of methylcyclohexane (125.5 kJ mol71). The

authors failed to explain this difference based on 100%

surface coverage and therefore proposed a two-step reaction

mechanism instead of the one-step mechanism with simul-

taneous abstraction of all hydrogen atoms (according to

Balandin). The new mechanism involves adsorption of

toluene produced from methylcyclohexane on the catalyst

surface followed by its desorption to the gas phase. The

activation energy of the dehydrogenation reaction was

calculated as the difference between the two values listed

above: 138.1 ± 125.5= 12.6 kJ mol71.

The kinetics of methylcyclohexane dehydrogenation on

the Pt, Pt7Re and Pt7Pd catalysts supported on g-Al2O3

can be described 122 using the Horiuti ± Polanyi model 123

that was developed to describe the kinetics of ethylene

hydrogenation on Ni catalysts. Three kinetic models were

proposed,124 one based on the Horiuti ± Polanyi model and

two models with allowance for the surface reactions on the

Pt/Al2O3 and Pt7Re/Al2O3 catalysts with one and two

active sites, respectively. It was established that conversion

of adsorbed methylcyclohexadiene into adsorbed toluene is

the rate-limiting stage of the reaction on the Pt/Al2O3

catalyst, while the reaction on the Pt7Re/Al2O3 catalyst

produces methylcyclohexene from adsorbed methylcyclo-

hexane.

A study 125 of 11 possible pathways of methylcyclohex-

ane dehydrogenation allowed the authors to propose the

optimized reaction mechanism involving the following main

stages:

Ð adsorption of methylcyclohexane on the catalyst sur-

face;

Ð dehydrogenation of adsorbed methylcyclohexane

involving several steps of adsorption; and

Ð desorption of toluene.

The activation energy for the reaction on the Pt7Re/

g-Al2O3 catalyst was 51.9 kJ mol71. It was assumed that the

reaction rate is not influenced by external and internal

diffusion, but the effect of diffusion could not be ruled out

owing to large particle sizes; probably, this was the reason

for the low effective activation energy.

The authors of a mathematical model with inclusion of

inter- and intraphase temperature gradients in a fixed bed

reactor reported126 that the dehydrogenation reaction on

the (0.25 mass% Pt70.25 mass% Re)/Al2O3 catalyst is of

negative order with respect to methylcyclohexane. This was

associated with deactivation of the catalyst. To improve the

stability of the catalyst against deactivation, the catalyst

preparation step was perforned under pH control of chlor-

oplatinic acid to achieve uniform platinum distribution

within the pores of the support in the course of impregna-

tion. It was shown that controlled high dispersity of

platinum favours retention of the activity of the single-

component catalysts 0.1 mass%± 0.6 mass% Pt/g-Al2O3

even at low content of the active component. Dehydrogen-

ation of methylcyclohexane on the 0.1 mass% Pt/Al2O3

catalyst at 3508C was characterized by a high hydrogen

release rate (958 mmol H2 per gram of metal per minute) at

a substrate conversion of 99% and a toluene selectivity of

99%. These high values are probably due to hydrogen

spillover.127

A study 128 on the effect of hydrogen addition on the

dehydrogenation of methylcyclohexane revealed the forma-

tion of a carbonized layer in the absence of hydrogen and a

lower rate of this process upon adding hydrogen.

Sterba and Haensel 129 reported a positive effect of

poisoning of the catalyst with sulfur on the activity of the

catalyst. However, the effect is not always manifested, e.g.,

sulfiding of Pt/Al2O3 did not lead to an increase in the

methylcyclohexane dehydrogenation rate.130 Toluene

formed in the reaction behaved as an inhibitor, the inhib-
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itory ability being increased with temperature and decreased

with the pressure of hydrogen.

The authors of a study 131 on methylcyclohexane dehy-

drogenation on Mo catalysts established that dissociation of

hydrogen during the reduction of MoO2 favours the for-

mation of Brùnsted acidic sites Mo7OH and a shift of the

thermodynamic equilibrium towards dehydrogenation of

methylcyclohexane. The reaction on partially reduced

molybdenum oxide (noble-metal-free catalyst) carried out

in the temperature range of 300 ± 380 8C gave low conver-

sions. An investigation of the efficiency of bimetallic Pt/Mo

catalysts at different Pt/Mo ratios demonstrated 132 an

increased activity of the Pt/Mo7SiO2 catalyst containing

5 mass% Pt and 8 mass% Mo. This was associated with

high dispersity of the MoO2 and Pt0 phases. Reduction of

the catalytic activity at a higher Mo content (10.6 mass%

and 12.7 mass%) was explained by the formation of

MoOx7Pt core/shell nanoparticles, which was detected

using physicochemical methods.

These data show that even in the case of a relatively

simple system, such as toluene7methylcyclohexane, one

deals with a large scatter of calculated apparent activation

energy values and different interpretations of the reaction

mechanism. It should be noted that the strict verification of

the mechanisms of reactions of cyclic hydrocarbons on the

surface of heterogeneous catalysts using modern spectro-

scopic methods is complicated by the fact that the hydro-

carbon molecules contain only carbon and hydrogen atoms

the spectra of which are often difficult to interpret unam-

biguously. The problem is solved by analyzing the results

obtained using various methods of surface studies, such as

temperature-programmed desorption, high-resolution

X-ray photoelectron spectroscopy, IR reflection absorption

spectroscopy and near-edge X-ray absorption fine structure

(NEXAFS) spectroscopy. For instance, a NEXAFS study

of methylcyclohexane (C6H11CH3) dehydrogenation

reported by Gleichweit 111 revealed that most part of

C6H11CH3 molecules are desorbed from the Pt(111) surface

during the reaction while the remaining methylcyclohexane

(35%± 45%) is converted into a p-allylic compound

(C6H8CH3). It was assumed that the p-allylic ring is formed

due to adsorption of a methylcyclohexane molecule on the

catalyst surface involving three carbon atoms. As the

temperature increases, the p-allyl undergoes dehydrogen-

ation to benzyl with elimination of hydrogen from the

methylene unit (C6H5CH2) followed by the formation of

toluene (C6H5CH3). According to NEXAFS data, the

methylcyclohexane and toluene molecules are in-plane

with the Pt(111) surface, whereas the benzyl structure has

a nearly normal orientation.133

Similar results were obtained in a study on dehydrogen-

ation of dicyclohexylmethane (in this molecule, adjacent

hydrocarbon rings are connected through a methylene unit).

As a consequence, the diphenylmethane ± dicyclohexylme-

thane pair is characterized by a storage capacity of

6.66 mass% H2 , which is higher than that of the toluene ±

methylcyclohexane system. However, diphenylmethane

(C6H57CH27C6H5) and dicyclohexylmethane

(C6H117CH27C6H11) are liquids at temperatures below

308C. Exhaustive hydrogenation of diphenylmethane to

dicyclohexylmethane proceeds quite efficiently on the

5% Ru/C catalyst at 120 8C and a hydrogen pressure of

10 MPa. A NEXAFS study showed that dicyclohexylme-

thane dehydrogenation on the Pt(111) surface involves the

formation of an intermediate containing two p-allylic moi-

eties (Scheme 5).134 This compound is formed through

adsorption of dicyclohexylmethane on the catalyst surface

involving a total of six hydrogen atoms (three H atoms from

each of the two hydrocarbon rings). Then, about 30% of the

substrate are desorbed, while the remaining amount is

dehydrogenated via transformation of one p-allylic species

to the phenyl group and associative desorption of hydro-

gen.135 Raising the temperature causes dehydrogenation of

the second p-allylic species to give diphenylmethane.

Based on the NEXAFS spectral patterns and peak

intensity ratios, it was found that the phenyl group just

formed is tilted to the catalyst surface. Both C7H bonds in

the methylene unit dissociate; the process is accelerated with

increasing temperature, which leads to carbonization of the

catalyst surface and degradation of the starting dicyclohex-

ylmethane as a hydrogen carrier. Dehydrogenation of

dicyclohexylmethane on the Pd(111) surface instead of

Pt(111) proceeds without formation of the p-allylic species

containing one phenyl group. This favours the decrease in

the temperature of formation of diphenylmethane; however,

the C7H bonds also dissociate at lower temperatures,

which leads to rapid degradation of the starting dicyclohex-

ylmethane.135

In addition to the hydrogen storage systems with two

liquid substrates, the so-called liquid organic hydrogen

carriers (LOHC) concept is widely used. It is based on the

assumption that only the hydrogen carrier is in the liquid

state. This allowed one to considerably increase the number

of systems treated as potential candidates for hydrogen

storage. In particular, there has been considerable recent

interest in low-melting compounds (and their mixtures),

such as benzyltoluene (C14H14) and dibenzyltoluene

(C21H21) that are used as heat transfer fluids Marlotherm,

Farolin and Diphil; they are characterized by high purity,

thermal stability and long operating life.136 ± 141 The storage

capacity of systems based on these compounds is

6.2 mass% H2 . This value is intermediate between the

storage capacities of toluene and diphenylmethane. The

viscosity of benzyltoluene is lower than that of dibenzylto-

luene, but the latter has a lower saturated vapour pressure,

which is of importance for carrying out reversible reac-

tions.139, 140 Dibenzyltoluene is a liquid under normal con-

ditions. The enthalpy of hydrogenation of benzyltoluene

and dibenzyltoluene is 63.5 and 65.4 kJ mol71 per mole of

H2 , respectively; this is closer to the calculated value

C6H117CH27C6H11 C6H87CH27C6H8 C6H57CH27C6H8 C6H57CH27C6H5

T=7130 to 10 8C T=775 to 55 8C T=715 to 205 8C T=485 8C

Scheme 5
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(62.8 kJ mol71) 95 rather than the corresponding values for

toluene (67.4 kJ mol71) and benzene (68.6 kJ mol71).

Therefore, hydrogen release in the dehydrogenation of

both perhydrobenzyltoluenes is possible at lower temper-

atures compared to the two last-mentioned monocyclic

compounds.

The hydrogenation reactions of benzyltoluene and

dibenzyltoluene (Scheme 6) proceed under identical condi-

tions. The highest efficiency is attained on Ru catalysts at

1808C and hydrogen pressures in the range from 20 to

50 atm; however, the rate of the reaction involving diben-

zyltoluene is somewhat lower.138

A possible cause of slowing down the reaction is the

formation of numerous intermediate half-hydrogenated

products, so their hydrogenations follow different pathways

and proceed at different rates. These processes result in a

mixture of perhydrodibenzyltoluene isomers having spatial

conformers that negatively affect the volume of hydrogen

released and the rate of hydrogen release in the dehydrogen-

ation. The kinetics of the hydrogenation reaction is signifi-

cantly improved using a mixture of dibenzyltoluene and

toluene and the efficiency of the process reaches a maximum

value at a dibenzyltoluene/toluene ratio of three. However,

a 100% conversion takes a long time. As a consequence, in

spite of low enthalpy of hydrogenation, the results of

hydrogenation and dehydrogenation obtained using benzyl-

toluene- and dibenzyltoluene-based systems are poorer than

the results obtained using the systems based on benzene and

toluene.

According to quantum chemical calculations,95 the

standard enthalpies of hydrogenation of fused compounds

with alternating benzene rings and p-conjugated five-mem-

bered nitrogen-containing rings are lower than those of

compounds containing other types of ring combinations.

The hydrogen storage capacity of carbazole is 7.19 mass%.

This feature, as well as the fact that the hydrogen uptake

and release temperatures of carbazole are lower than those

of carbocyclic hydrocarbons inspired great optimism

regarding the use of heterocyclic compounds as a basis for

chemical hydrogen storage systems. However, further stud-

ies showed that reversible hydrogenation ± dehydrogenation

reactions of carbazole-based systems are slow.142, 143 The

ring containing the heteroatom is readily hydrogenated even

at temperatures below 150 8C. The stability of carbazoles

towards ring-opening reactions increases if the heteroatom

is shielded by alkyl substituents. At the same time, the

presence of an additional alkyl group leads to a decrease in

the storage capacity by 0.4 mass% H2 per methylene unit

since the substituent is not involved in the uptake and

release of H2 .

The molecule of N-ethylcarbazole characterized by a

storage capacity of 6.79 mass% H2 seems to be optimum

for hydrogen storage systems; elongation of the alkyl chain

by more than two carbon atoms appeared to be inappro-

priate. It should be noted that hydrogenation of

N-ethylcarbazole and dehydrogenation of perhydro-

N-ethylcarbazole begins at relatively low temperatures and

the initial reaction rate is rather high; however, the reac-

tions subsequently slow down owing to steric hindrance

associated with the formation of intermediates, just as in the

case of the reactions involving carbazole.144 ± 147 This is

possibly due to dealkylation of N-ethylcarbazole at the

C7N bond to give carbazole and hydrocarbon fragments

that are adsorbed on the catalyst surface. One more cause is

the fact that perhydro-N-alkylcarbazole has at least five

spatial isomers in the equilibrium state.148 Structural fea-

tures and different physicochemical characteristics of the

isomers increase the number of the dehydrogenation reac-

tion pathways, which also influences the reaction kinetics

and, correspondingly, the volume and release rate of hydro-

gen. Taking account of low hydrogen storage capacity of

substituted carbazole homologues, their potential as a basis

for a system for storage and release of chemically pure

hydrogen is lower compared to corresponding carbocyclic

hydrocarbons. Large-scale synthesis of unsaturated prod-

ucts of specified purity is difficult, in particular, when

distilling coal tar resin.149, 150

3.2.3. Systems based on fused compounds

A distinctive feature of fused hydrocarbons is the chemical

bond between adjacent rings. The simplest hydrogen stor-

age system based on fused compounds is the naphthalene7
decalin pair characterized by a hydrogen storage capacity of

7.25 mass%, which is higher than that of monocyclic

systems. However, unlike benzene and toluene, naphthalene

(C10H8) is a solid under normal conditions.

In the naphthalene molecule, two equivalent rings form

a labile aromatic system including 10 p-electrons.103 ± 105

The bridgehead atoms C(9) and C(10) share one p-electron
between three C7C bonds each, while all other carbon

atoms contribute one p-electron to two p-bonds; therefore,
the p-bond between the C(9) and C(10) atoms is weaker

than all other bonds. Redistribution of the p-electron
density is responsible for the larger number of unused

valencies of the C(1), C(4), C(5) and C(8) atoms. Symmetry

violation leads to changes in the bond lengths and bond

angles and to a decrease in the stabilization energy of the

naphthalene molecule to 256 kJ mol71.103 A comparison

with the stabilization energy of benzene showed that hydro-

genation of the first unsaturated ring of naphthalene

requires only *105 kJ mol71; this is responsible for the

higher reactivity of naphthalene in the hydrogenation reac-

tion and for successive character of saturation of the hydro-

carbon rings with hydrogen.

The hydrogenation of naphthalene on platinum 151 and

nickel 152 catalysts (Scheme 7) involves the following stages:

Ð cis-addition of two dissociatively adsorbed hydrogen

atoms to give tetralin (1,2,3,4-tetrahydronaphthalene);

Ð the formation of tetralin surface complexes with

active sites of the catalyst; and

Ð hydrogenation to 9,10-octalin.

Unsaturated rings of the naphthalene and tetralin mol-

ecules are adsorbed in the form of a transient p ±s-complex

which is in equilibrium with the p- and s-complexes. The

transient p ±s- and p-forms are associative, whereas the

s-form is dissociative.153, 154 The adsorption of naphthalene

occurs on a single active site, while that of tetralin requires a

group of active metal atoms. Consequently, the hydrogena-

tion of tetralin is a structure-sensitive reaction, while that of

naphthalene is not. However, opinions are still different as

to this issue. A comparison of the data obtained in different

conditions showed that the predominant form of adsorption

9H2

Scheme 6

L.M.Kustov, A.N.Kalenchuk, V.I.Bogdan

908 Russ. Chem. Rev., 2020, 89 (9) 897 ± 916



and the reaction pathway depends on the properties of the

catalyst (nature of the active component and substrate, as

well as the method of preparation and subsequent pre-

treatment of the catalyst) and on the reaction conditions

(temperature, hydrogen pressure and reactant concentra-

tions). For instance, depending on the reaction conditions,

9,10-octalin is either hydrogenated to cis-decalin or under-

goes isomerization to octahydronaphthalene (1,9-octalin)

which is in turn hydrogenated to cis- and trans-decalin. The

cis-to-trans-decalin ratio depends on the orientation

(towards or outwards the surface) of the hydrogen atom in

position 10 in the intermediate octahydronaphthalene dur-

ing the formation of decalin.151, 155 A 100% conversion of

naphthalene to intermediate tetralin on the classical hetero-

geneous catalyst Pd/C in the presence of ionic liquid occurs

at a hydrogen pressure of 1 atm; however, the final product,

decalin, is not formed under these conditions.156

The molecule of decalin (C10H18) contains two fused

cyclohexane rings, each being 1,2-disubstituted relative to

the other. The optically inactive molecule of trans-decalin

has a centre of symmetry at the midpoint of the line

connecting the C(9) and C(10) atoms. The asymmetric

(chiral) cis-decalin molecule, undergoes ring inversion; as a

result, two interconvertible chair conformations are mirror

images of each other 103 ± 105 and therefore cis-decalin exists

as a non-resolvable (�) pair. The structural conformations

of cis- and trans-decalin molecules are shown in Scheme 8.

Like the dehydrogenation of cyclohexane, that of deca-

lin is most efficiently catalyzed by Pt-based catalysts.92 The

main feature of the latter process is that decalin has spatial

isomers and the reaction proceeds as independent dehydro-

genations of its cis- and trans-isomers that can undergo

cis7trans isomerization. Such a competitive character of

the process significantly influences the reaction kinetics.157

The kinetics of decalin dehydrogenation on the Pt catalysts

supported on g-Al2O3 , SiO2 or activated carbon in the

temperature range of 275 ± 345 8C was described in terms

of the Hougen7Watson model with inclusion of adsorption

of the various components of the reaction mixture.158

A comparison of Pt catalysts supported on various

carbon substrates revealed the following facts: catalysts

supported on ordered mesoporous carbon are more pre-

ferred in the initial stages of decalin dehydrogenation, while

catalysts supported on carbon substrates with large pores

(e.g., carbon black) are more efficient in the case of long-

term operation.159 In both cases, the stability of operation is

associated, with lower degree of carbonization of the

catalyst and weaker blockage of a proportion of platinum

in the support micropores.160 These features also underlie

the advantage of carbon supports over oxide ones that

contain acidic sites facilitating cleavage of chemical

bonds.161 Considering the rate of hydrogen release in

identical reaction conditions, monocyclic cyclohexane and

methylcyclohexane are more preferred than bicyclic deca-

lin.162

Kariya et al.107 contributed largely to the study of

decalin dehydrogenation. Namely, they showed that reac-

tions in the presence of carbon-supported catalysts proceed

faster compared to on any other supports. However, no

strict correlation between the reaction rate and the nature of

the carbon material was found, although differences in the

particle size, pore size and specific surface areas of different

carbon supports are reflected in the reaction rate. Raising

the temperature caused the rate of reactions on all catalysts

to increase; this was explained by weak adsorption of

aromatic compounds formed during the dehydrogenation

on the catalyst surface. The reaction rate was increased by

creating a high gradient at the catalyst/support interface

owing to different rates of evaporation and deposition of

liquid substrate droplets on the catalyst surface. This

approach gave an impetus to numerous studies.

Hodoshima et al.163 experimentally studied the dehy-

drogenation of decalin and tetralin and found that the

reaction rate increases as adsorbed hydrogen is continu-

ously removed from the catalyst surface. The state of the

substrate under boiling, distillation and refluxing conditions

is intermediate between gaseous and liquid. It was called a

`liquid film'. The thin `liquid film' is superheated in the

course of liquid-phase dehydrogenation, which favours the

occurrence of the endothermic reaction. Hydrogen gas ease

diffuses through the thin organic liquid film without bub-

bling. Distillation of aromatic products causes slowing

down the adsorption and carbonization of the catalyst,

which is often observed under liquid-phase reaction con-

ditions at high temperatures. In the `liquid film' state, a

90% conversion of decalin is attained at 265 8C, the

reaction rate being high at 240 8C.
Using decalin and tetralin as substrates, Hodoshima et

al.163 found that, as in the experiments with cyclohexane,

physical mixing of the Pt/C and Pd/C catalysts as well as the

addition of the second metal to platinum favours acceler-

ation of the dehydrogenation of decalin and tetralin com-

pared to the reaction on the single-component Pt/C catalyst.

In particular, a 100% conversion of both decalin isomers

was achieved on the Pt7Re/C catalyst. The rate of the

complete conversion of decalin into naphthalene appeared

to be sensitive to the initial decalin/catalyst ratio. The

maximum reaction rate was observed at a decalin : catalyst

ratio of 3.3 mL g71. The optimum decalin : catalyst ratio is

different for different types of reactors.164

A comparative study 165 was aimed at testing Pt/C

catalysts prepared by impregnation, deposition, ion

cis trans
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exchange and a polyol method. It was shown that the

catalysts prepared by the last-mentioned two methods

provided higher conversion of decalin and higher hydrogen

release rate than the catalysts prepared using conventional

methods (impregnation and deposition). These results were

obtained using highly dispersed platinum particles. It was

found 166 that the activity of catalysts can be improved by

controlling pH values when the active metal species are

immobilized on the support and by abruptly raising the

temperature when reducing the catalyst. An increase in the

platinum content causes the reverse effect since the Pt

particles are coarsened and a certain proportion of active

platinum sites becomes less accessible to the reaction.167 Yet

another factor is partial blockage of platinum in micropores

owing to adsorption of naphthalene. This problem is solved

by, e.g., changing the design of the catalytic reactor in order

to provide faster removal of hydrogen. This favours partial

removal of naphthalene and other reaction products and

causes deblocking of the active sites of the catalyst.

The molecule of the second representative of fused

compounds, anthracene (C14H10), comprises three coplanar

unsaturated rings. The theoretical storage capacity of the

anthracene ± perhydroanthracene (C14H24) system is

7.27 mass% H2 . Three fused rings in the anthracene mol-

ecule form a labile aromatic system including 14 p-elec-
trons.103 ± 105 Owing to the effect of two outer rings on the

central one, the molecular deformation is more pronounced

compared to the naphthalene molecule and the electron

density is respectively redistributed in such a manner that

the central atoms, C(9) and C(10), acquire the properties of

reaction centres. The stabilization energy of the anthracene

molecule is 350 kJ mol71.103 That is why the energy of

hydrogenation of the central unsaturated ring in this

molecule is low, viz., 48 kJ mol71. Higher reactivity of

anthracene in the hydrogenation reaction as compared to

naphthalene and benzene is due to considerable stabiliza-

tion energy differences between these compounds. Indeed,

high conversion of anthracene into dihydroanthracene on

the Cu7Cr2O3 catalyst is attained at 100 8C and a pressure

of 95 atm.104 However, deeper hydrogenation requires

higher temperatures (240 ± 280 8C).168 The hydrogenation

of naphthalene on Pt catalysts supported on microporous

zeolite ZSM-5 or mixed oxides TiO27ZrO2 in the temper-

ature range of 250 ± 300 8C is characterized by more than

97% selectivity with respect to decalin,169 whereas anthra-

cene hydrogenation under identical conditions proceeded

with a tenfold lower selectivity with respect to perhydroan-

thracene. This is due to neglect of the stabilization energy

difference between naphthalene and benzene and strength-

ening of diffusion limitations owing to the larger size of the

anthracene molecule compared to the naphthalene mole-

cule.

A 100% conversion of anthracene into a mixture of

intermediates including 9,10-dihydroanthracene (C14H12),

Table 1. Selected physicochemical properties of perhydroanthracene isomers and their content in the hydrogenation product of anthra-
cene.105, 178, 179

No. Isomers T /8C DH C
/kJ mol71 /mass%

configuration a conformation structural melting boiling (see c) (see d)
formula b point point

1 trans-cisoid-trans 90 272 ± 273 0 9.9

(trans-syn-trans; tst)

2 trans-cisoid-cis 40 274 ± 275 11.0 0.9

(cis-transoid-trans;

cis-trans; ct)

3 cis-transoid-cis 122 7 23.3 55.8

(cis-anti-cis; cac)

4 cis-cisoid-cis 61 282 ± 283 34.0 23.8

(cis-syn-cis; csc)

5 trans-transoid-trans 49 ± 50 7 24.5 9.6

(trans-anti-trans; tat)

a Listed are actual and old (in parentheses) terms for configurations. b For ring junction points, solid circles denote hydrogen atoms above the ring

plane; otherwise, hydrogen atoms are below the ring plane. cGiven are the enthalpies of formation calculated relative to isomer 1. dContent in the

product.
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1,2,3,4-tetrahydroanthracene (C14H14) and sym-octahy-

droanthracene (C14H18) on a Ni-containing zeolite catalyst

in supercritical CO2 was achieved at 100 8C and a pressure

of 69 atm.170 Anthracene conversion into 1,2,3,4,5,6,7,8-

octahydroanthracene with more than 60% selectivity on

catalysts based on Pd and Rh nanoparticles entrapped in a

silica sol ± gel matrix was observed at 80 8C and a hydrogen

pressure of 28 atm.171 The hydrogenation of anthracene to

9,10-dihydroanthracene on rhodium and iridium nanopar-

ticles entrapped in aluminium oxyhydroxide nanofibres 172

was performed at room temperature and a hydrogen pres-

sure of 1 atm. However, conversion into other products

required more severe reaction conditions and a higher

concentration of the active component (10%). The reaction

on ruthenium nanoparticles (30 8C, a pressure of 20 atm,

duration 16 h) afforded sym-octahydroanthracene (90%)

and perhydroanthracene (10%) as major products.173 The

capability of activated carbon to split H2 to atomic hydro-

gen and to transfer hydrogen atoms to the aromatic ring

was reported.174 However, anthracene hydrogenation at

3008C on such nonmetallic catalysts produces nearly equal

amounts of dihydro-, tetrahydro- and octahydroanthra-

cenes while no perhydroanthracene was found.175 The

yield of the final product of anthracene hydrogenation on

the classical Pd/C catalyst at 300 8C and a hydrogen

pressure of 30 atm was at most 25%.176 Anthracene hydro-

genation on catalysts based on 10% Pd-substituted poly-

oxometalate having a Keggin structure, supported on g-alu-
mina and activated carbon (2308C, a hydrogen pressure of

30 atm, duration 1 h) demonstrated a 93% selectivity with

respect to perhydroanthracene.177

The hydrogenation of anthracene on the 3% Pt/C

catalyst (C is Sibunit, 280 8C, hydrogen pressure of

90 atm, duration nearly 40 h) was characterized by 100%

conversion giving five perhydroanthracene isomers.178, 179

The chemical composition, structures and selected physico-

chemical characteristics of the isomers are listed in Table 1.

The most stable isomer 1 has the trans-cisoid-trans config-

uration; the enthalpies of formation of other conformations

calculated relative to that of 1 are higher. Two isomers are

unstable, viz., the instability of isomer 5 is due to the

presence of a forced boat conformation of the central

cyclohexane moiety, while isomer 4 is unstable owing to

syn-axial methylene interaction.105

A comparison of experimental data with the results of

theoretical calculations of formation and consumption of

the intermediate and final products made it possible to

propose the following sequence of transformations in the

anthracene hydrogenation reaction (Scheme 9).

Dehydrogenation of the mixture of isomers involves a

relatively fast conversion of the less stable isomers into the

target products followed by the dehydrogenation of the

most stable isomer 1 at high temperatures (>400 8C)
affording cracking and hydrogenolysis products.

3.2.4. Systems based on hydrocarbons with linearly connected rings

Systems based on hydrocarbons with linearly connected

rings demonstrate to some extent independent behaviour

of adjacent rings. The simplest system in question is the

biphenyl ± bicyclohexyl pair characterized by a storage

capacity of 7.23 mass% H2 , which is comparable with

that of the naphthalene7decalin system. However, the

former pair has been studied much poorer than the latter,

probably, since (i) biphenyl (C12H10) and bicyclohexyl

(C12H22) are not easily commercially available and (ii)

there are thermodynamic limitations on the hydrogenation

reaction. The stabilization energy of the most stable con-

formation of the biphenyl molecule is 330 kJ mol71,103 ± 105

which implies a considerable increase in the energy con-

sumption for hydrogenation of one unsaturated ring in the

biphenyl molecule as compared to not only naphthalene,

but also benzene.

Biphenyl is a solid under normal conditions. Each of the

two isolated rings of this molecule has its own six p-electron
aromatic system. The formation of a common p-electron
cloud seems to be energetically unfavourable. In the solid

state, the biphenyl molecule retains its high symmetry,

whereas in the gas phase, mutual repulsion between hydro-

gen atoms in positions 2 and 2 0 causes the ring planes to

arrange at an angle of *458; this angle increases if the

hydrogens in positions 2 and 2 0 are replaced by methyl

groups.180, 181

Hydrogenation of biphenyl on Pt, Pd or mixed Pt7Pd-

catalysts proceeds without significant difficulties

(Scheme 10).

The initial rate of biphenyl hydrogenation on the

3 mass% Pt/C catalyst is lower than that of naphthalene

hydrogenation on the same catalyst, which is consistent

with the difference between corresponding stabilization

energies. However, conversion of intermediate cyclohexyl-

benzene into bicyclohexyl proceeds faster than conversion

of tetralin into decalin.157, 181 Probably, the electron density

distribution in the tetralin molecule better resembles that in

the benzene rather than naphthalene molecule, which
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decreases the overall rate of naphthalene hydrogenation in

the case of much stronger steric hindrance due to non-

coplanarity and low accessibility of the bridgehead carbon

atoms. Contrary to this, the degree of delocalization of the

positive charge of the s-complex of cyclohexylbenzene is

higher than in the unsubstituted p-complex of benzene,

which favours acceleration of the hydrogenation reaction

as compared to the hydrogenation of tetralin, especially at

meta- and para-positions.

The results obtained in a study 180 on the biphenyl

hydrogenation reaction were described using the pseudo-

first order kinetic equation since the biphenyl adsorption

rate is incomparable with the rate of dissociative adsorption

of hydrogen. It was found that biphenyl is adsorbed on the

catalyst surface five times faster than cyclohexylbenzene.

The energy barrier to internal rotation around the C7C

axis in the bicyclohexyl molecule is low, and both rings

execute free rotation relative to each other.182 Since there is

no high torsional strain, the angles and bond lengths in this

molecule remain close to the corresponding values for the

cyclohexane molecule. Similarly to the dehydrogenation of

cyclohexane, that of bicyclohexyl most efficiently proceeds

on Pt and Pd catalysts at temperatures above 250 8C. The
temperature dependences of conversion of these compounds

upon dehydrogenation on the 3 mass% Pt/C catalyst

behave in a symbate manner.183 At 320 8C, the conversion

of bicyclohexyl is 99.9% and the selectivity with respect to

biphenyl is 97.6%, being higher than the corresponding

values for decalin in spite of a less favourable ratio of the

enthalpies of reaction. For instance, the enthalpy of 100%

conversion of bicyclohexyl is 399.5 kJ mol71 (calculated

with respect to biphenyl) while the enthalpy of exhaustive

cis-decalin dehydrogenation is 320.1 kJ mol71 (calculated

with respect to naphthalene).95 Such a large difference

apparently is due to different orientations of the decalin

steric isomers relative to the same active sites, whereas

bicyclohexyl has no steric isomers.

The main difference between tricyclic hydrocarbon ter-

phenyl (C18H14) and biphenyl consists in that the former has

three isomers (ortho-, meta- and para-). Although these

isomers are structurally different and have different phys-

icochemical properties, they are characterized by the same

hydrogen storage capacity (7.26 mass%). Phenyl groups as

substituents are strong s-donors and cause the bond angle

at carbon atoms in the benzene ring to decrease from its

conventional value of 1208.118 Like in the case of the

biphenyl molecule, deformation of s-bonds in the benzene

rings makes the formation of a common p-electron cloud

energetically unfavourable. All rings in the terphenyl mol-

ecule behave to some extent independently; however, differ-

ent arrangement of phenyl groups leads to the situation

where the outer rings are rotated relative to the central ring,

which hampers in-plane adsorption of molecules on the

catalyst surface.184

As in the case of systems based on toluene derivatives,

the sources of substrates include commercially available

heat transfer fluids based on a mixture of terphenyl isomers

(e.g., Therminol-72, Dowtherm HT, Delowax, Santowax)

that exhibit good thermal physical properties and have low

saturated vapour pressure. Kustov et al.89 proposed to take

account of high boiling points of terphenyl isomers in

developing corresponding hydrogen storage systems. For

instance, if the boiling point of the substrate being dehy-

drogenated is higher than the reaction temperature, liquid-

phase catalytic dehydrogenation on Pt or Pd catalysts

proceeds more selectively and efficiently than on traditional

catalysts for dehydrogenation. Since the dehydrogenation

reaction is endothermic, no overheating is allowed; this

decreases the probability of catalyst deactivation and cok-

ing. Hydrogen freely diffuses in the gas phase through a thin

`liquid film' of organic hydrogen-containing compounds.

Hydrogenation of terphenyl isomers proceeds most

efficiently on catalysts containing noble metals (Pt, Pd,

etc.) in the temperature range of 120 ± 200 8C at a hydrogen

pressure of 70 atm. Dehydrogenation of corresponding

perhydroterphenyl isomers is carried out in the temperature

range of 250 ± 340 8C.185 Under particular conditions all the

three perhydroterphenyl isomers can undergo interconver-

sions of cis-conformers to trans-ones, while the ortho-isomer

can also isomerize to meta- and para-isomers. However,

since the central hydrocarbon ring in the three perhydroter-

phenyl isomers adopts a twist-conformation, configurations

of their cis- and trans-isomers look alike. This underlies

similarity in the behaviour of different cis- and trans-forms

of the ortho-, meta- and para-perhydroterphenyl isomers in

the temperature range from 260 to 340 8C; as a conse-

quence, isomerization has no strong impact on the rate of

hydrogen release, as in the dehydrogenation of decalin.

Dehydrogenation of the ortho-, meta- and para-perhydro-

terphenyl isomers (Scheme 11), as well as hydrogenation of

corresponding terphenyl isomers mainly proceeds at the

outer rings. This can be due to the formation of p-allylic
species, as in the dehydrogenation of methylcyclohexane.

However, this is not the main mechanism because the

number of intermediate products increases as the central

ring in the perhydroterphenyl isomers becomes more acces-

sible. At the same time, an increase in the number of

dehydrogenation pathways of the perhydroterphenyl iso-

mers causes the formation of a larger number of inter-

mediates, which slows down the reaction as compared to the

dehydrogenation of bicyclohexyl.185 ± 188

3H2

3H2

3H2

or

or

Scheme 11
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4. Conclusion

From the aforesaid it follows that only physical methods of

accumulation and storage of hydrogen (as cryogenic liquid

or in compressed state in high-pressure tanks) and subse-

quent release of the substance can be considered technolog-

ically developed. Methods for hydrogen storage in metal

hydrides, adsorption materials and their modifications and

in the chemically bound state are in the early stage of

development and none of them is fundamentally superior

to all other approaches.

Hydrogen is a constituent of organic matter; therefore,

its density and abundance are independent of external

factors. Hydrogen present in organic compounds can be

safely stored and transported over long distances under

normal conditions. This provides an exclusive advantage to

chemical systems since all other systems should meet spe-

cific requirements on temperature, pressure and air-tight-

ness. In this review we integrate and summarize the results

of studies on exhaustive hydrogenation and dehydrogen-

ation of differently fused polycyclic hydrocarbons in the

presence of heterogeneous catalysts. We showed that com-

peting reactions influencing the hydrogenation ± dehydroge-

nation process cyclicity proceed even in such relatively

simple systems as bi- and tricyclic hydrocarbons. Taking

into account the structural features of steric isomers, poly-

cyclic hydrocarbons with linearly connected rings are more

advantageous than fused compounds with respect to both

the rate of full substrate saturation with hydrogen and the

amount and release rate of hydrogen evolved in the dehy-

drogenation reaction.

Clearly, research in this field will be aimed at enhancing

activity and improving selectivity of heterogeneous cata-

lysts, first of all, through reducing the content of noble

metals by combining them with other elements including

non-noble metals and through the design of hierarchical

catalytic systems.
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