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Preface

The 2003 International Conference “Hydrogen Materials Science and
Chemistry of Carbon Nanomaterials” (ICHMS’2003) was held in
September 14-20, 2003 in the picturesque town Sudak (Crimea, Ukraine)
known for its sea beaches. In the tradition of the earlier ICHMS
conferences, this 8" ICHMS 2003 meeting served as an interdisciplinary
forum for the presentation and discussion of the most recent research on
transition to hydrogen-based energy systems, technologies for hydrogen
production, storage, utilization, materials, energy and environmental
problems. The aim of ICHMS 2003 was to provide an overview of the
latest scientific results on research and development in the different
topics cited above. The representatives from industry, public laboratories,
universities and governmental agencies could meet, discuss and present
the most recent advances in hydrogen concepts, processes and systems,
to evaluate current progress in these areas of investigations and to
identify promising research directions for the future.

The ICHMS’ 2003 was the conference, where a related new important
topic of considerable current interest on fullerene-related materials as
hydrogen storage was included into the conference program. This
meeting covered synthesis, structure, properties and applications of
diverse carbon materials ranging from nanotubes and fullerenes to carbon
fiber composites and sorbents. Thus, the ICHMS 2003 conference was
unique in bringing together hydrogen and carbon materials researchers
and engineers from developed countries of Europe and America, new
independent states of FSU and other countries for discussions in
advanced materials development and applications.

The ICHMS’ 2003 format consisted of invited lectures, oral and poster
contributions and also the conference representatives took part in the

exhibition of new materials and equipment.
This book with ICHMS 2003 Proceedings brings together the research

X1



Xil

papers that were presented. We hope that they will serve as both a useful
reference and resource material for all the participants and for those
whose interest in the subject matter may develop after the event.

Finally, this conference was generously supported by the Scientific and
Environmental Affairs Division of NATO as an Advanced Research
Conference within the Physical and Engineering Science and Technology
Area of the NATO Science Programme. Their contribution is gratefully
acknowledged and the Organizing and all ARW participants want to
overflow with effusive thanks to NATO Committee for the financial
support of our 8" ICHMS’2003 Conference and to Mr. Jean Fournet,
Assistant Secretary General, Chairman of NATO Science Committee,
and Mr. Fausto Pedrazzini, Programme Director, NATO Scientific
Affairs Division, for the displayed mutual understanding and the
comprehension of significance of problems under discussions at the
ICHMS’2003 conference.

T. Nejat Veziroglu

Svetlana Yu. Zaginaichenko
Dmitry V. Schur

Anatoliy P. Shpak

Valeriy V. Skorokhod
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FIRST PRESIDENT OF UKRAINE

Dear conference participants and guests !

Allow me to greet all of you at this remarkable place of the Earth.

With great satisfaction | want to establish the fact that by the end of XX
century Ukraine become at last the reality for the whole world. At the
attainment of its position on political arena our country remains nevertheless
the unknown practically from the viewpoint of contribution to the world science
in spite of its vast scientific potential.

Virtually nothing strange is in that because Ukrainian scientists had no
way to declare themselves over a long period of time for the well-known for all
of us reasons.

The time has come to show for world community our scientific
achievements and by every new fact and experiment, by every result to
demonstrate ourselves and all world that Ukrainian science exists really.

The science in civilized world is cosmopolitical by its nature. And your
ICHMS’2003 Conference confirms this generally known fact. The co-operation
of scientists from different world countries has met here and chemists,
physicists, production engineers and others are deeply involved in studying of
such global problem as alternative power sources. All of you gather together in
order to inform one another about new results, to discuss problems, to find the
new approaches, to see something in smb’s eyes and above all to create new
knowledge in archimportant field of science as power engineering.

The power engineering is the most significant element of civilization life
without which it is impossible to imagine both the present and the future of
mankind. Everything that we use now in order to live, drink, eat, work, move in
time and space is bound up in any case with energy. All's that exist owing to
the realization of scientific knowledge gained tens and hundreds years ago is
not enough to look ahead with confidence. The gas, oil and especially
bituminous coal are inexhaustible power sources. The power engineering of
the future is first of all the new ideas and ways of solar energy transformation
and then the materials allowing the realization of ideas. All over the world
thousands of peoples work in this area. Therefore the co-operation of
scientists is important for solution of global problems for all mankind. Having
such opportunity | want to wish all of you that these several days of
ICHMS’2003 Conference in such beautiful site of Crimea will become useful
for you and the new acquaintances and contacts will make the beginning for
new programs and projects.

First President of Ukraine
L.M. Kravchuk
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international association for hydrogen energy

POST OFFICE BOX 248266 « CORAL GABLES * FLORIDA 33124+ USA

WELCOME TO THE PARTICIPANTS OF ICHMS’2003

At The Hydrogen Economy Miami Energy (THEME) Conference in March 1974, a
handful of scientists from around the world proposed the Hydrogen Economy. Since then, over
the first quarter of a century, the foundations for the Hydrogen Energy System have been
established through the hard and ingenious work of researchers from many countries.

Conversion to the Hydrogen Energy System began early this century. The Toyota and
Honda companies have started leasing hydrogen fuel cell cars in Los Angeles, Tokyo and
Yokohama. General Motors is planning to test a hydrogen-fueled delivery van in the streets of
Tokyo. Daimler-Chrysler has begun manufacturing hydrogen buses. Although, at the moment,
they are more expensive than diesel buses, many large cities are buying these hydrogen-fueled
buses in order to fight pollution in the city centers. The Siemens-Westinghouse Company is
marketing hydrogen fuel cell power plants for electric utilities. Hydrogen hydride electric
batteries have already been commercialized. The Airbus Company is working on hydrogen-
fueled air transport.

Japan has earmarked four billion dollars in order to acquire all the hydrogen energy
technologies by the year 2020. Europe has initiated a vigorous hydrogen energy program. They
are going to spend five billion Euros during the next five years on Hydrogen Energy R & D.
President Bush of the United States, in his State of the Union address, February 2003, referred to
hydrogen as the 'freedom fuel,’ which will free the world from dependence on petroleum.
The U.S. Government has earmarked 1.7 billion dollars for commercializing hydrogen fuel cell
vehicles, and 1.2 billion dollars for CO, free hydrogen production from coal.

International conferences, such as the ICHMS’2003, will help speed up this
transformation. At the conference, recent research findings on hydrogen materials science and
metal hydrides chemistry will be presented and discussed. The chemistry of metal hydrides and
hydrogen materials science will play an important role in hastening the conversion to the
Hydrogen Energy System. The research endeavors of the scientists and engineers participating
in this conference will make significant contributions to facilitate this milestone conversion.

I take this opportunity to congratulate the organizers of this important series of
International Conferences on Hydrogen Materials Science and Chemistry of Carbon
Nanomaterials, and wish all of the participants a very productive conference and pleasant days
in the beautiful Crimea.

T. Nejat Veziroglu

Honorary Chairman, ICHMS'2003
President, International Association for Hydrogen Energy
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NATIONAL ACADEMY

OF SCIENCE OF UKRAINE

54 Volodymyrs’ka str,. Kyiv, 01601 Ukraine,
Tel: 380-44-226-2347, Fax: 380-44-228-5522

Dear colleagues!
Delegates of ICHMS’2003!

Allow me to greet the ICHMS’2003 Conference on behalf of National
Academy of Sciences of Ukraine.

The conference subjects testify about the scale and importance of
problems to be considered at this scientific forum. The carbon nanotubes as
well as compositions based on hydrideforming alloys and carbon
nanostructures are perspective materials with high hydrogen capacity. These
materials and their properties inspire hydrogen scientists with certain optimism
because application of carbon nanomaterials in energetics and automotive
transport helps in handling the important problems and first of all energy and
ecological problems. The materials science subject will receive the attention it
deserves, the decision of these questions requires the wide application of
energetic installations based on fuel cells both for large-scale generation of
energy and for autonomous power supply of separate objects and transport.

| do not want to minimize the importance of a valuable contribution of
all world association, but | should like to remind that Ukrainian Academy of
Sciences does not stand aside of investigations in this field.

At present time much attention is being given within the framework of
Academy to the study and development both of hydrideforming materials and
of various carbon nanostructures. Leading Institutes of National Academy of
Sciences of Ukraine make the considerable contribution for solving the
problems of hydrogen materials science and chemistry of carbon
nanomaterials.

Thus, it is no coincidence that Ukraine become the country where
scientists from many countries come for exchange of experience and
knowledge in this prospective science field for the second tens years.

Take this opportunity | want to wish You the successful scientific work
and further creative initiative. Let such conferences, as ICHMS’2003, unite
scientists eliminating the geographical and language barriers.

| wish You the fruitful scientific work, every success and the fine rest in
the bright Crimean sun.

B.E. Paton
President
of National Academy of Sciences of Ukraine
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Russian Academy of Science

The twenty-first century will be known as the century during which the
Hydrogen Energy System replaces the present fossil fuels system. Hydrogen
is going to be the permanent answer to the twin global problems: (1) the rapid
depletion of fossil fuels, and (2) the environmental problems caused by their
utilization, such as the greenhouse effect, climate change, acid rains, ozone
layer depletion, pollution and oil spills.

Hydrogen is already making inroads into the fossil fuel realm in every
direction. Especially over the past two years, there has been an increase in
activities. Siemens-Westinghouse announced that they will have a 1 MW H,
power plant available for sale soon, having a 70% efficiency. There are
hydrogen fueled bus demonstration projects in several cities of the world. A H,
fueled Mercedes bus will be on the market in two years' time. All of the major
car companies have announced that they will offer H, fueled cars to the public
by the year 2004. Hydrogen hydride electric batteries are already available for
lap-top computers and electric cars. The Airbus Company is developing a H,
fueled air transport. The United States and Japan are working on H, fueled
hypersonic passenger planes. The Shell Oil company has established a
Hydrogen Division. No doubt the other petroleum companies will follow suit.

In the ftradition of the earlier conferences, the 8th ICHMS’2003
Conference is providing an international forum for the presentation and
discussion of the latest R&D results in field of hydrogen materials science and
carbon nanomaterials, covering hydrogen production, storage, distribution, i.e.
engines, fuel cells, catalytic combustion, hydride applications, aerospace
applications, hydrogen fuelled appliances, environmental impact and
economies. | am sure that proceedings of this conference will bring together
research papers and they will serve as a useful reference and resource
material for all the participants.

On behalf of Russian Academy of Sciences | would like to extend my
deepest appreciation to all delegates and participants who come from many
different countries to make this conference a success.

Academician
Yu.A. Ossipyan
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HOLDER OF NATIONS FRIENDSHIP’'S ORDER

ACADEMY OF SCENCES,
REPUBLIC OF TAJIKISTAN

33, Rudaki Ave., Dushanbe, Tajikistan, 734025
Tel: (992372) 21 50 83
Fax: (992372) 21 49 11

Dear colleagues!

I am honoured to welcome all of you on the behalf of the Presidium of the
Academy of Sciences of the Republic of Tajikistan.

Every year hydrogen power engineering takes more and more important
role in the life of society and in the life of each state. This problem is especially
actual for Tajikistan, which has not gas and oil resources.

Investigations in the filed of power-intensive substances and hydride
chemistry are being successfully carried out in Tajikistan since 1968. Needs of
promptly developing new techniques and technology for substances with such
properties considerably promoted the development of a number of new fields
of chemistry, including hydrogen materials science and chemistry of carbon
nanomaterials.

Creation of the ecologically clean transport by the way of application of
different non-traditional fuels, including hydrogen, is the general direction of air
basin protection.

Hydrogen is one of the perspective fuels for transport. Many properties of
hydrogen give him the first place in future expectations. The last stage of
ecologically safe hydrogen cycle is water. Consequently, the source f
hydrogen on the Earth is practically inexhaustible.

Today’s hydrogen power engineering is very broad notion.

It is pleasant that we discuss many aspects of hydrogen and carbon
chemistry.

Our conference is traditional one owing to the great efforts of Organizing
Committee and | would like to thank them heartily for their great job on
conference organization.

| hope that the ICHMS’2003 Conference will allow us to work fruitfully, to
learn a lot of useful information and will give the opportunity to establish joint
projects.

| heartily greet the participants of the Conference and wish them
enjoyable and fruitful time in Crimea.

U.M. Mirsaidov

President

of Academy of Sciences

of the Republic of Tajikistan
Chairman of the Commission
of Maijlisi Milli (the Parliament)
of the Republic of Tajikistan
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SCIENCE AND TECHNOLOGY CENTER IN UKRAINE
HAYKOBO-TEXHOJOINYHUU LIEHTP B YKPAIHI
o

21 Kamenyariv str., Kyiv, 03138 Ukraine,
Tel./Fax: +380 (044) 490 7150

Dear participants of ICHMS’ 2003 !

The Science and Technology Center in Ukraine (STCU) welcome in my
person the participants of the VI International Conference “Hydrogen
Materials Science and Chemistry of Carbon Nanomaterials”.

| am glad that a lot of world scientists and investigators want to take part in
this conference in Ukraine and present the papers in many aspects of hydrogen
in metals, alloys, carbon nanomaterials from fundamental to applications.
Hydrogen sorbing properties of newly discovered carbon nanostructural
materials inspire hydrogen scientists with certain optimism. In the development
of all new energy options, hydrogen necessarily will play an important role
because of its ability to supplement any energy stream and to be applied to any
load. Given the significance of energy in the environmental problems of our
world, it is urgently necessary that the leaders in civic and industrial societies
have a more thorough understanding and appreciation of the existing states of
energy systems and their related technologies.

The search of alternative power sources is the most actual theme of today. |
hope that your work will accelerate the substitution of existing power systems
which use fossilized fuels for inexhaustible and ecologically clear Hydrogen
Systems. The creation and development of such systems will give an
opportunity to harmonize the pragmatic human’s treatment of nature.

| very hope that Ukrainian science, as well as in the developed countries, in
spite of all difficulties and problems, will have its future and will develop
including such an important and considerable fields as hydrogen materials
science and carbon nanomaterials.

STCU provide financial support to carry out of projects and to hold a number
of conferences devoted to consideration of environmental and energy problems,
among which is ICHMS conference.

On behalf of STCU let me wish you the fruitful work and every success in
discussing vital important problems for all humanity.

B.A. Atamanenko
Senior Deputy of
Executive Director of STCU
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VIII INTERNATIONAL CONFERENCE
"Hydrogen Materials Science &
Chemistry of Carbon Nanomaterials"

Sudak, Crimea, UKRAINE, September 14 — 20, 2003

Dear Colleagues, guests, ladies and gentlemen!

The ICHMS2003 Organizing Committee is glad to welcome you in Sudak
and we consider it an honour that a lot of outstanding scientists and
investigators from every corner of the world want to take part in this
conference in Crimea. Our best wishes to all participants and visitors of
ICHMS2003.

We are especially obliged to our sponsors, as NATO Science Committee,
Science and Technology Center in Ukraine, Columbian Chemicals Company
and others that provide us the means to carry out this representative forum.

Two years have passed since our last meeting in Alushta. Certainly, this is
a short space of time but we are filled with expectation of new discoveries and
excellent results. We are sure that new substantial scientific results will be
presented here and they will permit us to extend our’s knowledge mainly in the
strategically important field for the future, as hydrogen energy and in directly
connected with it fields of hydrogen materials science and nanostructural
carbon.

Our conference demonstrates the present-day state of affairs in 4
conference topics, which are perspective and quickly developed directions of
modern materials science with a view to stimulate the new ideas, to support
and ensure their realization.

The fact that scientists of various schools, directions and tendencies get
together in Crimea two tens of years will favour the active discussions, fruitful
contacts and new knowledge gaining. We hope that both the beauty of
Crimean nature and fine weather will inspire scientists on the active work and
deserved rest after (CHMS’2003.

We very hope to hear the qualitatively new results that will permit us to
move from the pure scientific investigations to their wide practical
implementation. This is not only our wish but also our scientific duty, result of
work, which many of us devote all their efforts.

We would like to wish all scientists success and good luck.

Organizing Committee of ICHMS’2003

A.P. Shpak, V.V. Skorokhod,
B.P. Tarasov, S.Yu. Zaginaichenko,

D.V. Schur, Yu.M. Shulga
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PHASE TRANSFORMATIONS IN CARBON MATERIALS

Z.A. MATYSINA, D.V. SCHUR, S.Yu. ZAGINAICHENKO,

V.B. MOLODKIN, A.P. SHPAK

Dnepropetrovsk National University, 72, Gagarin str.,

Dnepropetrovsk 49000 Ukraine

Institute of Hydrogen and Solar Energy, P.O. Box 195, Kiev, 03150 Ukraine
Institute for Problems of Materials Science of Ukrainian Academy of
Sciences, 3, Krzhizhanovsky str., Kiev, 03142 Ukraine

E-mail: shurzag @materials.kiev.ua

Institute for Metal Physics of Ukrainian Academy of Sciences,

36 Academician Vernadsky Blvd., 03680 Kiev-142, Ukraine

The statistical theory of ordering and phase transformations in allotropic
modifications of carbon has been developed. The ordering temperatures and pressures
for phase transitions have been calculated, their mutual influence has been clarified. The
phase diagram has been plotted. The temperature and pressure ranges, in which each of
carbon phases (diamond, graphite, carbyne, fullerite) is realized, have been evaluated.

1. Introduction

At present, four allotropic modifications of carbon (diamond, graphite, carbyne,
fullerite) are known.

Variety in properties of carbon materials is caused by the electron structure of a
cartbon atom. Redistribution of electron density, electron clouds of different
modifications forming around the atoms, hybridization of orbits (formation of the mixed
ones) (sp>-, sp’-, sp- hybridization in diamond, graphite, carbyne respectively) are
responsible for existence of different crystalline allotropic phases. For diamond, orbits
hybridization provides the strong chemical bond in the nearest tetrahedral surrounding of
every atom, in graphite - the strong bond in the basal planes, in
carbyne - the strong bond in three 6-atom chains-cells, and in fullerite - the strong bond
of carbon atoms in the spherical fullerene molecule. The bond between the basal planes
in graphite, between the cells in carbyne and between the fullerene molecules in fullerite
is due to weak Van der Waals forces. In conformity with above, the diamond structure is
three-dimensional, spatial, the graphite one is quasi-two-dimensional, schistose, planar,
the carbyne one is quasi-unidimensional, threadlike, linear.

The intermediate degree in hybridization of sp™ carbon atoms is also possible
when m#l; 2 or 3 [5], what can cause the formation of new structural carbon
modifications such as peapods, graphanes, gliters, khenocombs, clasrits, cubans etc. [6].
As noted in [7], there exists fcc carbon forms when the hybridized electron orbits are
absent.

T.N. Veziroglu et al. (eds.),
Hydrogen Materials Science and Chemistry of Carbon Nanomaterials, 1-24.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.



The mechanism of reconstruction in the crystal lattices is determined by forming
different carbon modifications and consists in changing configurations of external
valence electron clouds. This mechanism is controlled by the charge state of carbon
atoms and their different valence [5-9]. Carbon atoms can be tetra-, tri- and bivalent. The
type of the bond between carbon atoms can be different (single-, two- and tri-paired).

Difference in the electron density of carbon atoms can cause carbon atoms of
different rating C;, C, present in the crystal what, in turn, can determine the ordering
process of these atoms.

Fig.1 illustrates the experimental phase diagram for carbon with the temperature
and pressure ranges in which the phases of diamond D, graphite G, melt M and the
probable metal phase MP are realized [10-18]. The diagram does not show other known
crystalline carbon forms: carbyne C and fullerite F.

| T107.K

0 20 40 60

Fig.1. Experimental state diagram for carbon phases. D - diamond,
G - graphite, M - melt, MP - probable metal phase. The triple site is marked with the
circle.

Thermodynamic calculation [19-23] of the dependence for the equilibrium
temperature for diamond and graphite phases is in a good agreement with the
experimental data given in Fig.1.

In searching new active elements for microelectronics and optoelectronics the
diamond-like films were synthesized. These films simultaneously contain diamond,
graphite, Carbyne phases in which there exist area-clusters with the short-range order
and sp” - , sp” - , sp — hybridization of carbon bonds, respectively [24]. With increasing
temperature graphitization occurs in the films.

The study of known allotropic carbon modifications, calculation of free energy
and thermodynamic potentials of phases, their comparison for different carbon
structures, evaluation of energy parameters to determine conditions for possible phase
transitions from one modification to the other, plotting the phase diagram for carbon are
of interest.

In the present paper the thermodynamical functions of diamond, graphite,
carbyne, fullerite have been calculated with consideration for ordering process in phases



and effect of pressure on the ordering process. The temperature dependences of
thermodynamical potentials has been plotted for different values of the external all-
round pressure. The energetic parameters, at which the plots above intersect, have been
evaluated and the phase diagram has been plotted using these intersection sites.

The dependence of equilibrium order parameters for the phases on temperature
and pressure has been calculated. The ordering temperatures and ordering pressures,
their mutual dependence have been evaluated.

The calculations have been carried out using molecular-kinetic theory [25, 26]
ignoring the substitution of the lattice sites by atoms of different sorts (in fullerite - by
different Cqp, C;9 molecules) and with the assumption on geometrical perfection of phase
crystal lattices and single-domain crystal structure. Interatomic (intermolecular)
interaction is considered in two coordination spheres.

2. Diamond. Calculation of free energy

The diamond phase is metastable under normal conditions [1,3,27] but it can exist
for the indefinitely long time. Synthetic diamonds are produced from graphite under high
pressures. The chemical synthesis of diamond has been developed at moderate pressures
[28, 29]. On heating to 1300-2100 K, diamond graphitization begins.

The diamond crystal lattice is face-centered cubic (Fig.2) with the parameter
a=0,357 nm. The lattice can be depicted as two fcc lattices combined in such a way that
one of them is displaced by a quarter of the spatial diagonal. The elementary cell is a cub
with 8 atoms, each of them is the center of the tetrahedron in the nearest surrounding.

Fig.2. The elementary cell of the diamond
crystal lattice in the space representation (a) and in the
projection on the plane (x, y) (b) for different
values of the z coordinate
@ - sites of the first type corresponding to C; atoms,
QO - sites of the second type corresponding to C, atoms.




In the ordered state we assume the layered distribution of C,; and C, carbon atoms,
as shown in Fig.2. In the elementary cell we have four sites of the first and the second
types corresponding atoms of C; and C, sorts, respectively.

Free energy is calculated with regard to interaction between C; and C, atoms in
two coordination spheres that are at the following distances from each atom,
respectively:

n= a3/, rn=a/\2, (1
which for diamond equal to =0,155 nm and r,=0,252 nm.

For the first coordination sphere the site of each type has four nearest sites of
other type, and for the second coordination sphere each site has 12 sites of the same type
at the distance of r,.

The free energy of the crystal is calculated by the formula

Fp=Ep-kTInWp, 2)
where Ej is configuration energy, W, is thermodynamic probability, k is Boltzmann’s
constant, T is absolute temperature, also we introduce the following designation:

N is the number of all sites (atoms) of the crystal,

N =N, :lN is the number of sites of the first and the second types, respectively,
‘ 2

N o N ., are the numbers of atoms of C;, C, sorts

¢,=N,/N- €2=N_, /N - 3)
are their atomic concentrations,

¢ +c,=1. )
qu, Nq(z), ch(l), er(z) are the numbers of atoms of C;, C, sorts in the sites of the
first and the second types,
Pq(l) _ Nq“) /N,, Pc]<2> _ Nq(z) IN,,
PO =N_"/IN, P2 =N_?/IN, (%)

are probabilities of the substitution of sites of the first and the second types by C, and C,
atoms.
In this case

P+ Pq(l) ~1, Pq(2> +PL~2(2) =1, ©

PV +P " =2, PV +P ¥ =2,

The degree of crystal ordering is defined by the order parameter
1
n=2p, "~ ™
Then probabilities P(f_i ' (ci=c), ¢y, i=1; 2) are defined by the relations
Pc(l) :C1+l77’ Pc(z) 26’1—177,

1 2 1 2 (8)

1 1
_ @
P =c _577, F, —c2+57].



The configuration internal energy Ep is defined by the sum of energies of paired
interaction between C; and C, atoms at the distances ry, 1,

, , ,
EA =_Nc]cl(rl )vll _NCZCz(rl )1)22 _NCICZ(rl )1}12 -
=Ny (2 V1= Neyeo (12 020 =Ny, (12 V12,

(i, j =1;2) are the energies of interaction between C; and C, atoms with

)
where v}, 7
the opposite sign at the distances ry, r,, respectively, and NC’,C/_ (r), chj (ry), are the
numbers of pairs of C; and C, atoms at the same distances.
The calculation of the numbers of pairs gives the following formulae:
N, (n)=2NP, "R,
N, (r)=2NP, "R,

N,., (n)= ZN(P(:I(I)PQ(Z) +Pcl(2)1362(1)) ,

N, (n)=3N@E," + PP, (10)

e
m?2 2?2
Ny () =3N(R, " 4,7,
hp M @p @
N, () =6N(F,F, " +F "F, 7).
According to the rules of combinatorics thermodynamic probability Wp can be
written as
N;! Ny!

T, @, @
Y
2

) (11)

N DN TN

1
considering the above and wusing equation (5) and Stirling formula
InX!=X(InX-1) correct for the large numbers, we find

1
W, = _—N(Pr Y.V + P PmP.* +P PP "+ P PP <2>). (12)
2 C1 1 C] 1 €2 €2 €2 €2
Substituting the equations (9), (12) in (2) with regard to formulae (8), (10), we find the
free energy for the diamond crystal as follows
FD = —2N[C]2(1)i| + 31);’] ) + 022(1)’22 + 3'\)32 ) + 26162(1)12 + 31);’2 ) +
a2 @) - 3071 +
1 ! i 1 ’ ’ 1 1 1 (13)
+ EkTN [(Cl + EnD)ln(cl + EnD)+ (C] —EnD)ln(cl - EnD)'f'

1 1 1 1
+(cr—— In(cy —— +(cyr +— l +—= ,
(c2 an) n(cy ZnD) (ca ZnD) n(cy an)]
where np is the order parameter in the diamond crystal, and values
4 ’ 4 4 ” ” ” ”
@ =20, =V, — Uy, @) =20, — U, — Uy (14)
are the ordering energies of C; and C, atoms in the first and the second coordination
spheres, respectively. The sign (-) in front of the value @y in (13) shows that the

considered interatomic interaction in the second coordination sphere decreases the
resulting energy for the crystal ordering which is defined by the difference @) — 3w} .



The derived formula (13) defines the dependence of the free energy for diamond
on the crystal composition, temperature, order parameter and energetic constants.
Further we shall investigate the diamond phase of carbon using this formula.

3. Graphite. Free energy

Under normal conditions graphite is the thermodynamically stable phase [1,3,27]. The
graphite structure is packed hexagonal, layered [30]. The crystal lattice can be depicted as two
simple hexagonal sublattices positioned in such a way that in the neighboring layers (in the basis
planes of different sublattices at the distance c/2, c=0.671 nm) the sites in one layer are opposite
the centers of hexagons in the other (Fig.3). The elementary cell is a prism with a thomb in its
base. The side of the rhomb equals to a=0.246 nm. The distance between the nearest atoms in the
basis plane and in the adjacent planes are defined by the following relations

r=al3 . r=+4a>+3c> 1243 (15)

For the graphite crystal these distances equal to r=0.142 nm and r=0.364 nm,
respectively. The significant difference in these distances, which define the interatomic distances
in the first and the second coordination spheres, is due to the strong interaction between atoms at
the distance r; (covalent forces) and the weak interaction at the distance r, (Van der Waals forces)
what explains the easy slipping of the crystal layers relative to each other [31]. Therefore, the
graphite structure is assumed to be quasi-two dimensional.

fa

Fig.3. The crystal lattice of graphite
@ - sites of the first type corresponding to C, atoms,
O -sites of the second type corresponding to C, atoms.

The dot-and-dash line marks the bases of the prism - the elementary cell of the crystal.
(a) The space image of the crystal lattice.
(b) The projection of the lattice on the basis plane. The sites in basis plane II are connected with the
solid straight lines. The sites in planes I and III, above and below the plane II, are connected with
the dotted lines. The projections of some white sites of plane II coincide with the black ones of
plane L.



For the ordered state we assume that the sites of the sublattices are the sites of different
types corresponding to C; and C, atoms, respectively. Thus, the elementary cell consists of four
sites: two of the first type and two of the second one. Each site of the crystal in the basis plane is
surrounded by three sites of the same type at the distance ry, and in the planes below and above the
considered basis plane each sites is surrounded by 6 sites of the other type at the distance 1.

The free energy is calculated with regard to the interatomic interaction in two coordination
spheres.

The number of atomic pairs C,C; (i,j=1;2) at the distances r;, 1, equals to, respectively,

3 1 2 2 2 3 1 2 2 2
Nclcl(rl)=ZN(Pq“ +P, "), chcz(rl)zzN(Pcz() +P., 2%,
_3 M p0) , p2) p2)
NC1C2 (rl)—zN(Pcl PC2 +PCl Pc2 ), 16

Nclcl (}"2) =3N P(I)P(Z), N (r2)=3N P(I)P(z),

coC 202 [ )
— M p(2) 2) pM
Neyey () =3N(BVPEY + PP,

The configuration energy Eg of graphite and thermodynamic probability Wg are
determined by the same formulae (9) and (11) as for diamond. Considering these formulae and the
number of pairs (16), we find the free energy of the graphite crystal is expressed in the possibilities

Pc(.i) , as follows:
1

Fy == NUEY + P+ (B + P 4 2B B + P PO ) -
=3NEE POV, + P POV, +(PU B + PP PO+ a7
+%kTN(PC(]”lnP:” +PPInP? + P InP + PPInPY),
where V', V" are energies of interaction between C;, C, atoms, as in the case of diamond, at the

distances 7y, r».
Substituting probabilities (8) into (17), we find

3 4 ” 4 ” 4 ” l / ”
Fg= —EN[Clz(Un +207)) + €3 (U +205,) + 2015 (V] +207,) +Z77é(—wc +206)]+
1 1 1 1 1
+EkTN[(C1 +EUG)II1(C1 +E”G)+(C1 —Eﬂc)ll’l(cl —Eﬂc)‘f‘ (18)

1 1 1 1
+ (C2 —Eﬂc)ln(CZ —Eﬂc) + (6‘2 +5770)ln(62 +5770)],

where 0'g, @’ are ordering energies of C;, C, atoms, respectively, they are determined by the
same formulae (14), as for diamond; in graphite for the first and the second coordination spheres,
respectively, and Mg is the degree of the long-range order in the graphite crystal. As seen, in (18)
', @’ have different signs. The sign (-) in front of @' indicates that ordering in graphite occurs
due to interaction between C;, C, atoms in the second coordination sphere.

Below we shall study formula (18) defining dependence of free energy for graphite on its
composition, temperature, order parameter and energetic constants.



4. Carbyne. Calculation of free energy

Under normal pressure the carbyne form of carbon appears at higher temperature than that
for diamond, i.e. higher than (1-3)- 10°K. It has been found that the natural conditions, under which
carbyne and diamond are formed, are close. The X-ray diffraction pattern of diamond showed the
structural lines of carbyne. Diamond contained the carbyne phase embedded.

Crystals are also produced from graphite [33-38]. As found out in [39], the graphite-
carbyne phase transition occurred at 2600 K. At 3800 K and prolonged heating carbyne forms
and melts so that its triple site is determined by the temperature of 3800 K and pressure of 2-10*
Pa.

In natural conditions carbyne was found in the meteorite crater. The linear form of carbon
crystals - rod-shaped molecules was synthesized in the laboratory conditions. It this case, carbyne
is formed under milder conditions than those at which diamond is formed. Thermodynamically
carbyne is more stable than graphite. When heated to ~ 2300 K, carbyne transforms into the
graphite phase.

As found, the carbyne phase is stable at high temperature (above 1000 K) and low pressure
(~ 1,5-107 Pa).

Carbyne is formed by crystals of small linear size about 10° nm. The elementary cell
consists of three 6-atom carbon chains arranged along the straight parallel lines [32]. The filar
quasi-onedimensional crystals of carbyne are formed due to the sp-hybrid electron structure of
carbon atoms. The dissemination of atoms with other (sp’, sp®) hybrid bonds into the carbyne
crystal can change the periodicity in cross-linking chains-cells what, however, is not considered in
calculations.

Fig.4 shows the elementary cell of the carbyne crystal lattice. Its parameters equal
to (in nm):

a=0508, b=0295 ¢=0,780 (19

a
Fig.4. The elementary cell of the carbyne crystal lattice

@-_ sices of the first type corresponding to C; atoms,
O- sites of the second type corresponding to C, atoms.

We assume that elementary cells are at the distance ¢ from each other not only in the
direction of the ¢ axis, but also in the directions perpendicular to the b and c axis.

For the ordered state, we divide the sites of the elementary cell into two types
corresponding to atoms of C;, C, sorts, respectively. The elementary cells contains 18
sites, nine of them are of the first type and the rest of them is of the second type. We



assume that both the cell shown in Fig.4 and the cell, in which sites of the first and the
second types change their positions, can be formed in the ordered state.
Calculating free energy, we consider interaction between carbon atoms at the distances

n=d=va*+4b*>12=0389nm,  r,=a=0,508nm. (20)
The numbers of atomic pairs C;C; (i, j=1;2) at these distances equal to

11 11
qu (rl) = EN(R?(II) + R?(IZ))Z’ erz‘z (rl) =EN(PU(21) + Pz?(22))2’

N (0 =N+ PO (B0 4P,
c5|cz 9 <] q ¢ ) ¢ (21)
= M) p@) _ O B
qu(rz)—aN PE] PCl s Nfzfz (Vz)—EN sz PC2 ,
N, () =§N (PP +PPPY).
The configuration internal energy E. of carbyne, evaluated by the formula
analogous to (9), is expressed through probabilities Pc('j ) by the relation
1
_n
18

+2(R + PO (P + PPy ()] - 22)

Ec =—— NP + P22 o (@) + (P + PD) vy (d) +

5 M p(2) M p2) M p2) | p2) pM)
_EN[Pcl Pc1 l)ll(a)+P62 PC2 Uzz(tl)"r(Pcl PC2 +PC1 PC2 )1)12(61) .

The thermodynamic probability W is evaluated by formula (11) in which the order
parameter should be written for carbyne, 77c.

Considering formulae (8), we find the free energy for carbyne as follows

2 ;5 , 5, , 5,
Fe =_§N[C12(11“11 +§1)11)+C§(11022 +5022)+2clc2(111112 +Evlz)]_
5 ” 4 n
—EN(2U12—011—022)77%+
Lo, + Lo yinte, + o)+ ey =2 neintey —L o)+
> 1+ 71)inte = a1c) + (e == )inter == e

1 1 1 1
+(cy —=n)In(cy —— +(cy +=1nc)n(cy +— ,
(c2 2776) (c2 277c) (c2 277c) (c2 2770)]
(23)
where

V{1 =011(d) , Vi =0pn(d) , v =v5(d) ,
Vi =v1(a) , V3 =vp(a) v =vp(a) .
As formulae (23) show, the ordering process in carbyne is caused by interatomic
interaction at the distance », = a. This results from the fact that at the distance r; = d the site of each

type has two nearest sites of the first and the second types. At the distance r, = a every site is
surrounded by two sites of the other type.

(24)
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Below we shall study the free energy Fc of carbyne according to formula (23) which
defines the dependence of free energy on the composition, temperature, degree of the long-range
order and energetic constants.

5. Fullerite. Free energy of fullerite

Fullerite is a molecular crystal formed from Cg, C;y molecules-clusters and the other ones
called fullerenes.

Since the discovery of fullerenes [40-46], and especially after the development of methods
for fullerenes production in preparative amounts [47-52], fullerite attracts more and more
scientists' attention.

A number of works [53-64] including monographs [65-70] are dedicated to current
methods for preparing fullerenes, studying their properties and applications.

Fullerenes easily add and donate hydrogen isotopes [71-80]. Therefore hydrofullerenes can
be used as hydrogen accumulators. Wide investigations are being performed to solve practical
problems on the search of mobile systems to storage hydrogen, ecologically clean energy source.
Both fullerenes and their metal derivatives can be hydrogen sorbents [81-88].

Depending on the conditions for developing the random composition by components
F=C¢, F=C5, fullerite has been produced [54, 89-93]. Evaluation showed that solid solutions of
fullerite were more stable than the mixture of F;, F, fullerenes [89]. It should be noted that solid
solutions of F}-F, fullerenes are of interest as model objects to develop the theory of molecular
crystals.

Under normal conditions fullerite has the fcc structure [51, 79, 94] given in Fig.5.

Fig.5. The elementary cell of the fullerite molecular crystal

- lattice sites in which molecules of F,=Cg,, F,=C;, fullerenes are distributed
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The orientation ordering takes place in fullerite that was experimentally studied in
papers [95-97] and at ~ 260 K the fcc lattice was formed from the simple cubic one due to this
orientation ordering. In this case the fcc lattice in its ordered state consists of four simple cubic
sublattices [98]. Fullerenes are bonded in fullerite due to Van der Waals forces. Both the
mechanism of the interfullerene bond and the ordering process are controlled by the charge state of
fullerenes [94].

Free energy of fullerite is calculated in the model of spherically symmetrical stiff balls [99]
with regard to interaction between fullerene molecules in two coordination spheres in spite of the
fact that, as evaluation showed, the interaction in the second, the third and other coordination
spheres contributes into the free energy no more than 5% [100].

We assume that the fullerite crystal lattice is of Ll structure (CuAu type). Thus, in the
ordered state F;, F, fullerenes are mainly distributed in the alternating planes, and for the
stoichiometric composition the c;, ¢, concentrations of F;, F, fullerenes are equal. In this case the
order parameter and substitution probabilities of sites of the first and the second types are
determined by formulae (7) and (8), respectively. Thermodynamical probability Wg is also
determined by derived formula (12).

For determination of the configuration internal energy Er the numbers of fullerene pairs
have been calculated at the following distances:

n=al\2 and n=a, (25)
where a = 1,417 nm is the fullerite lattice constant, in this case »,=1,002 nm, r,=1,417 nm.

In the structure LI, every site of the first type in the first coordination sphere has four
nearest sites of the first type and eight sites of the second type at the distance ry. The site of the
second type is surrounded by four nearest sites of the second type and by eight sites of the first
type. In the second coordination sphere every site is surrounded by six sites of the same type at the
distance a.

The calculation of the numbers of F,F;, F,F,, F|F, fullerene pairs at the distances ry, 7,
gives the following result:

Ny (n)= NI + PR + 2P PY
N, (1) = NI(PY + PP Y +2PV PR
N () = 2NUP 4 PR (P4 P P PR+ PP
3
NF]FI(rz):EN(Pg) +P;lz) )
NP+ P (26)
N (1) = EN(P}? +P2)
Niy (1) = 3N PP + PP

where N is the number of sites (fullerenes) in the crystal.
The configuration energy Er determined by the sum of interaction energies between
fullerenes equal to
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E, ==N{[(P" + P2y + 2PV P2 1, +[(PY + POY + 2P PO, +
+2 (P + P2 (P + )+ PYPY + PP T, ) - @7

3 2 2 , 2 2 , ,
—EN[(P}l” + PO (P + PO, +2 (PP + PP

where v,
J=1;2).

Thermodynamical probability Wg has the same form as for diamond, graphite, carbyne,
only with the order parameter Mg for fullerite. In this case the calculation of free energy for
fullerite in dependence on the composition, degree of ordering and temperature gives the
following formula

v; are energies of interaction between F; F; fullerene pairs at the distances 7y, 1> (i,

7 4 7 4 7 4 1 4 ”
Fp ==-3N[c} U} +U)) +¢3 205, +155) + 26, ¢, Q00 + )] —ZNm%(za)F —3af) +
1 1 1 1 1
+§kTN[(Cl +57]F)ln(cl +577F) +(¢ _EUF)IH(CI —Enp) + (28)

e =2 m)Ines 1) + (03 4 21 ey + 7).
2 2 2 2
where
WF =20{ —V[| —Vy, @F =20~V ~ Uy
are the ordering energies of fullerenes for the first and the second coordination sphere,
respectively.

As the derived formula (28) shows, fullerenes are ordered due to their interaction
in the first coordination sphere. When interaction between fullerenes in the second
coordination sphere is taken into account, the resulting ordering energy will be decreased
(the value of " has the sign (-)). However, as noted above, the estimation showed that
this decrease was insignificant.

6. Discussion of theoretical results, comparison with experiment.
Temperature and pressure of ordering. The constitution diagram

Comparing equations (13), (18), (23), (28) for the free energies of carbon phases,
we can write the overall formula for free energy of diamond, graphite, carbyne, fullerite
for one lattice site. This formula has the following form:

fi=e — 0%77,-2 + %kTAl. s 29)
where index i denotes one of the D, G, C or F phases and
1 1 1 1
4 = (Cl +§ ﬂl')ll’l(Cl +§ 771) + (Cl _5 Ui)ll’l(Cl —E 771) +
| | 1 | (30)
+ (C2 +§ ﬂi)ll’l(CZ +§ 771) + (C2 —E n; )ll’l(Cz —5 771)

The e; and ; values in (29) for D, G, C, F phases equal to, respectively:
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ep ==2[c; (V] +307)) + e (U +303)) +¢je3 (@ +3wp)],

wp = %(a)’D +30]) for D phase, (3D
3 ’ ” ’ ” / “
eGg = —E[Cl (1)] 1t 21)] 1) + C2(U22 + 2‘022) tciep (O)G + 2(DG )]’
w, = %(_a)’c +20) for G phase, (32)

2 ’ 5 ” ’ 5 ” , 5 ”
ec = —§[C1(1 1'\)11 +EU11) +C2(1 1U22 +EU22) +(,’1C2(1 l(DC +E3(Dc)],

wc = 3—56(06 for C phase, (33)
ep ==3[c; QU1 +U[}) + ¢ 2Uy +V33) + ¢1¢) R0p + @ )],
W, = i(Zw} -3a)) for F phase. (34)
External all-round pressure P decreases the interatomic distance
r=ro-oP, 0o~10"? GPa, (35)

and, therefore, changes the energetic parameters and ordering energy of the crystal.
Dependence of energetic parameters and ordering energy on the external pressure
can be represented as follows [25]:

P Po P Po
¢ =f30i[1+?+n(?) I o =a’0i[l+F+”(F) I, (36)

where values of P' and n are constants which can be both positive and negative.

Depending on the numerical value of external pressure P, only linear terms, only
quadratic ones or both of them can be considered in formulae (36). The terms in (36),
proportional to P?, will play significant part only under sufficiently high pressures. The
value of external pressure equal to P’=10GPa was estimated in [25]. Here, at P<<P" only
linear terms are considered in (36) and at P>>P" only quadratic terms are considered.

Experimentally measured temperature and pressure ranges, in which different
carbon phases exist (Fig.1), give the values of pressure in the order of 10 GPa. This
means that in the studied case both linear terms and quadratic ones should be considered
in (36).

The thermodynamical potential for one lattice site in terms of (36) can be written
as follows:

@, = (e, — @O, + % + n(%)z] + %kTAL. + w,; (1-=P)P, 37

where a; is the atomic volume of the crystal at P=0, x:—ég—ﬁ:m* GPa™ is the

compressibility of the crystal. Formula (37) determines the dependence of
thermodynamical potential on the temperature, pressure, order parameter and energetic
constants.
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We have restricted ourselves to the case when both the volume V and the
compressibility @ slightly depend on the order parameter and we disregard this
dependence [25].

For different values of temperature and pressure the equilibrium properties of
the crystal are defined by the minimization of thermodynamical potential (37). In this
approximation the equilibrium condition d¢, /97, =0 can be changed by the condition

o, 1om. =0. (38)
After substitution of free energy (29) into (38) for the stoichiometric

. 1 e .
composition of the crystal, when ¢, =c, =—, we get the equilibrium equation as
1 2 2

follows:
sznt—”Z . 4a)0,-77,-[1 +§ + n(%)z} (39)
which defines the equilibrium value of the degree of long-range order depending on
temperature and pressure.
Assuming in (39) 1, = 0, we find the ordering temperature T, and the ordering
pressure Py:

P )
kTy =2mg| 1+ —+n(—)" |, 40
0 0[ I (P’) } (40)

Bo_ 1 iane 25Ty @1
P 2n (O

These equations (40), (41) also define the interrelation between the ordering
temperature and the ordering pressure. This dependence is given in Fig.6. Fig.6 shows
that at P">0, n = 1 the ordering temperature is increased with increasing pressure and
at P’<0,n =-1 the growth of external pressure decreases the ordering temperature.

KT,
| @

P,
— R,
06 04 02 0 02 04 06

Fig.6. The plot of interrelationship between the ordering temperature and ordering
pressure for values of P* >0, n =1 (section 1) and P’ <0, n=-1 (section 2).
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Fig. 7 and 8 show the curve plot for the equilibrium values of the order parameter
in dependence on temperature and pressure. The curves were plotted according to
formula (39).

The dependence M(T) (Fig.7) shows that with increasing temperature, at the
certain value of pressure, the order parameter is decreased. In this case external pressure
increases the order parameter at P* >0 and decreases it at P’ <0 compared to its value
at P=0.

The dependence n(P) also shows (Fig.8) that external pressure increases the order
parameter at all values of temperature if P’ >0, and decreases it at P'<0.

n

1,0
0.9}
0.8}
0,7k
0,6}
0,5}
04}
03}
0.2}
o1}

0

0 0.4 0,8 1,2 1,6 2,0 2,4 2.8 3,2 3,6

Fig.7. The curve plots of the temperature dependence of equilibrium order parameters
constructed by formula (39) for different values of P/P=0; 10,1; 10,2; 10,3; 10.4; 10,5 (curves 1-5
for P’>0, n=1 and curves 1’ - 5’ for P’< 0, n=-1). The dotted line corresponds to P/P’= 0. The
ordering temperatures for different pressures are marked with circles on the abscissas axis.

0,5 04 03 -02 -001 0 01 02 03 04 05

>

Fig. 8. The curve plots of the dependence of equilibrium order parameters on pressure
constructed by formula (39) for P">0, n=1 and P’< 0, n= -1, and for different temperatures equal to
kT/oy = 0.2; 04; 0.6; 0.8; 1; 1.2; 1.4; 1.6; 1.8; 2; 2.2; 2.4; 2.6; 2.8; 3 (curves 1-15). The ordering
pressures at different temperatures are marked with circles on the abscissas axis.
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To evaluate temperature and pressure for possible phase transitions by formula
(37), the curves for temperature dependences of thermodynamic potential were plotted
for different values of external pressure. The intersection points correspond to the points
of phase transformations.

The energetic parameters e; and ; were chosen according to the relationships
between atomic volumes and average values of atomic radii of carbon phases. The
structural parameters of crystal lattices for all carbon modifications are given in Table.

TABLE. Structural parameters of crystals for different allotropic carbon phases

Crystal Crystal lattice Parameters, Atomic Atomic
nm (molecular for radius,
fullerite) nm
volume, nm3
Diamond fec, three- a=0357 a*/8 = 0,006 0,179
dimensional.
. hcp, quasi-two- a = 0,246, 2 :
Graphite dimensional c=0,671 “ C\/g /8 =0,009 0,206
hcp, quasi-one- a=0,508,
Carbyne p, quas b=0,295, 2abcl3 = 0,078 0,427
dimensional
c=0,78
Fullerite fec, three- a=1417 aI4=0711 0,893
dimensional

As Table shows, the atomic volume and atomic radius are increased at transformation from
diamond to graphite and further to carbyne and fullerite. In this case the interatomic interaction
(intermolecular for fullerite) and, consequently, the energetic parameters e; must be decreased.
In transformation from phase to phase the ordering energies ; can be both increased and
decreased because, firstly, energies ; are combination of @=2v,,—v;;—V,, type and,
secondly, they consist of energies @ and @” for the first and the second coordination
spheres, respectively, wich have different signs for different phases.

The following values (in eV) for energetic parameters e; and ordering energies @
were chosen:

e =0,2, e, =0,168, e3=0,16, e, =0,09,
o =0,2, w, =0,21, w; =0,16, w,=0,17. (42)
These parameters of 1, 2, 3, 4 phases can correspond to phases of diamond D,
graphite G, carbyne C, fullerite F but optionally. As known from experimental data, the
carbyne phase can coexist with the diamond phase; conditions for their formation are
similar. With increasing temperature both D and C phases are graphitized. This means
that the second phase can prove to be carbyne, and the third one - graphite.

According to the chosen values for energetic parameters (42) and revealed
regularities in the change of order parameters depending on temperature and pressure,
the numerical values of order parameters have been evaluated for every of four phases.

The case P’ >0 and n = 1 has been studied.



0,2
0,1+

0,1

-0.1

17

o»,,eV o, eV
i ' 0.2 0,2

krev O (Ley Ol

¢.eV ¢.eV 0, eV
[22a 0 2 kTeV 0’1"—"_»0::_%. eV 0.1 =220 KT, eV
L TR 1 L L 0 1 1 1 i h L 0 L L
0,2 0.6 A 5
B \ ol -0,1|- ) 04 06

-0,2

'

&~

[95]
T

s
=
T

P,V eV

0.1 0.6 0.1 03 X 06

03T -0.3

Fig. 9.
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0,1 0,1
0 0
-0,1 -0,1
-0,2 -0,2
-0,3 -0,3
-0,4} -0,4F
-0,5 -0,5
-0,6k -0,6
@, eV kT, eV

T T 08 10
-0,1} -0,1
-0,2} -0,2
-0,3F -0,3
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-0,5)- -0,5
-0,6F -0,6F
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0
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0
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-0,5 -0,5
-0,6l -0,6F

Fig. 9. The curve plots of the temperature dependence of thermodynamic
potentials for carbon phases constructed by formula (37) for energetic constants (42) and
different pressures P/P”=0; 0.1; 0.2; 0.3; 0.4; 0.5 (curves 1-6). The intersection points of
functions @; (T) and @, (T), ¢, (T) and @3 (T), @3 (T) and @4 (T), @4 (T) and @3 (T) are
marked with circles. The dotted lines around the intersection sites show the sections in
the plots for thermodynamic potentials with which the intersection occurs.
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The curves plots for temperature dependence of thermodynamical potentials ¢;
(i=1, 2, 3, 4), plotted by formula (37) for different pressures are shown in Fig.9. As
indicated by Fig. 9, for all the phases i = 1, 2, 3, 4 the thermodynamical potential is
decreased with increasing temperature. On the other hand, the growth of pressure
increases the thermodynamical potential: curves @;(T,P) fall with increasing temperature
and rise with increasing pressure. This means that the elevation of temperature stabilizes
each phase: the temperature range, in which the phase
exists, can be increased. The rise of pressure decreases the kT, eV
phase stability: the pressure range, in which the phase 1,0[
exists, can be decreased. Moreover, as seen in Fig. 9, at

the temperatures above the points of @; curves !
intersection, the values of thermodynamical potentials @;, 091

in transforming from the first phase to the second one and

further to the third one and the fourth one, are decreased 0.8

what indicates the increase of stability of the fourth phase

in comparison with to the third one, the third phase in <
comparison with the second one, the second phase in osk 3

comparison with the first one.

The phase diagram given in Fig. 10 has been
plotted by the intersection points of @(T) curves for 4
different pressures. Fig. 10 shows that beginning from the ’
values P/P’=0,15 temperatures of phase transitions rise
with  increasing pressure what corresponds to 0.2} 2
experimental data for the diamond-graphite transition. At
low pressures, the temperature of phase transition can
slightly drop with increasing pressure as it was found out 0.1
for the equilibrium curve between phases 2 and 3. The
temperature range, in which every of the phases exists, is Loy 4 4 PP
increased with growing pressure (because from the first 0 0 0102 0304 05
phase to the fourth one the slope of equilibrium curves is R

A\Y

-
1

increased). The exception is the second phase at low Fig. 10. The phase
pressures, for wich with increasing P/P" to 0.1 the diagram calculated for
temperature range of its realization is decreased, but carbon.

further at P/ P’ >0,1 this range is increased.

We can suppose that phase 1 corresponds to the diamond phase. Like in the
experimental diagram (Fig. 1), the growth of pressure increases the temperature at
which the diamond phase is realized. In this case the pressure range of this phase
existence is decreased with increasing temperature, and the temperature range is
increased with pressure rise. On the contrary, for the graphite phase the temperature
range, in which this phase is realized, is decreased with growing pressure and the
pressure range is increased with increasing temperature.

The experimental data for carbyne and fullerite phases are not known.
Experimental verification of the obtained results for these phases is of interest.
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7. Conclusions

The molecular-kinetic theory for phase transitions in allotropic carbon
modifications has been developed. The possible ordering of atoms and fullerenes in
phases has been considered. The statistical calculation of free energies and
thermodynamic potentials for carbon phases: diamond, graphite, carbyne, fullerite has
been made, their dependences on the phase composition, temperature, pressure, order
parameter and energetic constants have been established.

The curves for temperature dependence of thermodynamic potentials at different
values of external pressure have been plotted using the chosen energetic parameters. The
possible values of temperature and pressure for phase transitions have been determined
by the intersection sites of these curves.

The equations for thermodynamic equilibrium, defining dependence of the order
parameter on temperature and pressure, have been derived. The curves of these
dependences have been plotted. As illustrated, the increase of temperature at the certain
constant pressure decreases the order parameter. The degree of ordering can be both
increased and decreased due to pressure depending on the values of energy constants of
the phase. The ordering temperatures and ordering pressures have been calculated, their
mutual influence has been clarified.

The phase diagram has been constructed with estimation of the temperature and
pressure ranges, in which different carbon phases can be realized. As found out, the
pressure range of the diamond phase existence narrows with temperature increase. For
other phases this range is expanded.

The experimental verification of obtained regularities of carbyne and fullerite
phases realization is of interest to physicist-theorists.
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Abstract

The hydrogen solubility in ordering fcc fullerite has been calculated by the
configuration method with regard to hydrogen atoms arrangement in octahedral,
tetrahedral, trigonal and bigonal interstices. The character of hydrogen atoms distribution in
positions of different types has been clarified for different relations between energy
constants. The special cases of hydrogen atoms arrangement in interstitial sites of two and
three types have been studied. The dependence of hydrogen solubility on fullerite
composition, temperature and degree of long-range order has been established.

1. Introduction

The solid-phase hydrogenation of fullerenes can be the reliable method for hydrogen
storage. Hydrogen is ecologically clean energy source. Therefore, hydro-(deutero-)
fullerenes attract the attention of scientists.

Hydrogen atoms in the solid-phase fullerite can exist in two states occupying the
interstitial sites of crystal lattice (lattice hydrogen) or are bound with carbon atoms of
fullerene molecules (fullerited hydrogen), respectively. It has been found that formation of
lattice hydrogen is more energetically favorable in comparison to fullerited hydrogen [1].

When lattice hydrogen atoms are distributed in the interstitial sites of different types,
there exists possibility to produce FH, (F=Cgy or Cy) hydrofullerenes with the hydrogen
concentration within the range 0<x<18 [2-4].

As found out experimentally, at temperatures above 260 K the crystal structure of
solid-phase fullerite can be manifested, depending on production methods, both of body-
centered centered cubic (bec) [5-7] and of face-centered cubic (fcc) [8-10]. The orientation
ordering in fullerite was studied in [11-15]. In this case, the fcc lattice forming at high
temperatures is divided into four simple cubic sublattices, in which instead of free rotation,
fullerene molecules rotate along the certain axes with different orientation in sublattices. As
this takes place, external pressure as well as decreasing temperature slow down and brake
the rotation of fullerene molecules what induces transition of fullerite into the simple cubic
phase [16].
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The hydrogen solubility in bcc fullerite was calculated in papers [10,17-19]. As
presented in these works, the hydrogenation of low-temperature fullerite stimulates its
phase transition from the simple cubic phase into the bce one.

In this paper the hydrogen solubility in the fcc phase is studied on the assumption
that hydrogen atoms are placed in octahedral O, tetrahedral ®, trigonal Q and bigonal D
interstices. As it was found out experimentally [2,8,9], hydrogen sorption did not change
the fcc structure of fullerite but only increased the lattice constant a from 1.417 nm at x=0
to 1,448 nm at x=18 (Fig.1). As a result, the average radius of the fullerene volume in the
fcc crystal is increased from 0.711 nm to 0.759 nm. The nearest distances between
fullerenes and hydrogen atoms are changed in the following ranges: (0.709-0.724) nm,
(0.614-0.627) nm, (0.578-0.594) nm, (0.502-0.513) nm for O, ®, Q, D interstitial sites
respectively. Note that the large volume of octa-interstices and the small size of hydrogen
atoms due to their weak bond can favour the arrangement of hydrogen atoms only in ©, Q,
D interstitial sites or several hydrogen atoms in O interstitial sites. In the second case the
hydrogen concentration x is increased and can be higher than 18 (all the O, ®, Q, D
interstices in the fullerite crystal per one fullerene molecule). However, the main factor
defining distribution of interstitial atoms (hydrogen atoms) proves to be not geometrical but
energy one [20-22]. Calculations will take into consideration the possibility to arrange one
hydrogen atom in each interstitial site. Two-component fullerite from F;=Cq, and F,=C5
will be studied. The solid-phase fullerite F;-F, of any composition was produced
experimentally in [24-28]. As it was substantiated in [24], due to the entropy term the F;-F,
fullerite crystal is more stable thermodynamically compared to the pure fullerene
components or their mixture.

1.44

1,43

1,42

1.41

0 5 10 15

Fig.1. Lattice parameter of hydro- (deutero-) FH, fullerite vs. hydrogen
concentration x. Circles mark experimental points.

The free energy of fullerite is calculated for solving the raised problem. Calculations
are carried out by the configuration method, i.e. taking into account the possibility of
formation of different configurations of F,-F, fullerenes around the hydrogen atoms. This
approach is more successive compared to the method of average energies and makes
possible to have more correct information on the functional dependences of hydrogen
solubility in fullerite.

We assume that the crystal lattice of fullerite in its ordered state is the one of the LI,
type (Fig.2). In this lattice the sites of the first and the second types valid for F; and F,
fullerenes, respectively, alternate in layers. In this case O, ®, Q, D interstices, depending on
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their surrounding by the lattice sites of first and second types, are divided into O, O, O, Q;,
Q,, Dy, D,, Dj; interstitial sites, respectively. In this case, the number of lattice sites of the
first and the second types in the nearest surrounding of all the interstices is the following:

O, has four lattice sites of the first type and two of the second type,

O, has two lattice sites of the first type and four of the second type,

O has two lattice sites of the first type and two of the second type,

Qy has two lattice sites of the first type and one of the second type, 1)

Q; has one lattice site of the first type and two of the second type,

D, has one lattice site of the first type and one of the second type,

D, has two lattice sites of the first type,

Dj; has two lattice sites of the second type.

The distances between hydrogen atoms and the nearest fullerenes for O, ©, Q, D
interstitial sites are equal to:

ro=0.5a, ro=a/J6 = 0408a, )
to= a3 /4=0,433a, o= al242 =0,354a.

(b)

Fig.2. LI, crystal lattice of hydrofullerite
@ O -lattice sites of the first and the second types occupied mainly by F,, F, fullerenes,
respectively. Interstitial sites: @- octahedral O (a), @ -tetrahedral ©® (b),
® - trigonal Q (b), e - bigonal D (a)
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2. Free energy of hydrofullerite. Equilibrium equations

The free energy of the crystal is calculated by the formula:

F=E-kTInW, 3)
where E is the configuration internal energy, W is the thermodynamical probability, k is
Boltzmanns constant, T is absolute temperature. Also we introduce the following symbols:

N is the number of lattice sites (fullerenes) in the crystal,
N,2N,8N,7N are the numbers of O, ®, Q, D interstitial sites, respectively,
18N is the number of all interstitial sites,
Ng), Ng), Ng), N g) are the numbers of hydrogen atoms in O, ©, Q, D interstitial sites with

o configuration of F;, F, fullerenes. In this case some of interstitial sites can not be
occupied by hydrogen atoms;

Gg), Gg), G(l),Gg) are the numbers of O, ®, Q, D interstitial sites, respectively, with M

configuration of fullerenes,
1 ! 1 l
N0 ZZNB) » Nue = ZNB) > NH~>Q ZZNE)) » Nyp = ZNB) “)
1 1 1 1

are the numbers of hydrogen atoms in O, ®, Q, D positions with any configuration,

Ny =Ny 0 +Nyse +Nuyso +Nuop o)
is the total number of hydrogen atoms,

are hydrogen atoms concentrations in O, ®, Q, D interstices in relation to the number of
lattice sites (fullerenes) of the crystal
C=Cgtcg+Cqtcep @)
is the total hydrogen concentration determining its solubility,
¢y, ¢, are Fy, F, fullerenes concentrations,
ci+co=1. (3)

p®
1

2 pW
F ’Pl 5P2

(2)
F F’Pz

r, are the a priori probabilities of the substitution the lattice sites of the

first and second types with F;, F, fullerenes. In this case

P +P =1, PP +PY =1, P +PY =2¢, P +P =2c;,. (9)

n=2p" —c) (10)

is the order parameter in fullerene distribution in the lattice sites of the crystal.
Equations (9) and (10) allow one to find the possibilities as follows:

1 1 1 1
) _ L 2 _. _1 o_. _1 () _ £
PFl _cl+2n, PFl =c 2n, PFz =c, 211, PF2 _c2+2n. (11D

[OIN ORI EN()

Vo' Vg, Vg,V are energies with the opposite sign for interaction of hydrogen atoms in

O, 0, Q, D interstices with the nearest fullerenes in the case of fullerenes with M

configuration around these interstitial sites.
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Each O, O, Q, D interstitial site in its nearest surrounding has 6, 4, 3 and 2
fullerenes, respectively. The I™ configuration of fullerenes around the interstitial site points
to the number of F; fullerenes around the hydrogen atom. The rest of F, fullerenes around
the hydrogen atom will be: 6-/ for O, 4-/ for ®, 3-/ for Q and 2-/ for D interstitial sites.

Then the hydrogen atoms energies in each interstitial site, determined by the sum of
interaction energies with the nearest fullerenes, will be equal, respectively:

08) =loy +(6-1)o.,,

vl =B, +(4-DB,, (12)
vy =iy + 3=y,

o) =18, +(2-D3,,

where o, Bi, Vi, 0; (i=1; 2) are the energies of interaction between hydrogen atoms and F;
and F, fullerenes, respectively:

o =V, (fp), 0y =V, (o), By =V, (Te), By =V, (Te),

Y1 =V, (o), Y2 =V, (1), 8 =V, (1p), 3, = Vg, (Ip).

13)

Using the taken symbols, we get the formulae for configuration energy E and
thermodynamical probability W:

6 4 3 2
[N AN N [N
E=-Y Ny - Y NGvg - ¥ NPv) - S N, (14)
=0 =0 1=0 1=0
where
0 — NO @) @ — ND ) 0 —ND ) )
Ng =Ng/ +Ng ., NG =Ng +Ng), Ny =N+ NP + N, (15)
OF )
6 Gol' 6 Gy, !

W=P - P 2 X
0 NO 1D _ Oy 120 D 1D 0
1=0 No (G =Ng ! ! 0Ng, (G, =N

4 G 3 Gy ! 3 GO

x P - P
=0 NO 1a® _nOD v 2o ND 1 a®
N® .(G@ N@ )! NQ1'(GQ1

“NO 1 5o NO ,(G<z)2_N(1) e
Q™ Q27 Q Q7

o () )
2 Gp! 2 Gp) ! 2 Gp!
20 NO 1D Oy 2o ND 11D _ D1 120 D 1@ _ Oy
=0 NG =N 0N (G — N1 10N (G —N{D )

where P is the product of factors by /.
Substituting values of E (14) and W (16) in equation (3) in terms of (15) and using
the Stirling formula InX!=X(InX-1) for large X numbers, we find energy as follows:
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6 6
l 1 I} D,
~Z(NG, +NG, 6 - ZNGvG -
2
Z(N(” N ol - Z(N(” N N )+
1=0
+kT{z(G<” InGE) +GE nGE )+ ng) InGY +
=0

+ Z(G(l) nG?® +g¥ 1nG<” )+
= TV,
+ Z(G“) InG{)) +G{)) nG{y) +G{J) nG{)) -
l 0
O 1 ND +ND 1 N® O ND —
_g(NollnNol+NozlnN02) EN InNg

a7

3
-3 ) ) (O] 0y _
;(NQl In NQl + NQz In NQz)

2
- Z(N(” InN{ + NP InN{) + N InN{ ) -

Z[(G”) NOHINGY) ~NGH+(GE) =NEHIGE) ~NE -
l 0

- ZZO(G((Q ~NHInGY - NG~
3

- 2HGY -NGHNGY -N)+(@GE) -NDHInGE) -N H1-

3
oS O _NO O _NO O _NO ) _NO
Y I(Gy, ~Np)HInGY) ~NEH+(Gp) ~NE )Gl ~Np) )+
+ Gy, ~Np) )ln(G(l) -NpOI.
The equilibrium state of fullerite is determmed from the conditions of free energy,

that are easily found by the method of the indeterminate Lagrange factor A. Factor A is
between numbers

correlated with the equation of  the relation
Ngl)(S=01,02,®,Q1,Q2,D1,D2, 3)
=Ny - Z(N(l) +NQ) -
& e l l 2 ! l l (18)
_ o _ ) )y _ O] () ()
l§0N® g(NQl +NG) EO(NDI +Np) +Np)).
In this case the conditions for minimum of free energy are written as follows:
T a?l) - gt a?l) ’ an +A a(pn =
N N N N 0Ny oNg
" oF K ” 082F
N +A 132) =0, T +A 8(3) =0, (19)
J oN N N

Fo o N
S+ a‘plzo, l xa“’lzo, S+ a‘plzo.
aND]( ) aND]( ) aNDz( ) aNDZ( ) 8ND3( ) aND3( )

After substitution of free energy F into (19), we find
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—vo” +kTnNy,  — (G, - N01 Dy1-a=o, 1=0.,......6,
vy + KN, —ln(G0 ~No,N1-2=0.  1=0......6,
—1)@( D 4 kTiinNg® —ln(G@(l) ~No™)1-A=0, 1=0.,.....4,
~vg” +kT[lnNQ @ —ln(GQ D —Ng,M1-A=0,  1=0....3, (20)
-vo” +KTImN, —ln(GQz ~No,M1-A=0,  1=0......3,

-Vp @ 4 kT[lnND - ln(GD1 —Np, O )-A=0, 1=01,2,
-Vp @ +kT[lnND —lH(GD - NDZ(Z) )]_)\’:0’ l:0’1’2’
-op® +KTINp, © = in(Gp, " -Np, P)1-1=0, =012,
Using these equations, we find the numbers Ng® of hydrogen atoms in the interstitial
sites s= Oy, Oy, O, Qy, Q,, Dy, D,, D; with I" configuration of F,, F, fullerenes
(1) (]) (1) U(l)
N(l) =A G(D exp hle /(1 + Aexp o ) N(D =A G(D exp 20 /(1 + Aexp—)

| (1) u(l)
N(Gl))=AG()exp 6/(1+Aexp @)

(1) (1) o0 ol
NG = AG“) exp-- it 0+ Aexp Q) N(D AG“) exp- - °Q /(1+Aexp—) (1)

Q
h _ (O] g) (l) O _ ) %) 1)(1)
Ngl =AGY) ex /(1+Aexp—) Np =AGYy) ex /(1+Aexp—)
<1> <1>
Ng)S =A Gg)3 D s Aexp—)

where A=exp% is chemical potential defined the hydrogen atoms activity, i.e. the

increase in the state function of the crystal due to each additional hydrogen atom appeared
from surroundings and dissolved in this crystal.

Summing up the attained numbers (21) for all configurations /, we can find the total
number Ny of hydrogen atoms in the crystal by equation (18) or the hydrogen solubility in
fullerite by Eqgs (6), (7).

We shall examined special cases of hydrogen solubility in fullerite.

3. Hydrogen solubility in single-component fullerite

Let F fullerene of one sort (Cgy or C79) be contained in the crystal. Then we shall
have only four types of O, @, Q, D interstitial sites. Each O, ®, Q, D interstice has the only
configuration: surrounding by the nearest F fullerenes.

Instead of eight equations (21), we shall have four. In this case

o=0,=00, PB=Pi=P., T=Yi=v», 6=8,=5,, (22)

and l)g) energies of hydrogen atoms in interstices s = O, ®, Q, D will be equal to



32

Values of G((l)) s G(el) s G(Ql), G%) determine the numbers of interstices Go, Go, Gg, Gp

and equal, respectively
Go=N, Gp=2N, Gg=8N, Gp=7N. 24)
The numbers Ng) of hydrogen atoms in the interstices s = O, 0, Q, D from (21) we
attain in the following form

1 —60..
N, = 2N(1 +—ex ,
0 ( A ka)
1 4B
N, = 2N + —exp—P) 25
) ( Y ka) (25)

1 =371
Ng =8N(I +—exp—=i),
Q ( A ka)

1 -28.
Np =7N(1+—exp——) ",
D ( A ka)

and the hydrogen concentration in the fullerite interstices will be equal to

1 —60. 1 —4B
co=1/1+—e , Co=2/1+—exp—),
o =M+-rexpa). cq =2/(1+Fexp1a0)
1 -3y 1 -20
=8/(1+—exp—), =7/(1+—exp—). 26
Cq ( Aexp kT) Cp ( Aexp kT) (26)

Each individual formula from (26) determines the hydrogen solubility in fullerite for
hydrogen atoms distribution only in O, ®, Q or D interstitial sites, respectively.

When hydrogen atoms are arranged in all interstitial sites, hydrogen solubility will
be determined by the sum of co, ce, cq, Cp concentrations according to equation (7).

Eqgs.(25), (26) show that at the infinitely low temperature T—O0 there exists
possibility of maximum hydrogen solubility in fullerite, determined by the sum of
interstitial sites (24) when all interstices are occupied with hydrogen atoms. The maximum
hydrogen solubility is equal to

Cm=C0+C9+CQ+CD=(G0+G9+GQ+GD)/N= 18. 227)

This case corresponds to the formation of FH;g fullerite.

However, by virtue of the large differences in the distances (2) between hydrogen
atoms and fullerenes, as it was noted above, hydrogen atoms can be arranged in the
interstitial sites of two or three types. We shall consider these cases below.

4. Hydrogen atoms distribution in octahedral and tetrahedral interstitial sites of
single-component fullerite

In this case the maximum possible the concentration of hydrogen atoms in fullerite
at T—0 is defined by the relative number of interstitial sites and equals
Cm=(Go+Ge)/N=1+2=3.
At any temperatures the hydrogen atoms concentration in O, ® interstitial sites and
the total concentration are determined by the following equations
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1 —601, 1 —4B
cp=(0+—ex , Co=(0+—exp——) ', c=cy+cCqp. 28
0= AP T ) o = 2 oxp kT) 0t Co (28)
Using these equations, we easily derive the following relations
1— —
Co L= omccy g =exp2 (29)
Cog 2-cy kT

whence find

co={cl—-¢g))-2-¢g +\/[c(1—£1)—2—.€1]2 +4ce (1-g)) J/2(1—¢)), cg =c—c(.(30)
Formulae (30) allows us to evaluate the hydrogen atoms distribution over O and ®
interstitial sites that is determined by temperature, the relation between o and B energy
parameters and the total concentration of hydrogen atoms.
Based on the relations (30), at T—0 we find for different hydrogen concentrations in
the range 0< ¢ <3

cat0<i<1 Oat0<n<l1 .
0= N > Co=19. . ,if 60-4p > 0, 3D
lat1<i<3 ni—latl1<i<3
and
Oat0<n<?2 cat0<i<2 |
co= ., ¢cy= __,if60-4B <0, (32)
c—2at2<n<3 2at2<n<3

The dependences (31), (32) for hydrogen atoms distribution in O and © interstitial
sites at T—0 are shown by solid broken lines in the Fig. 3. The dotted lines show the
hydrogen atoms distribution in O and © interstitial sites when 60-4B S 0 and T#0.

The maximum hydrogen concentration c,,=3 corresponds to the formation of FHj
hydrofullerite, i.e. in this case the atomic hydrogen concentration in reference to the
number of fullerenes cannot exceed x=3.

C~, Cg C-, C
0s Co (a) 0 Lo (b)
2
1 e
‘—'-,
- P
’¢" /¢’
| »
0 e I ¢ ¢
0 1 2 3

Fig.3. The hydrogen atoms distribution in octahedral O and tetrahedral ® interstitial
sites at 6a - 4 > 0 (a) and 6a - 4B < O (b). The solid broken lines correspond to T—0, the
dotted lines correspond to the temperature T#0.



34

5. Hydrogen atoms distribution in trigonal and bigonal interstitial sites of single-
component fullerite

Note that in virtue of small radii of hydrogen atoms and large volumes of interstitial
sites in fullerite, hydrogen atoms distribution in trigonal Q and bigonal D interstitial sites
can appear more probable. Let us consider this case.

The hydrogen atoms concentration in Q and D interstitial sites and the total
concentration are determined by the following equations

1 —S'Y -1 1 -20 -1
co=80+—exp—), cp=7(1+—exp——), c=cH+Cp, 33
Q=8 A ka) D ( A ka) QT¢p (33)

and the maximum hydrogen concentration in fullerite can be equal to the number of Q and
D interstitial sites, i.e.
Cm=(Go+Gp)/N=7+8=15. (34)
Using (33), we easily find the following relations
co(T=cp) _  3y-25
cp (8- Cq ) kT

, cp =c—cCq, 35)

from which we have

co ={c(l—&,)—7-8¢, +\/[C(1—82)—7—882]2 +32ce,(1—¢,)}/2(1—-¢,),
3y-20

kT
Formulae (36) define the character of hydrogen atoms distribution in Q and D

(36)

Cp =C—Cq, & =€Xp

interstitial sites depending on the temperature, the total hydrogen concentration ¢ and the
relation between y and 6 energetic constants.
For the infinitely low temperature T— 0 we find

c at 0<c<8 0 at 0<c<8 .
CQz{s at 8<c<15 CDz{c—s at 8<c<1s > if Y=2>0, 37
and
0 at 0<c<7 c at 0<c<7 .
Q‘{7 at 7<c<15’ CD‘{c—7 at 7<esis 13V 2<0, (38)

These hydrogen atoms distributions over Q and D interstitial sites are shown in
Fig.4. The broken lines correspond to T— 0, the dotted lines correspond to T#0.

When hydrogen atoms are arranged in trigonal and bigonal interstitial sites, there
exists possibility to form FH;s hydrofullerite in which the number of hydrogen atoms is
x=15 times as great as the number of fullerenes.



35

Co, €
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Fig.4. The hydrogen atoms distribution in trigonal Q and bigonal D interstitial sites
at 3y - 26>0 (a) and 3y - 28<0 (b). The solid broken lines correspond to the infinitely low
temperature T— 0, the dotted lines correspond to T#0

6. Small concentration of hydrogen atoms in F;-F, combined fullerite

Let us elucidate the functional dependences of hydrogen solubility in F;-F,
combined fullerite at the low concentration of hydrogen atoms when Ny < N. In this case
formulae (21) are simplified and have the form

0) 0 “8)
N01 =AGO exp——, [=0.,...,6,

10 KT
NG = AgW? expﬁ 1=0...,6
02 02 kT 2 EARAE ] bl
NO ~ AGY exp20.. 10,4
@ @ kT E) 9 9 E)

) ) "8)
NQ1 :AGQ] expﬁ, [=0,..,3,

) ) "(c?
NQ2 :AGQz expﬁ, [=0,..,3,

0] 0 Ug)
NDl = AGDl expﬁ, [1=0,1,2,

O _ac® oy ¥D
Np, =AGp) exp-2-, 1=0,1,2,

0] 0 U%)
ND3 = AGD3 CXPE, = 0, 1, 2.

O]

(39)

In the ordered fullerite the /™ configuration of F;, F, fullerenes is defined by the
configuration of fullerenes in the lattice sites of the first and second type, respectively, i.e.
the [ value is determined by the sum / = i +j, where i is the number of F, fullerenes in the
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lattice sites of the first type, and j is the number of the same F; fullerenes in the lattice sites
of the second type around each interstitial sites.

Taking into consideration the number of lattice sites of the first and second types
around each interstitial site (1), the number of interstitial sites with I™ configuration are
determined by the following equations

¢ LN pWiphe- 2" p@ip@2-) j_0 4 j=012

01 27 jI4-i)! F1 Fz jl2-j! F1 E, ’ e B

G([) _ 1 N 2! P(I)IP(I)(Z i) 4! P(Z)JP(Z)(4_j) i=0.1.2 j: 0...4

O 2 jI2-i B B ja-py B B
G0 —aN—2_pOiphe-h 2! p@ip@C=) j_012 j=012,

'v(z_i)v T ) je-p i B
GO = 2 p0iphe-h__ 1 p@ip@0-h g2 j=0u
Q 1|(2 i)! F1 Fz ja-j H Fz ’ S w (40)
G0 —aN—_pWipMa=h 21 p@ip@@-D) j_ j=0,1,2
Q2 ita-p! B B je-j) B B 7 T
G0 —an—1_pWip0i-i I p@ip@-p -0 =0y
-t B B2 qa-jprh R T

' .
G¥ =§N#plgl)lplgl)(2 D i=012,
2 2 id@-p!n 2
|
GO 3N 2 p@ip2-j ,j=0,12,

Dy 27 jo-prhE B

where the %N , %N, 2N, 4N, 4N, 4N, %N, %N numbers determine the number of

interstitial sites in the fullerite crystal of Oy, O,, ®, Qy, Q,, Dy, D,, D5 types, respectively.
In formulae (39) the energies of hydrogen atoms in the interstitial sites with regard
to the numerical values of i and j, given in (40), are equal to, respectively

(l) glﬂ') =ioy + (4 —1)oy + jo +(2— j)oy,
<l)2 = g;i) =ioy +(2—1)0t, + jou + (4 —j)o,,
V0 =00 =iB + (2 -1)B, + By + (2 - DBy,
(1) 8+j) =iy + (217, + iy + A=)y,
O _ (1+J) =iy + (=Y, + v + 2= )Y2,
<l> <1+J> =i8; +(1-1)3, + j&, + (1- )35,
<l> = “:D i3, +(2-1)3,,

(l) —1)(1+]) =jd +(2-)8,.

(41)

Substituting the GS([) numbers (40) and DS(Z) energies into (39) and summing up the
N,” numbers for all the configurations [ = i +j, we find the number of hydrogen atoms in
the interstitial sites s = Oy, O,, 0, Q;, Q,, Dy, D, Ds.
In summation we use Newton binomial
(a+b)" =C%" +Cla" b+ C2a" b + ...+ CMa" ™b™ +...+ C"ab™ + C"b", (42)
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where C}' is the number of combinations from n elements by m
!
Cch = L, (43)
m!(n—m)!
at this C =C} =1.
In our case

o B 1 Y 0 )
a=PPexp—L, PPexptl, PVexp— L, PV exp—L,
P RSP TSP TR P

(44)
5,
b=PVex %, P(l)ex Bz s PV ex Y—2 P(l)ex
B P P R P ka
or
)
a=P%ex ﬂ, P? ex &, P? ex l, P? ex —L
RSP RSP RSP RSP )

)
b=PPex %, P ex B—z, P? ex Y—Z, P® exp—2,
B P TR P TSP TSP

As a result of summation of the numbers (39) for all the configurations we get the
numbers of hydrogen atoms in the interstitial sites, respectively

l (6} (6}
Nioo, = ZZN() 2NAK( )* K¢ 2
10J

!
Ny_0, = ZZN()
1 0_] 0

1 vAk©@’ g ©@*
2 1 2 ’

! ©)? 1 ()2
NH_@:zzNg):zNAK{ kP,

i= OJ 0
NH—)Ql z ZN(I) _4NAK(Q) K(Q)
i= OJ 0 (46)
! 2
Nuoq, = ZZN“ = 4NAK(QK Q"
i= 0] 0
I D)y (D
Niop, = ZZN“ = 4NAKPK (P,
i= O] 0
o _3 (D)?
Ny-p, = ZNDZ =§NAK1 .
iio 3 s
) D
N, = £, = 3NaKP”
j=0
where
K =P exp ()+P(1)exp 0y’ , K =P exp ()+P(2) exp—(S) 47)
kT kT kT kT
)=0€1, B, v1. 81, 0)2 =0, B2, T2, 62 (48)

fors =0, O, Q, D, respectively.
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At present we find the hydrogen concentration in O, ®, Q, D interstices,
respectively

1 0)2,(0)% ,,(0)% 0)?
co = (Ni0, + Nitoy0,)/N=—AKI? K (K + K,

2 2
co =Npe/N=2AK® K"
cq =(Ngq, +Nuq,)/N=4AK{ VK (K +KY),
3 2 3 2
cp =(Ny_p, +Np, + Ny, )/N = AGK{VK +EK§D) +EK(2D) ).
The derived formulae (49) determine the hydrogen solubility, if hydrogen atoms are
distributed in one type of O, ®, Q, D interstitial sites.
When hydrogen atoms are distributed in all the interstitial sites, the hydrogen
solubility is defined by the sum of concentrations (49) and will be equal to

1 2 2 2 2 2 2
c=co+egtegtep = A[EK}O) KO KO+ kP 42k kP +

3.2 . 3,2
+4K§Q)K(2Q)(K§Q)+K<2Q))+4K§D)K<2D)+EK§D) +EK(2D) .

(50
Formulae (49), (50) with regard to the relations (47) and (11) determine the
corresponding hydrogen solubilities in dependce on the fullerite composition (c;, ¢,
concentrations), the temperature, the degree of the long-range order in the fullerenes
distribution over the lattice sites and the energetic constants.
In the absence of atomic order in the crystal sites we have
(s) 0)(8)

(O]
K® =K!® =K =¢, exp——+c, exp—=—, 51
1 2 1 ©Xp KT 2 €Xp KT (51

and the hydrogen solubilities, according to Egs.(49), (50), will be equal to

6 4
cd = (con=o = AK?", c§ = (co)non = 24K,

2
o _ _eAk(@® o _ _ 7 AarD)? (52)
CQ = (CQ)n:O =8AK , CD= (CD)T]=O =7AK .
c® =cn_g = Al(cyex ﬁ+c ex 26+20 ex &+c ex B—24+
n=0 = Al(c; P e ka) (ciexp 2 ka) 3

N1 Y23 1 242
+8(ciexp——+cCHexp—=)" +7(cjexp——+cHexp—=)"1].
(¢ Prr TC2 ka) (¢ Prr T C2 ka) ]

Formulae (52), (53) define the temperature and concentration dependence of
hydrogen solubility, the character of which depends to a large extent on the relations
between o, and m,"” energetic parameters (48).

The dependence of hydrogen solubility on the degree of fullerite ordering is easily
found out for the relative values

fozco/cg, fezce/cg, fQZCQ/C%, fD:CD/COD. (54)

Let us introduce and consider the following parameters
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o® o
1 exXp KT - exp—k%r
®g=oM o o $=0,6,Q,D. (55)
crexp + ¢y exp
KT kT

The range for possible values of &g parameters is easily evaluated by Eq.(55). In
fact, the order parameter has the maximum possible value ml = 1 (n=-1 corresponds to
changing roles between lattice points of the first and the second types). For crystals with the
stoichiometric composition, when c¢;=c,=0.5, and for slightly differed energetic constants,
when ©® = 0, = @,®, the values @ are defined by the function of hyperbolic tangent

&5 ~th % As it is known, this function has values in the range [-1, +1]. Consequently,
the ®g parameters can change in the range from -1 to +1, i.e. -1< &g <1. It is easy to see that
the ratios between values of K,®, K,®® (47) and K® (51) are equal

KK =1+=s, KKY=1-a;, (56)
and according to (49), (52), the relative solubilities fo, fe, fo, fp Will be determined by the
following equations

1
f=(1 - 2"y (1-20), fo=(1-20")%, fo=1-2¢, fD=1-7 ®&p. (57)

The dependence of fo, fe, fo, fp values on the corresponding &g parameters, which
are proportional to the degree of the long-range order according to (55), defines the
character of the atomic order effect during F;, F, fullerenes distribution over the fullerite
lattice sites on the hydrogen solubility when hydrogen atoms are arranged in the interstitial
site of any one type s = O, ©, Q, D. The plots of these dependences are shown in Fig.5.

As Fig.5 shows, the atomic order decreases the hydrogen solubility in fullerite. In
this case for the low value of &g, which is proportional to the order parameter n, the
hydrogen solubility slightly depends on the degree of the long-range order. However, with
increasing &g parameters, effect of the long-range order on the hydrogen solubility during
hydrogen atoms distribution over O, ®, Q interstitial sites can be significant. At hydrogen
atoms arrangement in D interstitial sites, the order has a weak effect on hydrogen solubility
in the whole range of @p, values.

If hydrogen atoms are arranged in the interstitial sites of two, three or four types, the
dependence of hydrogen solubility on order parameterwill be defined by some average
function from fo, fe, fo, fp functions, respectively, represented by the plots in Fig. 5. In
particular, when hydrogen atoms are arranged in the trigonal and bigonal interstices, the
relative hydrogen solubility will be defined by some curve on the f (®q ®p) surface shown
in Fig. 6. The hydrogen solubility can either slightly or significantly vary with the
change of order parameter depending on the run of the curve on this surface what will be
defined by relations between vy, v,, 81, 8, energetic constants.

Below for some specific cases we will find out the behaviour of hydrogen solubility
depending on the fullerite composition and its temperature.
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Fig.5. The curves for relative hydrogen solubility in fullerite plotted by formulae
(57) in dependce on the parameter &g (s=0, 0, Q, D), which is proportional to the degree of
the long-range order, for octahedral O, tetrahedral ®, trigonal Q and bigonal D interstitial
sites, respectively

f
1
e e ‘\\ /
"~
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20,5 X,
-1 0 0.5 1
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Fig.6. The f(®q, ®p) surface of the curve for relative hydrogen solubility in fullerite,
defined the solubility dependence on order parameters at hydrogen atoms distribution in
trigonal and bigonal interstitial sites.
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7. Dependence of hydrogen solubility on fullerite composition and temperature at
hydrogen atoms distribution in tetrahedral, trigonal and bigonal interstitial sites

As it follows from (2), the nearest distance between hydrogen atoms and fullerenes
for octa-interstices significantly exceed such distances for tetrahedral, trigonal and bigonal
interstitial sites while these distances for the latter differ from one another slightly.
Therefore, one can suppose that hydrogen atoms in fullerite are arranged in ®, Q, D
positions. In this case in the absence of ordering (n=0) the solubility is defined by the
function

0 By Py .4 Y1 V2.3 I 3, 2
¢’ = A[2(c; exp—+c¢, exp—)" +8(c; exp—+c¢, exp—)” +7(c; exp—+c¢, exp—)“] (58
(¢ Popte ka) (¢ Pt ka) ( Ppte ka) (58)
The study of this function c’=c°(c;) on the extremum by ¢, concentration gives the

following condition
B, 12 8,
4(ce; +exp—)e, +12(c,e, +exp—)e, +7(c,e; +exp——)e; =0, 59
(cie; ka)l (cie, PkT)z (cie3 PkT)s (59)

where

e = exp—l—expﬁ—2 , €, = expy—l—epr—2 , €3 = exp—l—exp5—2. (60)
kT kT kT kT kT kT
We have derived the cubic equation (59) in relation to c;, that can be solved, for
example, using Cardan formulae. The attained result is inconvenient and not given here.
However, one can assert that the c°(c;) function can be extreme (has the minimum)
if dependences of interaction energies of H-F pairs on distances are so that the plots of
these dependences intersect with changing distance from rp, to rg and further to rg so that at

r=rp we will have, for example, v , (tp) > Vi, (1p) but

Vg, (rQ) <Vijp 1(rQ) and "V ,(19) < Vi ,(1g) .

Each term in Eq.(58) gives the monotonous dependence on c¢; concentration. With
changing energy vy, Vur, depending on the distance in the H-F pair, the first two terms in
(58) will give the increasing curves with ¢, concentration, and the third term will give the
descending curve with increasing c¢,. The resulting curve c’°=c°(c;) can be extreme. This
case, as an example, is given in Fig.7 when

exp 4By _ 0,875 exp 4By _ 0,25
kT kT
3V, 3Y2
exp ——= 0,5, ex =0,795 , 61
P 4T P 1T (61)

exp 20 _ 0,143 exp 2%, _ 0,857
kT kT

The study of ¢°=c°(T) functions (58) has shown that the extremum can appear on the
case of change of interaction character between H-F pairs. In this case, with changing
distance r from 1p, to re, interaction in this pair will change from attraction to repulsion or
inversely what is highly improbable. Therefore, one can suppose that the temperature
dependence of hydrogen solubility in the disordered fullerite must be monotonous.
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Fig.7. The concentrational dependence of hydrogen solubility in the disordered
fullerite (the solid curve), plotted by Eq.(58), and energetic parameters (61). The circle
marks the minimum hydrogen solubility at c¢,=0.7. The dotted curves correspond to
hydrogen solubility when hydrogen atoms are arranged only in tetrahedral ®, only in
trigonal Q or bigonal D interstitial sites.

The interaction character between H-F pairs is repulsive what corresponds to the
negative values of By, Bs, v, Y2, 01, 0, energies. For this case, as an example, Fig.8 shows
the plots for ¢°=c°(T) dependence for fullerite crystals of the stoichiometric composition
(c=c,=0.5) and for the energies defined at kT=0.8610"" eV by relations

expﬁ =0,967 , expB—z =0,707 ,
kT kT
Y1 T2
exp— =0,795 , exp—==0,572 , 62
PoT PoT (62)
expi =0,378 , expg—2 =0,926 .
kT kT

It is seen from Fig.8 that hydrogen solubility ¢°=c®(T) in fullerite (as well as terms
c’o(T), c°o(T), c’p(T)) is increased with temperature rise. In this case, at the beginning, at
low temperatures the solubility is sharply increased with increasing temperature, and
further the growth of solubility is determined by the flattened plot.
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Fig.8. The temperature dependence of hydrogen solubility in the disordered fullerite
(the solid curve), plotted by formulae (58), and energetic parameters (62). The dotted
curves correspond to hydrogen solubility when hydrogen atoms are arranged only in
tetrahedral ®, only in trigonal Q or bigonal D interstitial sites.

8. Conclusions

Hence the statistical and thermodynamical theory of the lattice hydrogen solubility
in fullerite with consideration for the hydrogen atoms distribution over the interstitial sites
of different types has allowed us to explain and justify the formation of FH, hydrofullerites
with high hydrogen concentration when 0 < x < 18. It has been found that hydrogen
solubility depends on the fullerite composition, its temperature, the order parameter in
F=C¢, F,=C; fullerenes distribution over the lattice sites, the energetic constants
characterizing the interaction between H-F pairs at the different distances.

The specific cases have been studied. The character of hydrogen atoms distribution
in the interstitial sites of different types has been studied at the infinitely low temperature
T—0and at T #0.

The possibility of appearing extremum in the concentrational dependence of
hydrogen solubility has been established. It has been shown that the temperature
dependence of hydrogen solubility is the function monotonically increasing with
temperature rise. It has been elucidated that the order in F}, F, fullerenes distribution in the
lattice sites decreases hydrogen solubility for each type of interstitial sites. In this case the
low degree of ordering is scarcely affected by solubility, however, the large values of the
order parameter, depending on the type of interstititial sites in which hydrogen atoms are
arranged, can decrease the hydrogen solubility down to zero. At hydrogen atoms
distribution in the interstitial sites of different types depending on the degree of fullerite
ordering, the hydrogen solubility is defined by some average curve on the surface in the
five-dimensional space f(®o, ®¢, @, ®&p). Behaviour of this curve must depend on the
energetic parameters of H-F pairs interaction at the different distances corresponding to the
hydrogen atoms arrangement in O, ®, Q, D interstitial sites.

In summary it should be noted that the pursued investigations can be refined due to
taking into account: the volume effects induced by hydrogen atoms, local distortions of the
crystal lattice around the hydrogen atoms (deformation effects), the interaction between H-
F pairs in the next coordination spheres, the fullerenes ordering and formation of four
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sublattices [15], the change of the phase states in the hydrogen atoms system (possible
isotopic ordering), the effect of external pressure of gas from which the hydrogen atoms go
in fullerite, the electron properties of hydrogen solvent, possible presence of fullerited
hydrogen in hydrofullerite.

9. References

1. Tkachenko L.I., Lobach A.S., Strelets V.V. Redoks-indutsiruemyi perenos vodoroda s hydrofullerena CeoHs¢
na fulleren Cg // Isv. RAN. Ser. him. 1988. Ne6. P. 1136-1139.

2. Bezmelnitsyn V.N., Glazkov V.B., Zhukov V.P., Somenkov V.A., Shilshtein S.Sh. Abstr. 4th Biennial Int.
Workshop in Russia “Fullerene and Atomic Clusters”. St. Petersburg. 1999. P. 70.

3.  Glazkov V.P., Zhukov V.P., Somenkov V.A., Ivanova T.N. Ibid. P. 71.

4. UgovenukT.S., Udalov Yu.P., Gavrilenko I[.B. Vzaimodeistvie fullerenovoi sazhi s vodorodnoi
neravnovesnoi plazmoi// Jurnal prikladnoi khimii. 1999. V.72. P. 1728-1733.

5. Hall LE., McKenzie D.R., Attalla M.J., Vassallo A.M., Davis R.L., Dunlop J.B., Cockayne D.J.H The
structure of CeoHag // Journ. Phys. Chem. 1993. Vol. 97. P.5741-5744.

6.  Kolesnikov A.IL, Antonov V.E., Bashkin 1.O., Grosse G., Moravsky A.P., Muzychka A.Yu., Ponyatovsky
E.G., Wagner F.E. Neutron spectroscopy of Cs fullerene hydrogenated // Journ. Phys. Condens. Matter.
1957. Vol. 9. P.2831.

7. Goldshleger N.F., Moravskiy A.p., Hydridy fullerenov: poluchenie, svoystva, structura // Uspekhi khimii.
1997. V. 66. Ned. P. 353-375.

8. Shulga YuM, Tarasov B.P. kristallicheskie hydrofullereni: polucheni i svoystva. Fullereni i
fullerenopodobnie stuctury. Minsk: BGU. 2000. P. 14-19.

9.  Trefilov V.I., Schur D.V., Tarasov B.P., Shulga Yu.M., Chernogorenko A.V., Pishuk V.K., Zaginaichenko
S.Yu. Fullereny — osnova materialov buduschego K.: ADEF. 2001. 148 p.

10. Matysina Z.A., Schur D.V. Vodorod I tverdofaznie prevraschenia v metallah, splavah i fulleritah.
Dnepropetrovsk: Nauka i obrazovanie. 2002. 420 c.

11. David W.L, Ibberson R.M., Dennis T.J.S., Harr J.P., Prassides K. Europhys. Lett. 1992. Vol. 18. P. 219.

12.  Blinc R., Selinger J., Dolinsek J., Arcon D. Two — dimensional C NMR study orientational ordering in solid
Cgo. //Phys. Rev. 1994. Vol. 49. P. 4993-5002.

13. Brazhkin V.V., Lyapin A.G. Prevraschenie fullerita Cey pri vysokih davleniyah i temperaturah// Uspehi
fizicheskih nauk. 1996. V. 166. P. 893-897.

14. Tareeva E.E., Schelkacheva T.I. Orientatsionnoe uporyadochenie v tverdom Cg: metod vetvleniy
/[Tereticheskaya i matematicheskaya fizika. 1999. V. 121. Ne 3. P. 479-491.

15. Makarova T.L. Elektricheskie i opticheskie svoystva monomernyh i polimernyh fullerenov (obzor) // Fizika i
tehnika poluprovodnikov. 2001. V. 35. Ne 3. P. 257-293.

16. Sundqvint B. Adv. Phys. 1999. Vol. 48. P. 1.

17. Matysina Z.A., Schur D.V. Structurnie prevrascheniya pri hydrirovanii fullerita. Rastvorimost vodoroda//
Dep. Ne 3188-B99. M.: VINITL 1999. 17 p. Izvestiya vuzov. Phisika. 2000. Ne 2. P. 100.

18. Zaginaichenko S.Yu., Matysina Z.A., Schur D.V., Chumak V.A. The calculation of constitutional diagrams
and hydrogen solubility in simplest hydrofullerenes // Proceed. 13th World Hydrogen Energy Conf. Beijing.
2000. P. 1216-1221.

19. Zaginaichenko S.Yu., Matysina Z.A., Schur D.V., Chumak V.A., Pishuk V.K. Teoreticheskoe issledovanie
perehoda mezhdu fazami PK-OCK tipa pri nasyschenii fullerenov vodorodom // Mezhdunarodnyi nauchnyi
jurnal «Alternativnaya energetika i ekologiya». 2002. Ne 1. P.45-55.

20. Somenkov V.A,, Shilshtein C.Sh., Fazovie prevrascgeniya vodoroda v metallah. M.: IAE. 1978. 80 p.

21. Smirnov A.A. Teoria splavov vnedreniya. M.: Nauka. 1979. 388 p.

22. Smirnov A.A. Teoria diffuzii v splavah vnedrenia. K.: Naukova dumka. 1982. 167 p.

23. Smirnov A.A. Teoria fazovyh prevrascheniy i razmescheniya atomov v splavah vnedreniya K.: Naukova
dumka. 1992. 280 c.

24. Boba M.S., T.S.L., Bolasubramajan R., Studies on the thermodynamics of Cg-C5o binary system // Journ.
Phys. Chem. 1994. Vol. 98. P. 1333-1340.

25. Khniaz K., Fisher J.E., Girifalco L.A., Fullerene alloys // Sol. State Comm. 1995. Vol. 96. P. 739-743.

26. Havlik D., Schranz W., Haluska M., Kuzmany H., Rogl P. Thermal expansion measurements of Ce)-C7
mized crystals // Sol. State Comm. 1997. Vol. 104. P.775-779.

27. Bezmelnitsin V.N., Eletskiy A.V., Okun M.V. Fullereny v rastvorah // Uspehi fizicheskih nauk. 1995. V.
168. P. 1195-1221.

28. Vovk O.M,, Isakina A.P. Garbus A.S., Kravchenko Yu.S. Tverdye rastvory fullerenov Cg)-C79, poluchennye
iz geksan-toluolnogo rastvora. Fullereny i fullrenopodobnnie structury. Minsk: BGU. 2000. P. 70-76.



CONTROLLING ROLE OF ELECTRON CONCENTRATION IN
PLASMA-CHEMICAL SYNTHESIS

G.N. CHURILOV

L.V. Kirensky Institute of Physics SB RAS, Akademgorodok,
Krasnoyarsk, 660036 Russia

E-mail: churilov@iph.krasn.ru

Keywords: A. Fullerene; B. Arc discharge; C. Computational chemistry, modeling

1. Introduction

In 1990 W. Kraetschmer et al. had published the article in Nature journal about fullerene
synthesis and extraction [1]. In this work the methods of synthesis and extraction of the
new carbon allotrope were shown.

The theorists at once took an interest in the fullerene formation mechanism and many
hypotheses and models of their formation were built. But, in my opinion, the work of
Bochvar and Gal’perin [2], which was published long before efficient fullerene synthesis
discovery, remains the most significant up to now.

The experimenters attempted to improve Kraetschmer’s method and detected that the
new carbon allotrope practically does not form at pressures greater than 200 torr.

Before the fullerenes discovery we repeatedly observed the self-focusing and self-
blowing carbon plasma jet arising at special form of electrodes and at a current feed of
kHz frequency (Fig.1). The jet in open space achieved the length of 0.75m. In 1988 the
work about its generation method and plasma parameters was published [3].

There was nothing but to use water-cooling chamber and to investigate carbon
condensate forming on chamber walls. Consequently it was established that fullerene
synthesis is possible at atmospheric pressure [4].

2. Results and discussion

In Fig.2 one can see the chromatogram of fullerene extract. The synthesis leads to higher
percentage of C;o (up to 30%) and higher fullerenes (up to 15%). Because the fullerene
synthesis at atmospheric pressure was substantially unsuccessful, there is vital necessity
to explain successful fullerene synthesis in our setup.

It is well known that in plasma at pressures less then 200 torr differ in ionization
instability. Ionization instability often appears as electron density oscillations, which can
be observed as discharge stratification. In such case glow discharge in a tube is separated
on alternate areas of different brightness. The view of alternate dark and bright areas can
be moving or static. This phenomenon named discharge stratification and it is the visual
display of ionization instability.
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Figure 1. Self-focusing plasma jet at open space
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Figure 2. Chromatogram of fullerene mixture obtained during extraction on Cosmosil
Buckyprep column.
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We had carried out the discharge between graphite electrode and hole water-cooling
copper rod in argon flow. The discharge current (44 kHz) was co-phased with the
rotation angle of high-speed photorecorder mirror. It was achieved due to the choice of
frequency and phase of the mirror rotation as a reference signal for the discharge current
[5]. In this experiment forced ionization waves first were registered at atmospheric
pressure.

The experiments described above had shown that plasma both in Kraetschmer’s
method and in discharge of kHz frequency range is unstable toward arising of electron
density oscillations. Thus, a model of fullerene formation has to take into account
electron concentration of ionized carbon vapor.

We used quantum-chemical methods to calculate bonding energies, ionization
potentials and electron affinities for different carbon clusters. At first for every carbon
cluster geometry optimization was carried out by semiempirical method PM3. Obtained
geometry was used in calculations of bonding energy of a cluster with different charges
in VASP package [6]. In this DFT calculations forevery atom Vanderbilt pseudopotential
was used [7]. The results are shown in the Table 1.

TABLE 1. Ionization potential (IP), electron affinity to first (EA1) and second (EA2) electron

k 1P, eV EAl, eV EA2, eV
2 11.666 4.752 1.562
4 9.963 5.073 1.676
10 8.194 1.924 1.046
14 7.583 3.365 1.426
18 6.825 4.559 2.575
20 6.86 4.11 2.01
31 6.27 4.624 3.078
40 5.85 3.97 241
60 5.47 3.79 2.62
70 5.354 3.964 2.622
80 5.074 3.92 2.804

The classic collision theory gives the formula for collision cross section of charged
clusters [8]:

2
e
G615 =, 1= 4192
112€kin
where ©, = 7'cr122 — classical collision cross section of neutral particles,

q,9,¢” /r12 =E,, — energy of Coulomb interaction of particles and €, =3/2-kgT —

average kinetic energy of relative moving of particles. From this formula one can see the
greater difference between charges of colliding particles the greater cross section. In the
case of local thermodynamical equilibrium concentrations of charged components of a
cluster defined by Saha equation:

q+l . q+1
Ny k

where nj is the concentration of cluster Cy with charge q, n. is the electron
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/2 n,

concentration, a = 2 (m KT /2mn? )3 , 23(T)= E '";xgn exp[- (e, —&,)/kgT] is
n=

the electronic statistical sum of cluster C with charge ¢ at temperature T, IPJ is the

ionization potential of cluster C{ with charge ¢q. Average charge of a cluster at given
electron concentration n, and temperature T  was equal to
<qk> = (nf: -ny —2nE2)/(nf(r +nY +n +n£2).

On Fig.3 the dependencies of carbon cluster charges on electron concentration at
constant temperature (2500K) are shown.

1.0

-1.0
-1.5 . . . . .
14 15 16 17 18 19 20
log ne, m™
Fig.3. Dependence of average charges of different clusters on electron concentration at
temperature 2500K.

On Fig.4 one can see that formation rate of different size clusters has maximum at
different electron concentrations at the same temperature (2500K).

We considered formation of Cg, and had found that an area of values of temperature
and electron concentration exists where formation rate is greater more then order then
average rate for all electron concentrations and temperatures in considered range. The
oscillations of electron concentration increase formation rate of Cg up to few times at
temperatures lower than 3000K and at electron concentrations exceed electron
concentration of equilibrium plasma without any impurities [9].

The ideas represented above were developed to estimate formation rates of
endohedral fullerenes depending on temperature for self consisted electron
concentration, which are shown in Fig.5 (also see [10]).

These calculations qualitatively correspond to experimental results. We carried out
the synthesis in the setup described above at atmospheric pressure with different metals
and obtained fullerene mixtures with different contents of metals: Fe — 0. 03%, Sc —
0.0015% and Pt — 0.00%.
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Fig.4. Dependence of relative rate of association of a cluster C, and small cluster C, (Cn + C2 — Cn +2)

on electron concentration at temperature 2500K.
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Fig.5. Rate of metallofullerenes Me@Cg4 formation depending on temperature at self-consistent
electron concentration.
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The calculations of formation of heterofullerene CsoB (Fig.6) and exofullerene CqoSe
(Fig.7) also corresponds well with our experiments.

Our experiments confirmed presence of CsoB in fullerene mixture and presence of
fullerene bonded with selenium. On this the amount of Se was 3%.

Fig.7. Molecule CgSe and its isopotential surface
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3. Conclusions

In prospect we plan to improve the fullerene formation model considering electron
concentration especially in calculations of endo- and heterofullerenes, to investigate
experimentally and theoretically conditions of their maximum yield, to extract and to
investigate isolated fullerene derivatives.
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Abstract

A compressed gas such as oxygen or hydrogen is stored at elevated pressure by
introducing it into a plurality of storage cells having a common gas distribution manifold
thereby maintaining the same pressure in all cells. The flow of gas between the manifold
in any given cell is blocked in the event of a sudden pressure drop in such cell such as
may occur in the event of a leak in the cell. Preferably, the cells are constructed in
modular form to include a plurality of the cells and the modular material is preferably
made of porous gasar material. The low pressure, i.e., leaky cell, is preferably blocked by
a closure formed of pliable rubber like material that is forced against the passageway
leading from the manifold to the cell by higher gas pressure in the manifold, which
occurs when the pressure becomes lower in the given cell due to a leak.

Keywords: oxygen; tubular cell; gasar material cell; compressed gas; safety gas storage
1. Introduction

The overall technical objective of this works is to establish the feasibility of using the
proposed gasar materials [1] as well tube cell modules [2] for the development of high
performance oxygen storage system. The feasibility study was to include synthesis and
full characterization of both systems in terms of improved gas storage capacity,
mechanical integrity, as well as safety and reliability. The basic engineering object of the
project is creation of a new oxygen high pressure storage, which will combine safety
with high capacity and yet be inexpensive and convenient, for use in aircraft and
spacecraft. They can be utilized also for ground vehicles as a hydrogen source for fuel
cell electric generation.

2. Technical, economical and environmental considerations

We has refined the fabrication process [2] and performed initial testing of the tubular
oxygen storage system comprised of separate small diameter thin-wall metal tubes
reinforced with carbon fiber wrapping (Figure 1). The measured oxygen storage capacity
for wrapped stainless steel tubes was found to be close to that calculated theoretically
(Figure 2), which allowed further extension of the modeling onto other light-weight
materials, for example, aluminum. In the course of design optimization, several
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modifications of selected system components were generated. Based on these suggested
improvements aimed at weight reduction, the overall oxygen storage capacity of the
proposed system utilizing aluminum tubes is expected to reach ~ 58 % by weight, which
doubles the capacity of the system as compared with currently utilized options (for

example, oxygen candle).

40

Figure 1. The outward of tube module oxygen storage
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In addition, variety of safety tests were designed and conducted to demonstrate an
outstanding reliability of the proposed system. During the course of this research, a great
deal of attention was paid to optimizing specific components of the system (manifold,
tube end connectors, sealing mechanism, etc.) as well as the process of wrapping the
tubes to ensure their uniform and reliable reinforcement in both radial and axial
directions which should enable withstanding of repeated gas charge and discharge cycles
under reasonable pressure.

It is important to emphasize, that due to uniqueness of oxygen behavior under high
pressure, continuing increase in pressure does not necessarily result in continuing
increase in oxygen storage capacity Fig. 2. This can be explained by variation of oxygen
compressibility factor, which increases with pressure causing less gas storage as
compared to ideal gas.

3. Results and discussion

In accordance with the main idea, by providing a storage system comprising of plurality
of gas tight cells, preferably in modules, rather than a single gas cylinder of equivalent
capacity, the danger of sudden total gas release will be reduced and the safety margin can
therefore be reduced accordingly. The result is a much higher weight fraction of storage.
The idea of using a storage system with a plurality of cells formed of micro tube cells [2]
or gasar-material having cellular structure [1] as the basic gas storage block (cellular
module) is the scientific and technical basis of a preferred aspect of this work.

High-strength porous materials have only recently become available at reasonable
costs due to the innovative, gas eutectic transformation process. The high strength of
these materials, known as gasar-material, results from the smoothly rounded pore shape,
the mirror smooth pore surface finish and the absence of porosity in the interpore spaces.
An additional advantage is the cleanliness of the base material. The base material is free
of the nonmetallic inclusions, which are usually present in porous metal materials
created by sintering together oxide or carbide coated fine powders.

Ellipsoidal, tapered and cylindrical steel gasar ingot’s shapes were studied to create
best variants of gas storage unites. It is shown that steel-based gasar ingots was not result
in porosity over 50% and qualified ingot’s surface in all cases under studied parameters.
To improve this results modification of equipment must be curried out.

It was suggested to use light magnesium alloy instead steel gasar-based oxygen
storage. The magnesium alloy with manganese and cerium featuring in high corrosion
resistance and strength was selected for investigation.

Ellipsoidal and cylindrical magnesium alloy — based gasar ingots was studied. It was
created that the better structure, higher porosity and acceptable ingot’s surface in
magnesium-based gasar form already under pressure 0,12 - 0,2 MPa. In proper
conditions magnesium-based gas storage units may be applied.

Structures with radial continuous pores are preferable for use in gasar cellular storage
(GCS), since the charging/discharging channels are all clustered together where it is
relatively easy to block or unblock them by the same mechanism, as shown in
Figure 3.,4.

On the bases of conducted research magnesium alloy is recommended for oxygen
storage. The samples of ellipsoidal and cylindrical magnesium alloy—based gasar ingots
was prepared for tests.
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Figure 3. Schematic inner structure changing of the radial gasar casting after machining:

left — initial structure, right — after machining.

Figure 4. An ellipsoidal steel-based gasar ingot:
left- general view; right- longitudinal section
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Increased safety is achieved by a special design element, which we have named
"smart” rubber. It is a thin (about 1-mm thick) rubber film, which covers the internal
pore apertures. In a case where outer wall destruction causes oxygen to escape from one
or several pores. This “smart” rubber will nestle tightly into these open-ended apertures
and block release of oxygen from the undamaged pores.

For initial manufacture of the GCS in laboratory conditions we have chosen an
austenitic stainless steel. It has the greatest margin of safety at the same oxygen storage
amount and due to its corrosion resistance is unlikely to weaken with time due to
corrosion.

4. Conclusions

In conclusion, the performance of the proposed system was compared with other
commercially available options, for example a NaClO; oxygen candle, which generates
oxygen as a result of a high temperature chemical reaction between sodium chlorate and
iron powder. Examples of various o The main disadvantages of such systems are high
temperature operation, which poses a fire hazard, and impossibility of recharging the
system.

Comparative data between existing oxygen candles and the proposed system based
on calculation results conducted for aluminum tubes for better weight savings are given
in Table 1. Oxygen candle devices as well as schematic diagram are shown in Table
below.

TABLE 1. Comparative characteristics of MER’s prototype and commercial oxygen candle

Characteristic MER Prototype Oxygen candle
Amount of generated O; 2900 L (4.14 kg) 2900 L (4.14 kg)
O, source compressed gas Chemical reaction
O, purity up to 100% (< 5 ppm CO) Up to 99% (< 25 ppm CO)
System weight 7.14 kg (Aluminum) 15 kg
Wt. percent O; 58 % 27.6 %
Start-up Instantaneous Delayed
Operating conditions room temperature 600 degrees
Discharge rate as required 64.4 liters/min maximum
Duration Controllable 30 — 45 min
Volume Conformable to available space Fixed
Suitability for other gases Yes (Hy, air, etc.) No
Rechargeability Yes No
Fire hazard No Yes

Based on comparative characteristics shown above, the proposed system shows definite

advantages over existing systems and will be further investigated in Phase II program.
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Abstract

The further theoretical study of the short-range order kinetics of H-atoms at tetrahedral
interstices in h.c.p. lanthanoids (Ln), for instance, lutetium (Lu), is developed. It is studied
by the use of available data of measurements of residual electrical resistivity for interstitial
solid solutions h.c.p.-Lu—H during the isothermal annealing. Within the framework of two
models (with one and two relaxation times), the relaxation times of this process in some o~
Lu—H solid solutions at temperatures 160—180 K are evaluated on a base of the available
experimental results. Within the framework of the hypothesis about an identity of
maximum characteristic relaxation times of diffuse radiation scattering and relaxation times
of electrical resistivity, the time evolution of normalized change of radiation diffuse-
scattering intensity is predicted and corresponds to the wave-vector star, which dominates
in mapping a structure of the short-range order (at different quenching and annealing
temperatures) for polycrystalline LuHy ;50 and LuH 54 solid solutions. The pre-exponential
factor in the Arrhenius-type law for the relaxation time and energy of migration activation
for H atoms in these solid solutions are obtained.

1. Introduction

Short-range ordering (as well as long-range ordering) exerts a strong influence on many
physical properties of the rare earth-hydrogen systems (see Ref. [1, 2]).

The present paper is dedicated to the further theoretical study of the short-range order
kinetics of H-isotopes at tetrahedral interstices (see Fig. 1) in h.c.p. lanthanoids (Ln), in
particular, lutetium (Lu), studied by electrical-resistance measurements.

To investigate the short-range order (SRO) kinetics, a direct approach consists of
determining the SRO structure by diffuse-scattering experiments at a given temperature, i.e.
reciprocal-space distribution of diffuse-scattering intensity as a function of time. This
supposes a large number of measurements, which are not easily performed by such a
method.

Another solution is to follow a physical property affected by the SRO evolution. The
most used is electrical resistivity, which allows obtaining the results with more simplicity
and accuracy. Nevertheless, such measurements could only be considered as macroscopic
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Figure 1. Location of tetrahedral interstices (o) forming four interpenetrating sublattices
(1, 2, 3, 4) within the h.c.p. lattice with parameters ay and ¢, (o—metal atoms at sites
forming two interpenetrating sublattices); a;, a,, a;—basic translation vectors.

information compared with the determination of each Warren—Cowley parameter. Indeed
the different effects contributing to the variations of the electrical resistivity are difficult to
separate. This led to the development of several kinetic models for predicting the evolution
of SRO [3,4].

Because of its macroscopic character, it is clear that method of ‘electrical-resistance
change’ cannot bring an information as detailed as that deduced from diffuse-scattering
intensity measurements [5—13]. However, the high accuracy of the resistivity measurement
and its great sensitivity to any change in the atomic distribution, combined to its relative
experimental simplicity, makes this technique a useful tool in studying both long-range
order and short-range order kinetics [14—16].

Kinetics of the short-range order relaxation is controlled by diffusion of atoms on
intersite distances, and it is realizing during comparatively short times (i.e. high
temperatures are not necessary for its realization). Thus, investigation of the relaxation of
short-range order allows determining microscopic characteristics of bulk diffusion—
probabilities of atomic jumps in elementary diffusion acts, ezc.

2. Model

Because of the macroscopic character of the resistivity relaxation, our model is

phenomenological and macroscopic. It is based on the hypothesis that, for any interstitial

mechanism of hydrogen diffusion in h.c.p.-LnH, system (0<¢<0.5), the reciprocal of

relaxation time for the i-type channel of relaxation process, T;', is directly proportional to
the hydrogen jump frequency, vy;, with an efficiency factor ;:

T ==V ey

As assumed, the relaxation time corresponds to the time required for the i-type channel
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migration of hydrogen to change the SRO-parameter value in e times. The temperature
dependence of vy; has its usual definition given by a Boltzmann distribution,

Vi = Voiexpl=E,; [(kgT )} 2)
In Eq. (2), vy is a pre-exponential factor, kz—Boltzmann constant, 7—annealing
temperature, E,—energy of the i-type channel migration activation of H atoms. In a case
of spatial redistribution of H atoms between (tetrahedral) interstices, E,,; corresponds to H-
atom total activation energy, E,: E,=E,; Therefore, the temperature dependence of T;
follows the so-called Arrhenius law [1]:

T :TOiexP{Eai/(kBT )} with Toi :bCi(l_C)V()i}_l~ 3)
In this case, experimental data have to be described with only two parameters Ty; and E,; for
each (ith) contribution to relaxation mechanism.

In residual-resistivity studies, the rate of isothermal variations of the degree of SRO is
generally considered proportional to a ‘thermodynamical force’ as a function F of the
distance to equilibrium.

Therefore, the kinetic equation could be written in the form [3, 16]

BTy jipreT)=p(T)) 4)
where p(#,T) is the instantaneous residual resistivity and p..(7)—the equilibrium residual
resistivity at annealing temperature 7.

Under stationary conditions, i.e. constant concentration of H atoms as interstitial
defects, several different kinetic treatments are commonly used.

The simplest one is the first-order kinetics model with

Bl p(1T )= pu(T)) =T (4T )= p(T)) 5)
where the SRO relaxation is described by a single-exponential behaviour of the normalized
resistivity change [5, 17],

PLT)=po(T) _ exp{_ t } (6)
Po(T)=p(T) UT)

(po(T)—the initial residual resistivity at annealing temperature 7) and characterised by a
unique relaxation time T(7), which is defined in terms of the hydrogen jump frequency
(mobility), vy, with an efficiency factor ¥, and the hydrogen concentration, c, in Ln (see
Eq. (1)).

Higher-order (n) kinetics model resulting in a sum of several exponential relaxations is
postulated as follows [14, 18-20]:

PLT)=p(T)
Po(T)—po(T) ZE i p[

} 7
T(T)

with

A =1 (8)
i=l

where A—the weight of the ith channel of relaxation process. Such more complex
relaxation behaviour, in the manner of a Khachaturyan approach [21] to the description of
SRO-relaxation kinetics, might be also explained in the model of disperse order [18, 19].
As the number of independent fit parameters increases as 3n 1, in order to keep the analysis
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trustworthy, the number of exponentials (1) necessary to fit the data, as a rule, should not
exceed 2 or 3 [15].

3. Results

The kinetics of short-range order of H in h.c.p. Lu was studied in Ref. [22] by electrical
resistivity measurements during isothermal (7'=const) anneals performed with two
specimens. Their hydrogen concentrations, given as the ratio ¢ of H to Lu atoms, were
determined from pressure drop in the reaction volume during loading (charging) and during
degassing after the measurements as follows: ¢=0.180 and ¢=0.254; another estimates of
corresponding H-to-Lu ratios for these two specimens were derived from measurement of
the quenched-in resistivities p at 4.2K and 296K and are ¢,=0.259 and ¢,=0.280,
respectively (i.e. above the T-independent solubility limit, ¢™**=0.20, in the metastable
low-T short-range-ordered a*-phase [1]). Considerable changes in resistivity p(#,7) of
LuH, (¢=0.180 and ¢=0.254) during isothermal annealing within reasonable times, t, were
only observed at temperatures between about 150K and 200K [22]. As evaluated, an
activation enthalpy of 0.45eV corresponds to the migration of H atoms at temperatures
from about 160 K to about 190 K [22].

In Ref. [4], the relaxation times, {T;}, for alloys LuHy 30 and LuHj,s4 were estimated by
using experimental results of Ref. [22] within the framework of the first-order kinetics
model and the (more realistic) second-order kinetics model. Besides, the normalized
resistivity changes in these solid solutions during isothermal annealing at the given
temperatures were also obtained in Refs. [3, 4].

TABLE 1. Parameters obtained by the least-squares method within the framework of the
models with one (first-order kinetics model) and two (second-order kinetics model)
relaxation times for two a-Lu—H solid solutions at issue.

First-order kinetics Second-order kinetics model
model
Pre- Activation | First pre- First Second Second
Alloy |exponential| energy of |exponential| activation |preexponen| activation
parameter | migration | parameter | energy tial energy
To, S E, eV To1, S of parameter of
migration T, S migration
Eala eV Eaz, eV
LuHp s | 1.464-10°| 0326 [2.930-10°| 0.304 |[7.622:10°| 0.291
LuHyss4 | 1.969-10° | 0.383 | 1.142-107 | 0.373 [8.193-10°| 0.348

The Arrhenius-type dependences (with parameters {7} and {E,}; see Table I) of the
relaxation times T (within the framework of the first-order kinetics model) and 7,7, (within
the framework of the more realistic second-order kinetics model) on a temperature, T, for
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Figure 2. Relaxation times, T, T, and T,, on annealing temperature, 7, within the
framework of the first-order (a) and second-order (b) kinetics models for h.c.p.-Lu-H
solid solutions.

alloys LuH, 50 and LuHy,s4 are presented in Fig.2. In any case, the obtained values of
activation energies of migration {E,} (0.291-0.383eV at Te (160K, 180K); Table I)
differ from comparatively high-temperature (7€ (380 K, 540 K)) data [23] about diffusion
of H atoms in the enough weak solution LuH, s with E,=0.574 £ 0.015 eV (see Refs. in
[1]). This result maybe caused by the fact that the H atoms in Lu migrate more easily at
lower temperatures, e.g., from about 135 K to 170 K (as in Ref. [24]), due to tunnelling-
mechanism diffusion contribution.

From second-moment NMR experiments carried out on LuH ;7 between 170 and 420 K, the
authors of the study (Ref. [25]) evaluated the activation energy of =0.28 eV for H diffusion.
A similar values for the activation energies were obtained from resistance-relaxation
measurements after quenching at low-temperature electron irradiation [26,27]. For temperatures
around 160K, the measurements yielded activation energies between 0.22eV and
0.29eV for H. These values are not consistent with outcomes (0.428+0.003eV and
0.433+0.003 eV) of Ref. [24], but are more close to our simulated results.

Product of an efficiency factor, ¥, and hydrogen jump frequency, vy, for o-Lu-H solid
solutions at different annealing temperatures are presented in Table II. They were calculated
within the framework of the kinetic model with one relaxation time (see Eq. (6)) taking into
consideration Eq. (1).

Within the framework of the hypothesis about an identity of maximum characteristic
relaxation times of diffuse radiation scattering and relaxation times of electrical resistivity, the
time evolution of normalized change of radiation diffuse-scattering intensity was predicted and
corresponds to the wave-vector star {k*}, which dominates in mapping a structure of the short-
range order (at different quenching and annealing temperatures) for polycrystalline LuH, ;50 and
LuHj,s,4 solid solutions. Time dependence of normalized change of radiation diffuse-scattering
intensity is presented in Fig.3 (for one and two relaxation times).

It is necessary to note that, using temperature dependences of the SRO-induced relaxation
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time of electrical residual resistivity in Fig.2, one can obtain graphs of the time dependence of
normalized change of radiation diffuse-scattering intensity not only for temperatures indicated in
Figs. 3,4 (161.8K, 167.3 K, and 180.2 K), but for another temperatures too.

TABLE II. Values of product of an efficiency factor, %, and hydrogen jump frequency, vy,
for a-Lu—H solid solutions at different annealing temperatures. Values y vy were calculated

within the framework of the first-order kinetic model (6) using Eq. (1).

LuHy 150 LuHgs4
Annealing
temperature T, Vi, O Vi, O
K
161.8 5.89-107 7.83-107°
167.3 1.21-107* 1.86:107*
180.2 1.02:10° 268107
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Figure 3. Logarithm of the normalized radiation diffuse-scattering intensity changes versus
isothermal-annealing time within the framework of the first-order (a, b) and second-order
(c, d) kinetics models for the interstitial solid solutions h.c.p.-LuHy 50 (a, ¢) and h.c.p.-
LuHj,s4 (b, d) at the given annealing temperatures.
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Figure 4. Dependence of residual electrical resistivity, p, on the time of isothermal annealing, ¢, within the framework
of the first-order (dashed-line curve) and second-order (solid curve) kinetics models for polycrystalline h.c.p.-
LuHj 130 solid solution at annealing temperatures 161.8 K (a) and 180.2 K (b) (e—experimental data from Ref. [22]).

4. Summary

By help of above-mentioned hypothesis on the example of the interstitial solid solution h.c.p.-
Lu-H, we attempted to unify direct (diffuse radiation scattering) and indirect (residual electrical
resistivity) methods of the SRO relaxation study.

Experimental results obtained in Ref. [22] for p=p(#,7) in interstitial solid solutions h.c.p.-Lu—
H have been described by its authors within the framework of the power-law kinetics model (see [3,
4,22]), which is most probably justified at long times and/or high temperatures. In a given paper, we
propose to describe these experimental data (and maybe data of Ref. [24]) within the framework of
the alternative first-order and second-order kinetics models, which are justified starting with small
times (early stages) when SRO-induced relaxation of p(¢,7) has the single-exponential or two-
exponential behaviour. Standard deviation of theoretical curve from the experimental data is a
criterion of the reliability of above-mentioned kinetic exponential models (see Fig.4 and
Refs. 3,4).

The parameters ({To;} and {E,;}) of the Arrhenius-type temperature dependence of relaxation
times, {t;}, corresponding to the times required for the migration of hydrogen to change the
characteristic SRO value in e times, are evaluated for LuH, g9, LuH, ,s4 solid solutions. The values
of {E,} revealed here for h.c.p.-Lu-H solutions containing much more amount of H (¢=0.180,
0.254 [22]) as compared with such a solid solution (¢ =0.05) studied in Ref. [23] are clearly smaller
than a value from Ref. [23]. This decrease of {E,;} values maybe caused by the switching on of the
tunnelling-diffusion mechanism, which takes place predominantly at lower temperature [24].

Increase in an efficiency factor, %, in more concentrated LuHg,s; solid solution (in
comparison with less concentrated LuH, ;53)) promotes the decrease in relaxation time for this
solution (see Table II, Eq. (1), and Table I in Ref. [4]). This result is consistent with results in
Ref. [24], where SRO-relaxation time for LuH,) ;, is less then for LuH, .

Characterization of residual electrical resistivity (and short-range order) in a given
polycrystalline solutions by two relaxation times maybe proved by the different probabilities of
jumps of interstitial H atoms along the preferential directions of axes ‘ay,” and ‘cy’ of h.c.p.
lattice of any Lu crystallite (even in a case of the absence of macroscopic appearance of
anisotropy of electrical resistivity of polycrystalline h.c.p.-LuH, as a whole).

The time evolution of normalized change of radiation diffuse-scattering intensity is predicted
here and corresponds to the wave-vector star {k*}, which dominates in mapping a structure of
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the short-range order [1-3, 10-13] (at different quenching and annealing temperatures) for
polycrystalline LuH gy and LuHg,s4 solid solutions. It is done within the framework of the
hypothesis about an identity of maximum characteristic relaxation times of diffuse radiation
scattering and relaxation times of electrical resistivity.
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Abstract

Gases evolved from endometallofullerene (EMF) extracts (M = La or Y) upon heating
has been investigated. It has been shown that solvent molecules used to release EMF are
observed in extracts up to high temperatures. It has been shown that solvent molecules
used in the extraction of EMF remain in extracts up to high temperatures. It has been
found that in the dimethylformamide (DMFA) extract the EMF molecules are present

mainly as the [EMF]™ anions.

Keywords: endometallofullerenes, electric arc synthesis, extraction, mass spectrometry,
thermogravimetry.

1. Introduction

Endohedral metallofullerenes (EMF) are compounds comprising one or more metal
atoms inside the fullerene cage. The formation of such compounds is most characteristic
of fullerene Cg, with metals of IIT group (Sc, Y, La) and lanthanides'. The isolation of
EMF from soot by extraction with various organic solvents is now the most conventional
procedure. A set of solvents used to extract EMF is wide enough: toluene, o-xylene™,
carbon disulfide®, N, N-dimethylformamide™®, pyridine’ and others®*. The efficiency of
the extraction of EMF by polar solvents possessing high dipole moments is essentially
higher than that by other ones. Solid precipitates or extracts formed as a result of solvent
evaporation from EMF solutions turned out to contain noticeable amounts of impurities.
Possibly major impurities in the extracts are solvent molecules, which form stable
solvates with EMF and, therefore, modify their properties"’. Vacuum heat treatment
reduces the solvent share in the extract. However, its full removal is a rather complicated
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task"™'? and the study of gas evolution from extracts and the determination of their
content are urgent now.

2. Experimental

2.1. PREPARATION OF ENDOMETALLOFULLERENES

Soot containing La@Cg, or Y@Cg, was prepared by electric arc evaporation of
corresponding metal- graphite electrodes to which La or Y were added™. The
electrodes were evaporated under the following conditions: helium pressure of 120 Torr,
current of 90 A, voltage of 28+-30 V, the distance between the electrodes of 5 mm, that
between the arc and a cooled reactor wall of 50 mm, and an anode evaporation rate of 1
mm/min.

2.2. PREPARATION OF ENDOMETALLOFULLERENE EXTRACTS

EMF was isolated from soot by an extraction method in argon atmosphere in boiling
solvents'.

The product free of empty fullerenes was prepared using a three-step extraction
scheme. The first step consisted in that soot was treated with o-xylene, which efficiently
removed empty fullerenes (Cgy, C79 and higher fullerenes: Cr6, C75, Cgp, Cgq) and very
weakly dissolved EMF. O-dichlorobenzene (ODCB) used in the second step allows one
to remove residual empty fullerenes from soot since it much better dissolves empty
fullerenes in contrast to o-xylene. O-dichlorobenzene also partly dissloves EMF. At the
third step the soot pretreated by o-xylene and then by o-dichlorobenzene was extracted
with DMFA. As a result, we prepared the EMF solution free of empty fullerenes. Further
studies were performed using extracts prepared by evaporating solutions in vacuum at
~100° C.

2.3. ELEMENTAL ANALYSIS OF EMF EXTRATCS

Analysis of C, H, and M content has been carried out by oxygen burning approximately
10 mg sample under study at 1400 K. Carbon and hydrogen content nas been calculated
using data on CO, and H,O weights measurement. Metal content has been determined
from unburned residual which was presented as metal oxide (La,O3 or Y,0;). Nitrogen
content was measured be means of so—called gasometrical method. Results are
presented in Table 1.

2.4. TG ANALYSIS OF EMF EXTRACTS

Thermogravimetric analysis was performed on a “Mettler M3 TG” instrument in argon
atmosphere at temperatures ranging from 25 °C up to 950 °C, a heating rate was 10
°C/min, a sample weight was 10 mg.

2.5. MASS SPECTROMETRY

The spectra of gases evolved upon heating the samples were measured from m/z=1 up to
m/z=205 using a MI 1201B mass-spectrometer. Gas was ionized by an electron impact
(electron energy was 70 eV). Positively charged ions were registered.
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The gas phase was prepared as follows: the EMF extract (20 mg) was put at room
temperature in a quartz ampoule preliminarily annealed in air at 700°C for 5 hours. The
ampoule was then put in a pyrolysis device and hermetically connected to inlet syatem of
the mass-spectrometer. The accuracy of temperature maintenance was equal to 10
degrees. Prior to mass-spectrometric measurements the ampoule was evacuated down to
~1x107 Torr with diffusion mercury pumps, which prevented from peaks attributed to
hydrocarbons in residual mass-spectra. The evacuated ampoule was heated up to
required temperature at which the collection of gas was accomplished and mass-
spectrometric analysis was done.

Mass-spectrometric analysis of the solutions of EMF was performed also using an
electrospray time-of-flight high resolution mass-spectrometer with an orthogonal
injection of ions's, which allows the study of solutions containing ionic compounds in
“mild” conditions without additional ionization and ion fragmentation. The solution of
the DMFA-extract of EMF in o-dichlorobenzene or DMFA diluted by acetonitrile (5:1)
was loaded to an ionic source through a metallic capillary of an internal diameter of 0.1
mm at a flow rate of 2 mcL/min. The voltage of 2 kV applied to the capillary provided a
fine-dispersed sputtering of the analyzed solution and the final step was a field isolation
of ions contained in the liquid. A portion of the ions was loaded to the mass-analyzer
through a vacuum interface with differential pumping-out.

3. Results and Discussion

Fig.1 shows the electrospray mass spectra of the solutions of extracts under study. It is
seen that the basic components of the DMFA extracts are the La@Cg, and Y@Cyg,
anions. The spectra also manifest peaks attributed to the M@Cyg, and M,@Cg, anions.
The formation of EMF anions is probably associated with the reduction of neutral EMF
by dimethylamine, which are formedas a result of the decomposition of DMFA in the
course of repeated cyclic extraction in boiling DMFA. This assertion is supported by that
the addition of aqueos solution of dimethylamine to the EMF-containing soot plased in
THF at room temperature results in its partial dissolution due to the formation of the
EMF anions.

Fig.2 shows the curve of weight losses upon heating the La-extract in the TGA
regime. The curves were similar for all the samples and, only one of them is presented. It
is seen that the sample weight monotonically decreases. However, there are four
particular portions in the curve. Heating up to 100°C can be considered as a preliminary
one when unintentional weakly coupled impurities, which could be sorbed on the sample
during its short contacting with ambient atmosphere, are desorbed. At 100°C - 200 °C
one observes a large enough weight loss that is clearly pronounced in the derived curve
(Fig.1). The line at 230-400° C also has a local minimum in the derived curve. It could
be assumed that below 400°C the solvent molecules, which are most bound to the EMF
molecules are removed. At temperatures higher than 400° C the curve of weight loss is
more flat. However, the weight loss is still noticeable.

All the solvents used in the extraction procedure described above have boiling points
lower than 200°C and, therefore, provided the absence of strong bonds with the EMF
molecules, the solvent ones had to remove from the sample at temperatures less than
200°C.
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Fig.3 shows the mass-spectra of gases evolved from the EMF extracts in the above
mentioned temperature ranges. It should be noted that the metal located inside the
fullerene cage does not affect the character of the spectra.

It was found that the spectra 1-3 contain well-pronounced peaks attributable to the
presence (in gas phase) of all three solvents used in extraction! One could assume that o-
xylene used, as it was mentioned above, to remove the major part of empty fullerenes
does not form strong solvates with EMF.

Nevertheless, up to 500°C one could observe peaks in the range close to that of
molecular ions of o-xylene (the most intense peak is that with m/z = 106).

Fig.4 shows measured intensities of the peaks, which are stipulated mainly by
molecular ions of the solvents used in the experiments. It is seen that the maximal
content of the solvents in gas phase over the sample falls in the 100 - 230° C range.

The peak intensity with m/z = 15 monotonically grows with temperature (Fig.5). The
lack of synchronous changes in peak intensities with m/z = 15 and 73 seems to indicate
that the peak with m/z = 15 is formed only as a result of fragmentation of the N,N-
dimethylformamide molecules. A similar behavior of the peaks with m/z = 15 and 16
(Fig.4) and low intensity of that with m/z = 32 (O,) and other peaks, which could be
attributed to oxygen containing molecules, indicates that the peaks with m/z = 15 and 16
correspond to methane molecules. At 400 - 550° C the sample evolves O, as well the
peak with m/z = 2, Fig.3). The lack of the peaks with m/z = 15 and 2 in background
spectrum indicates that the CH, and H, molecules are formed as a result of the
decomposition of carbon containing substances involved in the samples. Since hydrogen
containing compounds were not used in the preparation of soot, hydrogen and methane
are possible formed as a result of pyrolysis of solvent molecules, which are very strongly
bound to EMF. The weight losses at temperatures higher than 400° C are probably
associated with the decomposition of the EMF anionic complexes. The origin of ions in
these complexes has not been clarified unambiguously. complexes. The origin of a
counterion in these complexes has not been clarified yet. It is most possibly that a cation
of dimethyamine, N*H,(CH3), performs as a counterion and the increase in hydrogen
and methane content in the pyrolysis products at 400-500°C is due to the decomposition
of these cations.

4. Conclusions

It was found that the solid extract prepared using the above described three-step
extraction scheme involves EMF donor-acceptor complexes with solvent molecules used
in the extraction procedure. The molecules of the solvents used in the isolation and
purification of EMF remain in the extract up to high temperatures (=400 °C).
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6. Tables

Table 1. Results of elemental analysis of EMF extractes*

sample Metal, wt.% Carbon, wt.% Hydrogen, Nitrogen, wt.%
wt.%

La-contained

extract 9.4 +9.7 1.0+1.5 22+23

Y-contained

extract 6.5 +6.8 0914 22+24

* only DMFA was used for extraction of EMF from soot
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Abstract

Hydrogen is an attractive, pollution-free energy carrier, which is characterised in
addition by a flexible and efficient energy conversion. Technology of hydrogen production
is well developed and has advantage of practically unlimited basis of the raw materials.
However, low density of hydrogen gas, low temperature of its liquefaction, as well as high
explosive risk in combination with its negative influence on the properties of design
materials bring to the forefront the problems of the development of effective and safe
hydrogen storage systems. Namely these problems suppress at present the development of
hydrogen power engineering and technology.

This paper reviews the existent and prospective hydrogen storage methods,
observes the dynamics of their development in the last three decades. The special attention
is paid to metal hydrides, both as to their direct usage in the hydrogen storage systems and
concerning the maintenance of the alternative methods, to improve their efficiency.

On the basis of the analysis of available data, it is concluded that the best
competitive position in the future will have combined systems realising several methods of
hydrogen storage and processing. The methods could include small- and medium-scale
metal hydride hydrogen storage units, as well as thermal sorption compressors providing
gas-cylinder and cryogenic hydrogen storage systems. Buffer units for hydrogen storage,
purification and controlled supply to a consumer could be in demand as well.

1. Introduction

The deficit of natural resources of hydrocarbon fuels, in combination with global
environment problems, stipulated a great interest to use hydrogen as a universal synthetic
energy carrier for stationary and mobile applications. Such an approach is caused by
unlimited basis of the raw materials for hydrogen production, the high energy output of
hydrogen, technological flexibility and environment safety of the energy conversion
processes using hydrogen.

The concept of hydrogen energy system, proposing the transfer of power
engineering, industry and transport to hydrogen, was born in mid 1970s, against a
background of the worldwide oil crisis [1-4]. The changing in the state of world energy
supply market in the second half of the 1980s resulted in some decrease of growth rates in
hydrogen R&D activities. First of all, it was caused by economic factors, mainly by high
price of commercial hydrogen as compared to conventional energy carriers. As a
conclusion, the main attention was paid at that time to the improvement of technical and
economic indices of hydrogen production, as well as to the increase of efficiency of its
consumption [5]. At the same time, the problems of hydrogen storage and processing
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remained in the shadow. However, since the moment when the factor of environment
hazard began to be introduced into economic calculations, the ecological cleanness of
hydrogen made its usage in a number of production processes potentially profitable [6].
Simultaneously, hydrogen storage problems and transportation became of special topicality.

The present status of hydrogen energy and technology in the world is characterised
by the stable growth rates which are mainly conditioned by environment factor. The
corresponding activities are mainly financed from state and international public budgets.
The Hydrogen Program of the USA Department of Energy (DOE) [7,8], the Program of
International Energy Agency (IEA) [9,10] and a number of others are the typical examples.
Apart from state and non-government public organisations, a number of commercial
companies, mainly from the motor-car industry [11,12], invests the hydrogen energy R&D
activities. The main priorities in these investments are hydrogen fuel cells, as well as
improvement of existent and creation of new hydrogen storage methods.

Utilization of hydrogen as a fuel or energy carrier (Table 1) is based on the highly
exothermic reaction of hydrogen with oxygen. When hydrogen is produced by water
electrolysis, and the efficiency of an electrolyser is of 60—75%, the real power consumption
for the production of 1 m® (STP) of hydrogen gas is 4 to 5 kW-h. When 1 m’ (STP) of
hydrogen gas is burned in a power installation with the efficiency of 15-20%, the yield is
0.45 to 0.6 kW-h. Similarly, the yield of a fuel cell with the efficiency of 40-60% is 1.2 to
1.8 kW-h/m® H,. Therefore, the total efficiency of a hydrogen energy cycle is 10 to 15%
when a heat engine is used as a final consumer, and 24 to 45% if hydrogen is utilised
electrochemically. The advantages of hydrogen as a fuel include its high heating value,
completeness of combustion practically in the whole range of “fuel / oxidant” ratios, high
flame temperature, high heat efficiency (for hydrogen fuelled internal combustion engines
it is 50% higher than for petrol fuelled ones), and the absence of air pollutants emissions.

The specific (per weight unit) energy value of hydrogen is much more than the one
for all natural or synthetic fuels, at the lowest environment pollution (Fig. 1). At the same
time, hydrogen is the lightest known substance, so it is problematic to store it in small
containers. The main disadvantage of hydrogen is too low volumetric energy density,
because at usual conditions it exists in the gaseous form having very low boiling point (-252.8°C)
and critical temperature (-239.96 °C) [19]. 1 kllogram of hydrogen gas at room temperature
and atmospheric pressure has volume of 11 m’, so as to prov1de 100 km run for the electric
car with fuel cells it is necessary to have on board about 33 m’ of gaseous hydrogen [20].
Thus the development of the effective methods of compact storage of hydrogen is a key
problem of its utilization.

Nowadays the annual hydrogen production is about 50 billions m® (STP) or 45
millions tons. Despite of wide hydrogen usage in the industry (main consumers are
ammonia and methanol production, as well as petrochemical industry), the fraction of
marketable hydrogen is only 5% of its total production [21,22]. Such low value is caused
by hydrogen storage and transportation problems, so as the large consumers prefer to have
their own hydrogen production facilities, rather than to buy hydrogen from specialised
producers [5,13].

The problem of hydrogen storage is closely connected to the necessity of
development of reliable and effective methods of hydrogen compression. Hydrogen
compressors having wide spectrum of technical characteristics are also in great demand for
chemical industry, metallurgy, cryogenic engineering, air-space industry and other fields.

As it was mentioned earlier, hydrogen production by water electrolysis is rather
power-consuming process. The less power-consuming methods of hydrogen production by
coal or hydrocarbons conversion [5,13] are accompanied by CO, emissions. Moreover,



TABLE 1. Characteristics of hydrogen as a fuel or energy carrier [13—18]

77

Theoretical energy equivalent for the reaction: MJ / kg Hy 120.6
2 He 4+ Or — 2 HoO kW-h / kg H, 33.5
T : kW-h/m’ H,” 3.00
Electrochemical decomposition potential of pure water to H, + O,, V? 1.24
L 114.5-
. ower 119.9
Heating value, MJ / kg H,
Higher 1354~
141.8
Hydrogen content in the stoichiometric combustible Hydrogen — air 29.53
mixture, vol.% Hydrogen — oxygen 66.67
Temperature of self-ignition of the combustible Hydrogen — air 510-580
mixture, °C Hydrogen — oxygen 580-590
H, — air, stoichiometric 2235
Flame temperature, °C mixture
H, (73.0 vol.%) — O, 2525
Concentration limits of hydrogen burning in the Hydrogen — air 4.1-72.5
mixture, vol. %: Hydrogen — oxygen 3.5-94.0
Concentration limits of detonation in the mixture, Hydrogen — air 13-59
vol. %: Hydrogen — oxygen 15.5-93
Maximum flame propagation speed, m/s Hy}cll)r/ gggﬁe—no_x?/gen 29_61_33?
Extinguishing distance for hydrogen — air stoichiometric mixture, mm"’ 0.6-0.8
Minimum energy for the ignition of stoichiometric mixture H, + O,, mJ 0.02

() _ at normal conditions: P=1.01308 bar, T=0 °C

Notes:
@ _ P=1.010085 bar, T=25 °C

hydrogen produced by these methods is much less pure (main impurities are CO, and CO)
than one produced by electrolysis. At the same time, there exist the significant additional
resources to produce hydrogen by its extraction from waste and technological gases of
chemical, petrochemical and by-product-coking industries, and metallurgy. These resources
can be big enough: according to the data of the Institute of Mechanical Engineering
Problems of National Academy of Science of Ukraine for 2000 [23], in the Ukraine, only
on the chlorine and fertilisers plants, the annual losses of hydrogen were of 11.8 thousands
tons. On the Ukrainian by-product-coking plants 350 thousands tons of commercial
hydrogen which could be produced from coke-oven gas were lost. The other chemical
enterprises had significant resources as well. The possibility to use the similar resources in
hydrogen energy and technology directly depends on the solution of the problem of
selective hydrogen extraction from gas flows and related problem of hydrogen purification.

The above-mentioned problems of hydrogen storage, compression and extraction /
purification are far from being the complete list of the problems of hydrogen energy-
technological cycle. At the same time, namely these problems determine the possibility of
its successful implementation on the stage which connects hydrogen production and end-
user consumption. The most difficult here is to solve the hydrogen storage problem. Below
we present the more detailed review of the actual state of the art, including both
commercial hydrogen storage methods and the prospective ones, being on the stage of
technological developments.
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Figure 1. Specific heating value (a) and emissions of combustion products (b) for natural
and synthetic fuels [5,13—17]

2. Methods of hydrogen storage

The requirements to hydrogen storage systems first of all are determined by the
character of corresponding applications. So, the low total weight is important for mobile
application, but it is not so critical for stationary systems, e.g. filling stations. Similarly, the
low volume is essential for small transport, but it is less important for stationary
applications. A fuel cell car with the peak hydrogen consumption of 1-3 g/s to provide
necessary acceleration, has to have about 5 kg H, on board (is equivalent to 600 MJ) to
have the same running distance as a petrol-consuming car [11]. DOE [7,8] established the
goals for on-board hydrogen storage systems which require the weight H storage capacity
not less than 6.6%, and the volumetric one not less than 63 g/l. According to DOE



79

requirements, the mobile hydrogen storage systems must also be effective as to their cost /
performances relation: the reversible hydrogen storage capacity must be more than 75% of
the total one, and the storage cost must be less than 50% of the cost of stored hydrogen. The
self-discharge time, or dormancy, should be less than one month [11]. The motor-car H
storage system has to operate at the temperature not more than 100 °C having the good
dynamics of hydrogen input / output, especially in the course of its recharging. The
mechanical strength (resistance to a damage when accidental strike occurs) is obligatory. It
is also desirable that the system could operate at moderate pressures, would have low heat
losses, and would be serviceable if charged with hydrogen contaminated with impurities of
oxygen, water vapours, traces of methane, carbon dioxide and carbon monoxide.

According to DOE classification [7], hydrogen storage methods can be divided into
two groups:

The first group includes physical methods which use physical processes
(compression or liquefaction) to compact hydrogen gas. Hydrogen being stored by physical
methods contains H, molecules which do not interact with a storage medium. Now the
following physical methods of hydrogen storage are available:

» Compressed hydrogen gas:
Gas cylinders;
Stationary storage systems including underground reservoirs;
Hydrogen storage in pipelines;
Glass microspheres.
» Liquid hydrogen: stationary and mobile cryogenic reservoirs.

Chemical (or physical-chemical) methods provide hydrogen storage using physical-
chemical processes of its interaction with some materials. The methods are characterised by
an essential interaction of molecular or atomic hydrogen with the storage environment. The
chemical methods of hydrogen storage include:

» Adsorption:
e  Zeolites and metal-organic adsorbents;
e  Active carbon;
e Carbon nanomaterials.
» Bulk absorption in solids (metal hydrides).
» Chemical interaction:
Liquid (organic) hydrides;
Fullerenes;
Ammonia and methanol;
Water-reacting metals (sponge iron, Al and Si-based alloys).
At present these methods are on the stage of R&D or pilot industrial
implementation.

This Section considers the hydrogen storage methods which are alternative as to

metal-hydride one.

2.1. STORAGE OF THE COMPRESSED HYDROGEN GAS (CGHy)

2.1.1. High-pressure cylinders

Hydrogen storage in high-pressure cylinders is the most convenient and industrially-
approved method. Usually, steel gas cylinders of the low (up to 12 1) or medium (20 to 50 1)
capacity are in use for the storage and transportation of the moderate quantities of
compressed hydrogen at the environment temperature from —50 to +60 °C. The industrial
cylinders of larger capacity, up to several cubic meters, are produced as well. Gas pressure
in the commercial cylinders is 150 atmospheres for the countries of the former USSR and
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200 bar for West Europe and USA. Even for cylinders of large volume, the weight
hydrogen storage capacity does not exceed 2—-3% [13].

The main way to improve the characteristics of hydrogen storage in cylinders is to
reduce cylinder weight by the usage of lighter metals and / or composite materials, and to
increase the working pressure. The progress in material science since mid 1970s called for
the development of new generation of composite gas cylinders (Fig. 2) consisting of thin
aluminium or plastic shell which is covered outside by composite plastic being reinforced
by fibre glass wrapped around the shell [7,24-27]. Such cylinders are commercially
available now, mainly for motor-car applications. The cylinders provide hydrogen storage
under the pressure up to 350 bar. The further improvement of the material and layout of the
high-pressure cylinders (mainly due to replacement of fibre glass by carbon fibres) allowed
to create the advanced composite gas cylinders rated to the pressure up to 690 bar. The
weight and volume efficiency of the advanced cylinders are 80% higher than for the
commercial ones, but they are more expensive. At the same time, the advanced composite
cylinders have the essential market potential at the expense of reducing transportation costs.

The main characteristics of the composite gas cylinders for hydrogen storage are
presented in the Table 2.

Outer shell

Structural shell
fibre glass / carbon

e

F igue 2. A schematic layout of the wall of composite high-pressure hydrogen cylinders
and general view of some of them [24-27]

The advantage of hydrogen storage in cylinders is the simplicity in realisation and
absence of power consumption to supply hydrogen. The composite cylinders allows to
reach the high enough hydrogen storage weight capacity which does satisfy to DOE
criterium for mobile applications. Although hydrogen compression is considerably power-
consuming process (1 to 15% of hydrogen heating value), it does not sharply increase with
the pressure, because the power consumption is proportional to the logarithm of
compression ratio (Fig. 3).

Because of potential explosion risk for the high-pressure hydrogen, safety is the
main problem of hydrogen storage in gas cylinders. Besides, hydrogen compression itself is
a complicated enough engineering problem. This increases the final costs for the gas
cylinder storage method. Volumetric density of hydrogen, even in the best in this respect
cylinders (up to 40 g/l at 690 bar), is, nevertheless, not high enough: it is only 60% from
DOE target value [7].
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2.1.2. Large-volume stationary hydrogen storage systems and pipelines
These methods are related to the storage of compressed hydrogen. Usually hydrogen

pressure therein is less than in the specially designed gas cylinders, but the volume of such
systems is much more. The storage capacity of the systems can be up to several millions of
cubic meters of hydrogen, so they are the single alternative for the large scale hydrogen

storage [13].

For underground storage of the large volumes of hydrogen the exhausted oil and gas
wells, or some other natural or artificial objects (e.g. salt rocks or cave formations) can be
used [30,31]. This method is mainly applied for the storage of natural gas, but it also has
been used for helium storage in Texas (~300 millions m®), that has shown its feasibility to
store gases with the increased leak ability [13]. The optimal way is in the usage of not open
caves but volumes of the porous rock, which allow the gas to seep in. To prevent leakage,
the similar porous rock, which surrounds the storage and is saturated by water or brine, is

commonly used.
TABLE 2. Characteristics of the composite gas cylinders for hydrogen storage [24-27]

Commercial Prototypes
Pressure, bar 200-250 350-690
Cylinder specific weight, kg/l 0.3-0.5 0.15-0.20
Weight hydrogen density, % 5-7 10.5-13.8
Volumetric hydrogen density, 14-18 22-40
g/l
Producers Dynetek (Canada, Germany), Quantum (USA),
BOC (UK), etc.
| KW-h/kg H.
* P

T T P
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Figure 3. Power consumption of hydrogen compressors for filling the cylinders [28,29]

At present large-scale underground hydrogen storage systems are absent in the
world, but in the past the coal gas containing significant amount of hydrogen was stored in
the rock formations both in Germany and in France.

The main disadvantage of the large scale hydrogen stores is the necessity to leave up
to 50% of the gas in the system, to keep it serviceable. This so-called cushion gas is not
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available for use, and the losses caused by it are about 25% of the total annual capital costs. A
secondary loss (1 to 3% of the contents of storage system) comes from hydrogen leaks [30,31].

Apart from the possibility of creation of very large-scale underground hydrogen
storage systems, there exist industrial compressed hydrogen storage facilities which are
usually large spherical containers rated for the pressure 12—-16 bar having volume 15000
cubic meters and more. Moreover, the distribution pipelines network (pressure 35-75 bar)
can be also used as a storage system to take up peaks in supply. This storage technology is
widely used in the natural gas industry and can be easy converted to hydrogen [30].

2.2. LIQUID HYDROGEN (LH,)

Nowadays the technology of hydrogen liquefaction and liquid hydrogen storage is well
developed. Cryogenic vessels having screen-vacuum heat isolation allow one to reach
maximum weight capacity as compared to the other hydrogen storage methods. It is a reason
for a preference of liquid hydrogen storage in transport (especially aerospace) applications.
Significant recent developments have resulted in a creation of highly efficient cryogenic
tanks, fuelling infrastructure, as well as in the improvement of safety for the all complex of
systems providing liquid hydrogen storage.

Fig. 4 shows the comparative data on energy content in liquid and compressed
hydrogen under different pressures. For a LH, tank system, the typical nominal operational
pressures are in the range from 1 to 3.5 bar. Grading for CGH, considers 240 bar as a
common pressure today and 350 bar common in the near future. Pressures up to 700 bar
reflect an envisaged technical goal. As can be seen, the specific energy content of LH; is 1.6—
4 times higher, even as compared with the existing prototypes of 700 bar composite pressure
cylinders. In practice, this advantage is even more pronounced, due to easier up-scaling of the
cryogenic LH, storage units. So, a 40 tons trailer can carry 6.4 times more hydrogen than the
same trailer loaded with compressed hydrogen gas in the cylinders [27,32]. The more
pronounced scale effect of cryogenic LH, storage units is in the space applications where
hydrogen storage capacity of ~86 wt.% is achieved. So, the LH, tank with the propellant for
the main engines of Space Shuttle contains 84800 kg of liquid hydrogen under the pressure of
2.2-2.3 bar; the total volume of the tank is 1516 m® and its dry weight is only 13150 kg [33].
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Figure 4. Energy content in the liquid (LH,) and the compressed gaseous (CGH,)
hydrogen at different pressures [32]

Apart from large- and medium-scale hydrogen storage units, some test prototypes
demonstrating automotive applications of liquid hydrogen storage have been successfully
created. These prototypes include both LH,-fueled cars and cryogenic filling stations. An
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example is the NECAR 4 car with LH, at Munich airport having the following characteristics
[34]:

e  Mercedes A model

e Range 450 km

e Speed 145 km/h

e Fuel LH, 100 1 =5 kg, 9 bar; Linde AG
e  Evaporation rate 1% /day

e H volume density: 50 g/l

Table 3 shows comparative information about performances of LH, and CGH,
hydrogen storage methods as applied to 6.4 kg of stored hydrogen (target value for the
hydrogen-fueled car). As it can be seen, the main problem of liquid hydrogen storage is in too
high power consumption, up to one-third of hydrogen heating value. Fig. 5 shows our
estimations of power inputs for an ideal cooling machine to cool hydrogen from the room
temperature. We roughly assumed the constant specific heat capacity of hydrogen taken from
the reference [13]. A comparison of these data with our estimations of power consumption for
hydrogen compression (Fig. 3) shows that the value of mechanical work to cool hydrogen
from 300 K down to boiling point (20 K) more than 5 times exceeds the work to compress
hydrogen gas from 1 to 700 bar at room temperature. Taking into account that the efficiency
of the modern hydrogen compressors [28,29] can be up to 50%, we can conclude that even at
very high efficiency of hydrogen liquefaction process (about 80%, starting from the data of
Table 3), power inputs for hydrogen liquefaction would exceed ones for hydrogen
compression more than twice. It makes the method too expensive and competitive only in
the some special cases, like aviation and space industry.

TABLE 3. Comparison of LH, and GH, on a basis of 6.4 kg of stored hydrogen [27,32]

Performance LH,: vacuum- CGH,: Commercial
insulated cryostat, composite cylinder.
P=1 bar P=200 bar
System volume, litres 110 495
System weight, kg 86 250
Energy MJ 254 136
consumption | % of H, heating value 28 15
Estimated “ideal” ~200 ~45
value, MJ

Apart from extremely high power consumption, cryogenic LH, storage is
characterised by evaporation losses that may occur during fuelling LH, tanks and during
periods of inactivity (dormancy), due to heat penetration from environment. Hydrogen
losses from cryogenic storage unit depend on a container design and volume, material of
heat isolation, and now can be as low as 10% per a year for large-scale storage units
(thousands of m®). However, the lower-scale units are characterised by larger losses, so as
the storage time of LH, in an on-board cryogenic tank on a car is limited approximately by
1 week [11]. Efficient usage of liquid hydrogen fuel by a car with 17 km / litre vehicle can
be achieved only if the daily driving distance exceeds 100 km [35].

2.3. CRYOGENIC PRESSURE CONTAINERS

One of the recent developments, which seems to be a prospective hydrogen storage
method combining advantages of both compressed and liquid H, storage, is in the
development of cryogenic pressure containers [35,36]. The main idea here is in usage of
commercially available pressure vessels for liquid hydrogen storage. The realisation is in
combination of such a vessel (aluminium-lined glass- or carbon-fibre-wrapped) placed
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inside cryogenic heat insulation shell. The storage unit can be loaded either with liquid
hydrogen or with compressed one.
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Figure 5. Estimated power inputs (“ideal” mechanical work) for hydrogen cooling.

Periodic cooling of the pressure vessel does not worsen its strength performances,
moreover its burst pressure even increases, may be due in part to work hardening that took
place during the cold cycling.

In our opinion, further prospectives in the development of this method is in
combination of high hydrogen pressure with cooling down to liquid nitrogen temperatures.
Indeed, as it can be seen from the Fig. 5, a sharp increase of power inputs for hydrogen
cooling is observed at the temperatures below 50 K, so as the less-deep chilling (e.g. to the
boiling point of liquid nitrogen which is produced by the industry in large quantities for
moderate prices) requires much lower power inputs. From the other hand, a combined
cooling and compression allow to reach rather high hydrogen volumetric densities, even
more than for liquid hydrogen at P=1 bar. Our corresponding estimations based on
hydrogen P — V — T reference data [13,19] are shown in the Fig. 6.
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Figure 6. Volumetric densities of compressed and liquid H,, g/l.
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2.4. TECHNOLOGY DEVELOPMENTS IN HYDROGEN STORAGE

Here we briefly discuss some other hydrogen storage methods being now at the R&D stage.
The commercial potential of some of these methods is not clear yet, the others seem not to
be market-competitive and are mostly of academic interest. Nevertheless, their
consideration would be useful to have a more complete presentation of the state of the art in
hydrogen storage.

2.4.1. Encapsulated hydrogen storage (glass micro-spheres)

Hydrogen storage in glass micro-spheres appeared as a side result of R&D activities
in laser-induced nuclear fusion. The developed technology allows to produce hollow glass
spheres, 5-500 microns in diameter and ~1 micron in wall thickness, by using a process of
spraying glass gels [7,13]. The glass is permeable for hydrogen at moderate temperatures.
Because of that, glass micro-spheres can be filled with hydrogen. Hydrogen loading requires to
apply temperatures of 200400 °C and pressures 350630 bar; loading is completed in
approximately 1 hour. The weight hydrogen fraction in the nncro spheres can reach 10 wt.%
which corresponds to hydrogen volume capacity of 20 g/dm The energy consumption in this
method (for hydrogen compression and heating of the micro-spheres during hydrogen charge
and discharge) is higher than for the compressed H,. The main disadvantage of this method is in
very high losses of hydrogen (up to 50 % during 100-110 days), because of mechanical
destruction of the micro-spheres (for example, during transportation) and, also, due to the
hydrogen permeability through the walls, even at room temperature. As a result of the detailed
cost and performance analysis, the R&D activities in this direction in the framework of DOE
Hydrogen Program have recently been suspended [7].

2.4.2. Adsorption methods of hydrogen storage

Zeolites and metal-organic adsorbents As it has been shown in some experimental studies (see,
for example, [37]), hydrogen adsorption by some zeolites can be applied to achieve
reversible hydrogen storage in the temperature range 20— 200 °C and pressures 25-100 bar.
However, the maximum storage capacity (less than 10 cm’/g) is still too low to exhibit a
competition with other storage systems. Nevertheless, it is possible to improve hydrogen storage
performances of zeolites by realisation of the low-temperature adsorption, as well as by applying
modern techniques of their synthesis and modification. The latter approach also can have some
perspectives concerning the creation of new synthetic hydrogen adsorbents with similar micro-
porous structure. Metal organic frameworks (MOF) are example of such compounds One
representative of MOF is the compound ZnsO[0,C-CsH4—CO,];, Whose structure is the
high-porosity cubic frame having specific surface area of 2500-3000 m*/g. This compound
adsorbs up to 4.5 wt.% H at 70 K and 20 bar, or up to 1 wt.% H at the room temperature
and the same pressure [38]. The question about possibility to increase hydrogen sorption
capacity of this class of compounds, as well as about their synthesis in large quantities and
for acceptable prices remains unclear yet.

Hydrogen cryo-adsorption on activated carbon. This method uses the process of a low
temperature adsorption of hydrogen on a low-density (380 g/dm®) activated carbon.
Usually, temperature range is about 65-78 K. Charging of the storage unit with hydrogen is
carried out at pressures about 40 bar; hydrogen discharge takes place at the same
temperature when pressure is reduced to ~2 bar. At such conditions up to 60-65 % of
hydrogen adsorbed by the carbon is reversibly stored. Hydrogen sorption capacity of the
adsorbent is about 7-8 wt.% (reversible capacity is equal to 4-5 wt.%). The density of
stored energy is about 1.7 kW-h/kg or 0.645 kW-h/m’ [13]. The energy consumption
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necessary for cooling the adsorbent bed and for the hydrogen compression is relatively
high, however, it is much smaller compared to the figures for the storage of liquid
hydrogen. Moreover, cryo-adsorption method uses a “cheap” cold, because the operating
temperature is close to the boiling point of nitrogen (77 K), which is a common commercial
refrigerant. The most prospective way to apply this type of storage is its combination with
compressed H, storage in the cryogenic pressure containers.

In the recent studies of hydrogen adsorption on activated carbon it is mentioned that
the H storage density at 77 K and 55 bar is as high as 35 g/1 (10-13 wt.%) [11]. It was
attributed to a condensation of liquid hydrogen in the micropores of activated carbon. This
temperature, 77 K, exceeds the critical temperature for the molecular hydrogen in more
than two times. However, the experimental results do not agree with recent modelling of
hydrogen adsorption on active carbon providing the maximum adsorption capacity of 2.0-
3.3 wt.% at 77 K [39]. Further detailed studies are necessary to reveal the potential of
carbon materials in hydrogen storage

Hydrogen storage in carbon nanomaterials. Carbon inhabits a multitude of different nano-
scale morphologies, including recently discovered fullerenes and nanotubes, as well as
graphite nanofibres. All these materials are of significant interest concerning their
applications for hydrogen storage [11,39,40]. Except of fullerenes whose interaction with
hydrogen is a chemical process similar to the formation / decomposition of “organic
hydrides”, the other types of carbon nanomaterials interact with hydrogen gas either via van
der Waals attractive forces (physisorption) or via a dissociative chemisorption of H,
molecules [41].

The available literature data concerning hydrogen sorption capacity of carbon
nanomaterials are rather conflicting [40,41]. At ambient temperatures and pressures the H,
sorption capacity of similarly prepared SWNT spans the range from ~8 wt.% [42], down to
<1 wt.% H [43]. There are also available the data concerning extremely high (up to 60
wt.% H) hydrogen sorption capacity of some kinds of carbon nanofibres [44]. However,
these reports have not been reproduced elsewhere. Several groups have reported a
correlation between the amount of adsorbed H, in carbon nanomaterials and the specific
surface area [45,46] and / or the micropore volumes [47] of the sorbents. The sorption
capacities observed do not exceed the values reported for other carbon materials with high
surface area (e.g. activated carbon [48]). The main conclusion from these studies is that the
H, uptake is due to a physisorption process, and that a considerable room-temperature-H,-
storage does not take place in carbon nanotubes and nanofibres.

Apart from differences in the structure of the materials used by different authors, sample
weight, degree of purity, and P-T conditions, an additional source of the disagreements in the
reported storage capacities of carbon nanomaterials could lie in inappropriate techniques of the
volumetric measurements. The major sources of errors are incorrect volume calibrations, first of all
introduced by the contributions from a not properly determined density of the sample. For high-
pressure experiments, a proper thermal management of the measurement system (avoiding
temperature fluctuations and taking into consideration the exothermal effects from the introduction
of pressurised gas into the reactor, and the temperature increase as a result of the adsorption
processes) should be achieved as well [49].

No doubts that the research of hydrogen sorption properties of different carbon
nanomaterials having well-defined structures is very interesting from the fundamental point of
view, and a growing research activities in this field will result in better understanding of gas — solid
interaction mechanism. However, the initial optimism concerning creation of very efficient
hydrogen storage material on the basis of nanoscale carbon would seem to be premature yet.
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2.4.3. Organic hydrides and fullerenes

An example of organic chemical system allowing to store reversibly hydrogen is a system
“benzene — cyclohexane” [13]:
C6H6 +3 H2 — C6H12 +206.2 kJ/mole

The hydrogenation / dehydrogenation processes take place at 200400 °C and
10-100 bar H; in presence of catalyst (Pt, Pd, M0,O;). Hydrogen storage in organic hydrides is
very efficient concerning weight and volume storage capacities (5—7 wt.% or 70-100 g/l H volume
density). However, the energy consumption for the heating of the storage system providing the
necessary reaction temperature is too large. It is higher than the one for cryogenic hydrogen storage
[7,13]. So, this method can be used only in some specific cases (e.g. in chemical industry) when a
waste heat source having sufficient temperature potential is available.

A similar option of hydrogen storage is a reversible catalytic hydrogenation of the double
C=C bonds in fullerenes. In such a process, the Cg, fullerene can be hydrogenated up to the
composition CgyHyg that corresponds to 6.3 wt.% H. The hydrides of intermetallic compounds are
proved to be the efficient catalysers of the reversible hydrogenation / dehydrogenation processes.
However, the dehydrogenation temperature (more than 400 °C) is still too high for the practical
purposes [40,50].

2.4.4. Sponge iron and other water-reacting metals

The process of hydrogen generation by a high-temperature reaction of water vapours with sponge
iron is known for a long time. The following reaction, taking place at T=550-600 °C, is 