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Abstract. Review of  the first Russian conference on graphene "Graphene - a molecule and 2D-crystal", 
held September 8-12, 2015 in Novosibirsk (Russia), which "grew" from the workshop of  the same 
name, from 2013 held in Moscow under the leadership of  S.P. Gubin is presented. Presented at the 
conference works conventionally been divided into five research areas: synthesis of  graphene and 
related structures, theoretical methods attached to graphene materials, diagnostics of  graphene 
and related structures, materials and devices based on graphene and related structures, hybrid 
materials based on carbon nanoparticles. The conference was attended by about 150 people 
from more than 20 institutes of  the Russian Academy of  Sciences and more than 10 universities 
in Russia and countries of  near and far (the US, Britain, Germany, Japan, Kazakhstan, Belarus) 
countries. Having heard and discussed 50 reports and 60 posters. The conference was held in a 
warm atmosphere of  the discussion on a high, according to the participants, the scientific level and 
with the universal desire to turn it into a permanent Russian conference on graphene.
Keywords: conference, graphene, molecules, crystals, synthesis, diagnostics, graphene structures, 
hybrid materials
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1. INTRODUCTION
The first Russian conference on graphene, entitled 
"Graphene – a molecule and 2D-crystal” was 
conceived and initiated by well-known Russian 
specialist in nanochemistry – Professor Gubin 
Sergei Pavlovich, Dr Sci. Chem, USSR State Prize 
Laureate, Honored Scientist of  Russia, head of  
the laboratory of  chemistry of  nanomaterials N.S. 
Kurnakov Institute of  General and Inorganic 
Chemistry of  Russian Academy of  Sciences. S.P. 

Gubin is already more than two years, led by 
Moscow, and from 2014 – Russian seminar of  
the same name based on the All-Russian Research 
Institute for Natural and synthetic diamonds 
and tools (VNIIAlmaz), a monthly gathering in 
Moscow at its meetings of  30-40 people.

The first conference, it was decided to carry 
out on the basis of  the Siberian Branch of  
Russian Academy of  Sciences, in Novosibirsk 
Akademgorodok (academcity). The ancient 
connections of  Sergei Pavlovich with Siberia 
[see eg., 1] gived hope for the success of  the 
planned business. The calculation was correct: the 
organization of  the conference actively involved 
Nikolaev Institute of  Inorganic Chemistry SB RAS 
in the face of  its director Corresponding Member of  
Russian Academy of  Sciences Vladimir Petrovich 
Fedin which supported the idea of  conference, 
and who has really taken over the organization of  
the conference Head of  the laboratory of  physical 
chemistry of  nanomaterials of  this Institute Dr 
Sci. Phys&Math, prof. Alexander Vladimirovich 

NANOSYSTEMS
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Okotrub. Soon, to the organization of  the 
conference joined yet two institute SB RAS – 
Rzhanov Institute of  Semiconductor Physics and 
the Boreskov Institute of  Catalysis SB RAS and 
Novosibirsk State University.

The Conference was supported by SB RAS, 
RFBR, financing participated personally S.P. 
Gubin, as well as NT-MDT Co. (Zelenograd), 
"Graphene Materials" (St.Petersburg), LLC 
AkKoLab (Moscow), CZL-laboratory equipment 
(Moscow), VNIIAlmaz (Moscow), Dia-M modern 
laboratory (Novosibirsk), VACOM (Germany), 
INUMiT (Lomonosov MSU, Moscow) – firms 
producing graphene and related equipment that 
S.P. Gubin and A.V. Okotrub managed to attract 
to participate in the conference for its exhibitions. 
The conference organizing committee, the core 
of  which is composed of  staff  and postgraduates 
of  A.V. Okotrub laboratory, headed by PhD 
Phys&Math Y. Fedoseyeva and Dr Sci. Chem E.Yu. 
Buslaeva from Moscow IGIC RAS amounted 
database (more than 200 addresses) russian 
researchers in the field of  graphene and related 
structures, as well as instruments and devices using 
graphene. First announcement of  the conference 
with an invitation to participate was sent to the 
relevant e-mail addresses, as well as to leading 
academic secretaries of  basic physical and chemical 
institutes of  Russia in early November 2014, to 
the end of  December was clear preliminary list 
of  participants, the end of  May had been received 
by the Organizing Committee more than 150 
abstracts of  participants who responded to the 
invitation, and had been finally agreed scientific 
conference program and its schedule.

The conference was held September 8-11, 2015 
in the House of  Scientists in Akademgorodok at 
the Marine Avenue, 23, a 10-minute walk from 
the hotel "Golden Valley" – the location of  the 
participants. European level of  the Small Hall and 
its interiors – a winter garden with fountains and 
aquariums, patio, art gallery, restaurant – lunch 
place for participants – maintain the tone of  the 
working mood of  its participants. In the bright 
and spacious lobby, an anticipating Small Hall, 
were organized the exhibitions sponsors of  the 
conference and coffee breaks. In the continuation 

of  the lobby, which served as a mezzanine of  
winter garden, were placed posters.

At the conference it was stated 150 people, the 
actual number of  participants – 117: 90 registered 
visitors and 20 from Novosibirsk participants, 
including five representing foreign countries 
– USA, UK, Japan, Kazakhstan and Belarus. 
In addition, regularly attended by about 30 
unregistered users. Participants included members 
of  research institutes of  the Russian Academy 
of  Sciences – IGIC, IBCP, ICHPH, IPCE, ICP, 
IPMT-HPM, GPI, JIHT, PTI, IMET, IRE, 
"Kurchatov Institute"; institutes SB RAS – NIIC, 
ISP, IC, IT, IUHM, IPPU, IBP, and Ural Branch –
IMP, IHTT, IFTE; and universities – Lomonosov 
MSU, MIPT, MEPhI, MPEI, SPbU, Novosibirsk 
State University, SibFU, TSTU, CSU, NEFU, INP 
BSU. I.e. the participants came from Moscow, 
Chernogolovka, St. Petersburg, Ekaterinburg, 
Kurchatov, Novosibirsk, Krasnoyarsk, Tomsk, 
Omsk, Kemerovo, Yakutsk, Tambov, Minsk, 
Astana and from abroad. Small Hall of  the House 
of  Scientists with a capacity of  200 people was 
to filled every day by more than a hundred of  
participants [2].

The conference has been presented 20 plenary 
and 30 oral presentations lasting 30 and 20 minutes, 
respectively, and 60 works in the form of  posters. 
Working language is Russian. The only report in 
English made by Professor Y. Kawazoe (Tohoku 
University, Sendai, Japan), which is a russian 
megagrant leader in the Institute of  Thermal 
Physics SB RAS.

Presented at the conference works 
conventionally been divided into the following five 
research areas:
• Synthesis of  graphene and related structures,
• Theoretical methods attached to graphene 

materials;
• Diagnostics of  graphene and related structures,
• Materials and devices based on graphene 

and related structures,
• Hybrid materials based on carbon 

nanoparticles.
These areas do not exhaust the full scientific 

program of  the conference, but they are 
advanced in this area. Conference was aimed at 

NANOSYSTEMS FIRST RUSSIAN CONFERENCE "GRAPHENE – 
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the development of  new scientific approaches 
to problem-solving diagnostics and synthesis of  
graphene, the study of  its physical and chemical 
properties, the problems of  production and 
application of  graphene in electronic devices, 
biomedical, electrochemical applications in 
catalysis, to problem-solving toxicity and ecology.

Information about the conference posted on 
the website of  the Institute of  Inorganic Chemistry 
SB RAS http://store.niic.nsc.ru/conferences/
graphene/, to its opening was issued a collection 
of  abstracts, the opening of  the conference was 
covered by local TV, and the entire course of  its 
work – by video filming of  moscow Center of  
science popularization (www.fundamentalscience.
ru) with the placement of  material on video 
hosting YouTube.

2. DAY ONE. SYNTHESIS OF GRAPHENE 
AND RELATED STRUCTURES
The conference opened on the sunny morning of  
September 8 in opening statement of  its Chairman 
Professor Gubin S.P., in which he noted the response 
of  the russian researchers on the convening of  the 
conference, as well as non-standard decision of  
the Nobel Committee in 2010, which noted non-
obvious to the scientific community of  that time 
of  the opening of  the new allotrope of  carbon is 
graphene; and the ongoing explosive growth of  
graphene publications, participation in the process 
of  Russia and the objectives of  this conference.

In his welcoming speech, Director of  
the Institute-organizer Dr Sci. Chem, prof., 
Corresponding Member of  RAS V.P. Fedin noted 
the honor, rendered to his institution to take Russia's 

first conference on such breakthrough areas as 
Grafenika and wished conference fruitful work.

After the words of  S.P. Gubin and V.P. Fedin 
Conference came into work mode: plenary session 
before lunch, and the breakout session after it. The 
first plenary session leads S.P. Gubin, opening 
program of  conference with the presentation of  
PhD Phys&Math Elena Obraztsova with colleagues 
from the moscow GPI, Boreskov IC SB RAS, 
and the Spanish firm (San Sebastian) about the 
transformation of  stacks of  coronen to the graphene 
stripes at temperatures of  about 500°C in the filled 
coronene single-walled carbon nanotubes and 
photoluminescence of  obtained onedimensional 
graphene strips.

Particular attention was drawn to the report of  
the PhD, assistant professor of  Roman Gorbachev, 
which arrived from Manchester to Novosibirsk from 
A.Geym laboratory The report was devoted to the 
synthesis of  two-dimensional laminates of  non-
carbon nature such as boron nitride, niobium and 
molybdenum diselenide, and others, and to the study 
their superconductivity.

S.P. Gubin and V.P. Fedin

Elena Obraztsova, GPI RAS, Moscow

Roman Gorbachev, University of  Manchester,  England
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The plenary session of  the first day report 
completed of  Nikolai Uvarov from a group of  
authors from the Institute of  Solid State Chemistry 
SB RAS and the Novosibirsk State University 
about the synthesis of  the polygraphene and its 
processing in order to increase its specific capacity 
as a supercapacitor electrode material.

A feature of  the conference, which revealed 
on the first day and remained to its end, was 
an unusually activity, lively reaction of  the 
audience, the discussion that accompanied each 
report before the ten questions, transforming 
the conference into a hot discussion club of  
eager to communicate participants, unlike typical 
for conferences conveyor run of  the declared 
program, that voicing its participants one after 
another, leaving tribune.

Breakout session of  the first day of  the 
conference – Synthesis of  graphene and related structures 
– leaded Victor Yakovlevich Prinz, Dr Sci. Phys&Math, 
professor, head Laboratory of  Physics and 
technology of  three-dimensional nanostructures 
of  the Institute of  Semiconductor Physics SB RAS, 
who noted the importance of  subjects synthesis: 
"semiconductor technology have long been ready 
to take graphene, has long been achieved high 
performance of  graphene devices, it's left for a 
little – the producing high-quality graphene in the 
required volumes."

The first report here is of  Dr Sci. Phys&Math, 
prof. Peter Belobrov from Krasnoyarsk Institute of  
Physics Kirensky, that advocated the diamond 
electronics as a pure carbonic electronics, has left 
more questions than answers

In report PhD Phys&Math Pauline Kuzhir from the 

Minsk Institute of  Nuclear Problems of  the Belarusian 
State University, together with the Finnish and Belgian 
colleagues, presented synthesis of  graphene-polymer 
(PMMA) sandwiches and study their screening 
properties giga- and terahertz radiation.

Report PhD Phys&Math Svetlana Smagulova 
from Yakut Northeastern University (Laboratory of  
graphene nanotechnology) about the synthesis of  
oxide-graphene films, the study of  their properties 
and the use of  a wide range of  applications – for 
laser lithography, humidity sensors, strain sensors, 
biosensors and protective antibacterial coating

Report PhD Chem Anatoly Lobach with co-
authors from Chernogolovka and Keldysh Center 
– about the synthesis of  three-dimensional hybrids 
of  two-dimensional graphene and one-dimensional 
carbon nanotubes by dispersing SWCNT in aqueous 
suspension of  graphene oxide. Hybrid film obtained 
by vacuum microfiltration suspensions, studied 
their Raman spectra and electrical conductivity in 
comparison with the original components.

Report PhD Chem Alexander Melezhik with 
colleagues from Tambov TSU – about industrial 

Viktor Prinz, ISP SB RAS, Novosibirsk

Polina Kuzhir, Research Institute for Nuclear Problems of  
Belarusian State University, Minsk

Svetlana Smagulova, North-Eastern Federal University, Yakutsk
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technology of  synthesis of  graphene nanoplates 
of  2-5 graphene layers stabilized by surfactants, 
and of  15 layers without stabilizers, including 
modified nanoplates, caused a number of  
criticisms.

Report PhD Chem Sergei Tkachev with colleagues 
from the moscow LLC AkKoLab (VNIIALMAZ) 
– about the synthesis gram quantities of  graphene 
through the graphene oxide restoration by 
supercritical isopropanol. There is a problem 
obtaining a graphene material, that is not lost the 
famous unique properties of  graphene – electrical 
and thermal conductivity, strength, transparency 
and others, that inherent in only one of  his flakes. 
Graphene oxide was synthesized by Hammers –
natural graphite is oxidized to the oxide, which is 
under the powerful ultrasound (~20 kHz, up to 1 
W/cm3) is stratified up to the graphene oxide. The 
last is restored by supercritical isopropanol in an 
autoclave.

In the report of  PhD Phys&Math Maxim 
Rybin from moscow GPI and his colleagues 

from Dukhov Institute of  Automation and 
MIPT presents the results of  graphene synthesis 
on copper foil through a chemical vapor 
deposition (CVD-process) – most relevance and 
perspective on today – with a subsequent doping 
(introduction of  impurities in graphite) by plasma 
in environment of  different gases and shift 
control of  its properties by various spectroscopic 
and microscopic methods.

In the work of  PhD Phys&Math Andrew 
Pakhnevich and his colleagues from the laboratory VJ 
Prince (ISP SB RAS) CVD-synthesis of  graphene 
was performed on the liquid copper (copper foil at 
1083°C and above) in a quartz reactor in an argon-
hydrogen atmosphere with the addition of  methane. 
By atomic force and scanning electron microscopy 
provided data to build the model of  growth of  
graphene films.

In the work PhD Chem Dmitry Pinakov and his 

Sergey Tkachev, AkKoLab, VNIIALMAZ, Moscow Andrey Pakhnevich, ISP SB RAS, Novosibirsk

Maksim Rybin, GPI RAS, Moscow Dmitrii Pinakov, NIIC SB RAS, Novosibirsk 
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colleagues from the laboratory V.E. Fedorov (NIIC 
SB RAS) the multilayer graphene is synthesized 
by thermal decomposition poliftoriddicarbon 
C2F∙xR, is fluoridated his by threechloride 
fluorine (for adjusting the band gap of  graphene); 
is revealed the influence of  size effects (splitting 
multilayer graphene) on the properties of  such 
ftoriddi.

In the work PhD Chem Catherine Fedorovskaya 
with co-authors from lab. A.V. Okotrub (NIIC 
SB RAS) are synthesized graphene materials for 
supercapacitors from graphite intercalates and 
then use them as a framework for the deposition 
of  polyaniline at its chemical polycondensation 
with produce composites with a specific capacity 
up to hundreds of  F/g. Data of   IR, XPS- and 
NEXAFS-spectroscopy obtained composites 
allowed to estimate their electrochemical 
properties.

***
The first day of  the conference concluded by 

buffet at the restaurant the first floor of  House 
Scientists.

3. THE SECOND DAY. THEORETICAL 
METHODS AND THE DIAGNOSTICS OF 
GRAPHENES
The plenary session of  the second day under 
the chairmanship of  Dr Sci. Chem Lyubov 
Gennadievna Bulusheva (lab. A.V. Okotrub NIIC 
SB RAS) opened Dr Sci. Phys&Math, prof. Leonid 
Chernozatonskii from the Moscow Institute of  
Biochemical Physics NM Emanuel RAS. He 
presented a review of  properties and applications 
of  two-dimensional graphene layers, bilayers, 
nanostructures of  dichalcogenides of  transition 
metals, structures with atoms, embedded between 
layers and/or in layers, as well as devices based 
on them in nanoelectronics, electromechanics, 
optics and photonics. "Graphene has exhausted 
itself," as assures A.Geym is now, but he removed 
"Landau ban" on two-dimension of  crystals, thus 
turning perception of  the world by the eyes in 
the dimension of  the processes and phenomena, 
i.e. graphene has become, except other things, 
specific object for study space as such.

The next report – the work of  a renowned 
expert in memcomputing – computing paradigm 

Ekaterina Fedorovskaya, NIIC SB RAS, Novosibirsk 

Lyubov' Bulusheva, NIIC SB RAS, Novosibirsk 

Leonid Chernozatonskii,  IBCP RAS, Moscow
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for the storage and processing of  information 
on a single physical platform, of  its founder, 
Dr Sci. Phys&Math, prof. Yury Pershin from 
the University of  South Carolina (Columbia, 
USA) with co-autors, in which is represented 
the realization of  the computer's memory by 
using the graphene membrane of  the capacitive 
system of  memory.

In the work of  PhD Phys&Math Pavel Sorokin 
from the Technological Institute for Superhard 
and Novel Carbon Materials (TISNCM, Troitsk, 
Moscow) with co-authors from the University 
of  Houston and Michigan, is studied "chemically 
induced phase transition" in the formation of  
ultrathin diamond film with a thickness up to 
15 nm multilayer graphene, and determined 
the critical the thickness of  graphitization such 
films ion composition.

Dr Sci. Phys&Math, prof. Eugene Belenkov 
(Chelyabinsk State University) presented a 
classification of  structural types of  carbon 
compounds from graphene to carbyne and 

diamond, considering the type of  chemical 
bonds in the compound, as well as the results 
of  calculations by the density functional theory 
of  the structure and electronic properties of  a 
number of  new graphene layers and 3D graphite 
phases.

Dr Sci. Phys&Math, leading researcher 
laboratory of  physics and technology of  three-
dimensional nanostructures ISP SB RAS Irina 
Antonova et al presented a paper in which, using 
the developed in the laboratory of  an original 
method of  fluorination graphene created it 
conductive islands – quantum dots with diameters 
from 400 to 10 nm and a density of  about 109 

per square cm and investigated the transport and 
the relaxation times of  nonequilibrium charge 
in them with lighted (daylight, ~ 1018 foton/
cm2s) and without it; are determined the values 
of  activation barriers separating the quantum 
dots for the flow of  current, and is studied their 
electronic structure.

Yury Pershin, University of  South Carolina, USA Eugeny Belenkov, Chelyabinsk State University   

Pavel Sorokin, TISNCM, Moscow, Troitsk Irina Antonova, ISP SB RAS, Novosibirsk
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Breakout Session – Theoretical methods 
in application to graphene materials – under the 
chairmanship of  Alexander Vladimirovich Okotrub 
began with report Galina Vasilyeva et al from St. 
Petersburg Ioffe Institute and Hanover Institute 
of  Solid State Physics, which presented a study 
two-layer graphene on SiO2 in the magnetic field 
in a vacuum. Shows the dependences of  the 
magnetoresistance on the width of  the sample 
as a function of  its geometry and of  scattering 
mechanism of  carriers, including negative 
magnetoresistance at displacement of  the Fermi 
level from the point of  electrical neutrality.

In the report PhD Phys&Math Olga 
Sedelnikova (lab. A.V. Okotrub) about interlayer 
interactions in bilayer graphene at disorientation 
layers (turn through a small angle with respect to 
one another) presents the results of  theoretical 
and experimental studies of  new features Van 
Hove in electronic density of  states of  graphene, 
its electronic, optical and plasmonic properties.

In the work of  PhD Phys&Math Dmitry 
Usachev from St. Petersburg State University 
is held a CVD-synthesis of  good-oriented 
monolayers of  N-graphene (nitrogen-doped) and 
B-graphene (boron-doped) on the surface of  a 
large area of  the triazine and carborane molecules, 
respectively. Photoelectron spectroscopy with 
angular resolution identifies the possibility to 
manage the electronic structure of  graphene by 
using doping and interaction with the substrate.

In the work Dr Sci. Phys&Math Ernst 
Kurmaev from Ekaterinburg Institute of  Metal 
Physics them. MN Mikheyev X-ray and Raman 
measurements showed no corrosion of  copper 
coated with a monolayer of  graphene, that lay in 
the air up to 1.5 years. The calculations from first 
principles of  density functional theory (DFT) 
have shown that copper is oxidized only in the 
presence of  a carbon vacancies in graphene.
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Vladimir Voroshnin and his colleagues from St. 
Petersburg State University grew the graphene by 
using cracking on a single crystal of  nonmagnetic 
rhenium with splitting at the spin of  surface 
electron states and the intercalation of  gold under 
graphene. Herewith in graphene inducing the 
spin-orbit splitting of  the π-states near the Fermi 
level while maintaining linearity of  the dispersion 
relation, which was confirmed by measurements of  
the electron and spin structure using photoelectron 
spectroscopy with angular resolution.

PhD Chem Victor Koroteev of  NIIC SB RAS 
(lab. Okotrub AV) and colleagues from the BIC 
SB RAS and the Spanish center CIC nanoGUNE 
Consilider investigated MoS2 formation on the 
surface of  various carbon materials, electronic 
structure and catalytic activity of  the samples 
according to the different synthesis conditions.

PhD Chem Alexander Mikheyev and PhD Chem 
Victor Makotchenko of  NIIC SB RAS showed 

that during microwave heating of  fluorinated 
intercalated graphite occurs the formation of  
multilayer graphene at temperatures several 
times more lower than by conventional heating.

PhD Chem Andrew Enyashin from 
Ekaterinburg ISSC of  RAS(UB) presented 
the work on modeling the stability of  grain 
boundaries as a linear defects in monolayers 
dichalcogenides. Studied their impact on 
the electronic and transport properties of  
semiconducting MoS2.

PhD Phys&Math Alexander Ponomarev from 
the Tomsk Institute of  strength physics and 
materials science with co-authors from Tomsk 
University presented the quantum-mechanical 
calculation of  the density of  electronic states 
near the Fermi level of  graphene and the 
impact of  structural defects of  graphene on its 
electronic transport

PhD Phys&Math Georgy Fedorov from the 
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Moscow Pedagogical State University and 
colleagues from the MIPT, the Kurchatov 
Institute and the GPI RAS presented the work on 
graphene as a base sensor element for detectors 
of  terahertz radiation at room temperature. 
Optimization of  their configuration requires the 
determination of  the contribution of  various 
physical mechanisms in response of  graphene 
at the radiation. Shows the results of  irradiation 
(200 μW, 140 GHz) asymmetric structures based 
on CVD-graphene. Depending on the type of  
matching of  radiation with the drain, source and 
gate of  detector received fotothermoelectrical or 
plasmon response (up to 10 V/W) of  graphene

Dr Sci. Tech, prof. Kurbangali Tynyshtykbaev 
from the Kazakh Nazarbayev University in 
Astana and his colleagues from Chernogolovka 
Institute of  Microelectronics Technology and 
High Purity Materials RAS presented the results 
of  measurements of  microamperes acoustical 

currents in the CVD-synthesized 2-3-ply 
graphene on piezo substrate (polycrystalline 
Ni-film) under the influence of  a mW surface 
acoustic wave on ~ 100 MHz resonance 
frequency. Imposing a small bias voltage along 
with change in the amplitude of  the surface 
wave determined the sign and magnitude of  the 
induced acoustoelectric current.

Dr Sci. Phys&Math, prof. Yuri Nechayev 
in collaboration with V. Filippova (Institute 
of  Physical Metallurgy them. Kurdyumov of  
Bardin Central Research Institute CHERMET) 
presented the results of  the thermodynamic 
analysis of  the characteristics of  the thermal 
stability of  hydrogenated graphene, as well as the 
mechanism of  the process of  hydrogenation and 
dehydrogenation (according to the literature).

3.1. POSTER SESSION
After the reports of  the second day was declared a 
poster session. Poster presentations - about sixty – 
filled a spacious corridor of  mezzanine of  winter 
garden (continuation of  hall at second floor) all 
the days of  the conference and were available for 
discussion at all coffee breaks and breaks between 
sessions. Among poster presentations there were 
many such that it would be preferable to hear in 
the audience of  the conference, however, due 
to its restriction in time, such works had to be 
content with a poster presentation.

Some examples of  posters and episodes of  
poster session are shown in the attached compilation.

Georgy Fedorov, MSPU, Moscow Yury Nechaev, Kurdjumov Institute of  Metals Science and Physics of  
Bardin Central Research Institute of  Ferrous Metallurgy, Moscow
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4. DAY THREE. MATERIALS AND 
DEVICES BASED ON GRAPHENE
The third day of  the conference began with a 
plenary session chaired by Vladimir Ivanovich 
Grachev (Institute of  Radio Engineering and 
Electronics, Russian Academy of  Sciences), 
with a presentation of  Dr Sci. Phys&Math, prof. 
Alexander Eletski of  the Kurchatov Institute (with 
co-authors from the Moscow Institutes of  MEI 
and Emmanuel RAS), which, after consideration 
of  the problems of  using CNT array as a cold 
electron field emitter presented calculations of  
model vertically oriented rectangular sheet of  
graphene, which emits electrons from the edge 
of  the sheet. Received the value of  the work 
function of  the electrons for the graphene 
fragments, functionalized by hydrogen. Shows 
the existence of  two modes of  emission (of  the 
order of  tens of  amperes per cm2): from the top 
of  sheet when the applied voltage is low, and from 
the its center in the high field, which reveals in 
the fracture of  current-voltage characteristics of  
graphene in coordinates of  Fowler-Nordheim, 

that confirmed in an experiment. Offered 
the structure of  the emitter with a uniform 
emission from all regions, that, in principle, 
may be implemented by existing equipment of  
processing fragments of  graphene.

Dr Sci. Phys&Math, prof. Victor Prince (ISP 
SB RAS) began his a very rich overview of  
graphene devices and structures with doubt of  
the replacement  in the coming decades silicon 
electronics by the graphene: "today trillions of  
the working transistors on a single silicon  chip 
can not be replaced on the trillions modern CNT,  
as unattainable as long as for graphene and the 
quality of  silicon, which has at 1012 atoms the only 
one defect. This was followed by presentation 
of  graphene devices with their physics, from 
ultra-fast and wide-band photodetectors, 
sensors, transistors, field emitters and graphite 
+ heterostructures, quantum dots etc. to the 
graphene nanophotonics, nanoplasmonics with 
atomic optoelectronic and plasmonic devices and 
flexible electronics on heterostructures; with the 
certainty that after a some recession enthusiasm, 
graphene will come to a plateau of  productivity, 
taking up its significant niche in the electronics.

Dr Sci. Phys&Math, prof. Alexander Obraztsov 
et al (Faculty of  Physics, Lomonosov MSU) 
presented an overview of  many years of  research 
multi-emitter  auto cathode: CVD-synthesized 
on a silicon substrate plate of  graphite with a 
thickness from several to tens of  nanometers, 
consisting of  a few atomic layers with 
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perpendicular to the substrate orientation and 
with a high aspect ratio. Emission occurs from 
the blade edge of  such auto cathode. Herewith 
the blade edge is curved. Its bending has a 
diamond heterostructure. It is shown that the 
classical description of  the field emission in this 
case requires a supplement – the introduction of  
gain as the ratio of  the local and average fields; 
At high voltages the energy spectra reveal the 
emission from the inner levels, herewith the 
double potential barrier with an additional level 
has resonance nature.

Sectional session – materials and devices based 
on graphene and related structures – began with the 
report of  PhD Chem Boris Tarasov et al from 
Chernogolovka (IPCP RAS) about synthesis 
the composites for hydrogen energy based 
on graphene-like materials (GLM), obtained 
while thermal reducing of  graphite oxide. Were 
obtained Pt/GLM, NiO/GLM (from mixtures 

OG and salts of  Ni), Ni/GLM. Also were 
prepared composites CNS/GLM (CNS – carbon 
nanostructures – nanofibers and nanotubes). 
Studied the influence of  the synthesis conditions 
on the properties of  CNS and composites, as 
well as catalytic properties of  composites

In the work by Dr Sci. Phys&Math, prof. 
Alexander Lebedev from the Joffe Physico-
Technical Institute et al from Holding "Nitride 
crystals" (St.Petersburg) and the Finnish Aalto 
University graphene films are formed while 
thermal destruction of  the surface of  silicon 
carbide. Films studied by methods Raman, 
Auger spectroscopy and RHEED, measured 
current-voltage characteristic, the Hall effect at 
temperatures of  2-300 K and so on. Is made 
stable as NO2 gas sensor with a record sensitivity.

PhD Chem Valery Melnikov, in collaboration 
with MV Gudkov from the Institute of  Chemical 
Physics RAS presented a report on the original 
method of  obtaining graphene material with 
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high specific surface by explosive reduction of  
graphite oxide through vapors of  hydrazine at 
room temperature.

After lunch, chaired by PhD Chem Vladimir 
Leonidovich Kuznetsov from the Institute of  Catalysis 
SB RAS sectional session report continued Dr 
Sci. Tech Sergei Grigoriev from the MEI and co-
workers of  the Kurchatov Institute and the  
Dolgoprudny firm "Deltarus", which presents 
the results of  the synthesis and study of  reduced 
graphene oxide with a specific surface area of  
600 m2/g with the deposited nanoparticles of  
platinum metals magnetron sputtering in a pulsed 
mode. Installed the optimum RGO content by 
adding it into composition of  the electrocatalytic 
compositions of  membrane-electrode cells of  
fuel with solid polymer electrolyte.

Nadezhda Nebogatikova and colleagues from 
the ISP SB RAS presented the work on the 
original method of  fluorination graphene 
suspension an aqueous solution of  hydrofluoric 

acid to create a thin (50 nm) fluorografene films 
with high breakdown voltage of  ~106 V/cm and 
a low density of  surface states 1010 per cm2 that 
is promising for practical applications.

In the report PhD Phys&Math Victor Klesch and 
colleagues from the Physics Faculty of  Lomonosov 
MSU and MIREA about graphene as the auto 
cathode the single-layer CVD-graphene large (~ 1 
× 1cm2) square on the copper foil after the transfer 
on a quartz substrate, upon application of  a small 
voltage due to the high aspect ratio consistently 
gave with its edge emission current with linear 
density of  0.1 mA/cm, which was visualized using 
fluorescent screen. By increasing the imposed 
voltage up to ~360 V current, reaching 0.5 mA/
cm sharply grows on several (> 4) orders, gradually 
increasing after the jump, and gradually decreasing 
with decreasing voltage to its original value. Ie CVC 
current had hysteretic view that, apparently, due to 
the avulsion of  the graphene edge from substrate 
by ponderomotive forces of  field emission. These 
results show the row of  new application of  graphene 
emitters.
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Sergey Grigiriev, MEI, Moscow

Nadezhda Nebogatikova, ISP SB RAS, Novosibirsk

Victor Klesch, Faculty of  Physics, Lomonosov MSU, Moscow

NANOSYSTEMS FIRST RUSSIAN CONFERENCE "GRAPHENE – 
MOLECULE AND 2D-CRYSTAL" (Novosibirsk, 8-12.09.2015)



122

No. 2 | Vol. 7 | 2015 | RENSIT

PhD Phys&Math Alexander Reshetnyak 
from Tomsk Institute of  Strength Physics 
and Materials Science and co-workers of  the 
Kiev Bogolyubov Institute and University, 
presented model calculations of  the optical and 
magnetooptical conductivity bilayer graphene 
in external electric and magnetic fields, in 
the so-called 2- and 4-band quantum-field 
approximation. Calculations of  the contribution 
to the conductivity are made taking into account 
the multiple elastic scattering of  electrons 
by impurities and structural inhomogeneities 
of  short-range order using the exact Green's 
function. Received expressions for the angles 
of  the Faraday and Kerr when radiation passes 
through the graphene on various substrates, can 
be used in the graphene optoelectronics.

In the work PhD Chem Alexei Rychagov 
from the Institute of  Physical Chemistry and 
Electrochemistry Frumkin with colleagues from 
the AkKoLab shown that the electrochemical 

reduction (ECR) of  graphene oxide erases only 
loosely coupled oxides (epoxy and hydroxyl 
groups to the basal surfaces OG). It allows 
to form the electrodes directly in cell of  
supercapacitors. Redox polarization leads to the 
formation of  electrodes having a large pseudo-
capacitance quinone-hydroquinone type. Proton 
conductivity of  OG allows to form thin (3-5 
m) electrochemical groups of  supercapacitors 
in the absence of  an electrolyte. Prototype of  
symmetrical supercapacitor based on ECR OG 
is created and tested in the company AkKoLab.

PhD Tech Anastassia Nikolaeva from NIIgrafit 
with co-authors from MEI presented a message 
about the technology of  little-layer graphene in 
aqueous solutions in the presence of  surfactants 
and organic compounds by direct exfoliation 
of  natural graphite under the influence of  
ultrasound.

PhD Tech Anton Dmitriev from the 
Chelyabinsk State University reported the results 
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of  determining the thickness of  the leaves of  
composite of  expanded graphite and coal tar 
pitch on the proposed empirical formula.

In the report PhD Chem Alexander Samarov 
from IUHM of  SB RAS, Kemerovo, presented 
the technique of  synthesis of  porous carbon 
materials (> 2000 m2/g) through the alkaline 
carbonization of  various aromatic precursors, 
and the results of  the study of  one-dimensional 
and two-dimensional conduction micro- and 
mesoporous electrodes and specific capacity (up 
to 325 F/g ) of  dual-layer supercapacitors.

4.1. PRESENTATIONS OF SPONSORS
The third day of  the conference concluded by 
presentation of  representatives of  sponsoring 
companies - participants of  the conference with 
an exhibition of  their products and stands on its 
activities: NT-MDT (Zelenograd), Graphene Materials 
(St. Petersburg), 10-nmbarVACOM (Jena, Germany), 
OCSiAl (Novosibirsk), CZL laboratory equipment 
(Moscow), DIA modern laboratory (Moscow), INUMiT 
(Lomonosov MSU), LLC AkKoLab (Moscow). 
Four representatives made detailed presentations 
that caused an active interest in the audience of  the 
conference.

Some of  samples of  the exhibition presented 
below:

5. DAY FOUR. HYBRID MATERIALS 
BASED ON CARBON NANOPARTICLES
The last day of  the conference began with a 
plenary session, chaired by Dr Sci. Phys&Math 
Irina Veniaminovna Antonova (ISP SB RAS) 
with the report of   Japanese participant in 
the conference Prof. Yoshiyuki Kawazoe from 
University Tohoku, Sendai, Japan – "The new 
carbon allotropes – theoretically predicted 
and confirmed." Presented penta-graphene – 
2D-metastable allotrope of  carbon consisting of  
carbon pentagons. Calculations show that penta-
graphene is not only dynamic and mechanically 
stable, but also can withstand temperatures up to 
1000 K. It has an unusual negative Poisson's ratio 
and its ultra-high strength superior graphene. 
Furthermore, unlike graphite which must be 
functionalized for open of  the gap, penta-
graphene has an inherent quasi-direct bandgap 
width up of  3.25 eV, like of  ZnO and GaN. It 
is equally important that the penta-graph can 
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be exfoliated from the T12-carbon. Wrapped, 
it may form a nanotube-based pentagon, which 
are semiconductor regardless of  their chirality. 
Versatility of  penta-graphene and its derivatives, 
is expected to have wide applications in 
nanoelectronics and nanomechanics.

In the discussion prof. Y.Kawazoe was 
assisted by Dr Sci. Phys&Math, prof. Rodion 
Belosludov, Tohoku University, Sendai, Japan.

Dr Sci. Phys&Math, prof. Vladimir Fedorov 
from NIIC SB RAS presented report "The 
renaissance of  low-dimensional materials: 
from graphene to other layered structures". 
The discovery of  graphene triggered a sharp 
increase in attention to related it layered and 
low-dimensional structures, which already 
in the 70s there took place due to the high-
temperature superconductivity. In Novosibirsk, 
low-dimensional theme developing for many 
years, so here holding our conference – the 
first in Russia on graphene, it seems natural. 
The report presents the results of  experiments 
with transition-metal dichalcogenides of  groups 
4-6 of  the periodic table. Used method high-
temperature cleavage in vacuo bulk crystals 
when ultrasonic treatment, obtained colloidal 
dispersion and thin films (after filtration) and 
di- and three-chalcogenides Mo, Ta, Nb – little-
layer (1 micron) monocrystals lateral size up 
to 5 mm (monolayers – for the time being not 
more than 5 μ) which lie on a textured substrate. 
We received several composites with Pt, Au, 
etc. Investigated their electrical properties, 

the influence contacts between grains, etc. It's 
known the possible use of  nanostructured 
chalcogenides in supercapacitors, fuel cells, solar 
and Li-ion battery, and others.

In the work PhD Chem Vladimir Kuznetsov 
from BIC SB RAS with colleagues from NIIC SB 
RAS and GPI RAS about the structure of  real 
catalytic multiwalled nanotubes (thin ~ 10 nm 
and thick ~ 20 nm) their synthesis was carried 
out on two types of  catalysts. Annealing above 
the Debye temperature (2800°C) enlarges defect-
free bonds of  the tubes, increases resistance to 
galvanic corrosion and strength. MWCNTs were 
characterized using HR TM, Raman spectroscopy, 
measurements of  temperature dependence of  
conductivity (T), magnetoresistance (B) and 
mechanical properties. It is shown that the 
properties of  CNTs determine the composition 
of  the catalyst, the synthesis conditions, the type 
of  reactor and the conditions of  catalyst activation, 
gas promotion and post-reaction processing.

PhD Chem Olga Podyacheva from BIC SB 
RAS with colleagues from NIIC SB RAS and 

Vladimir Fedorov, NIIC SB RAS, Novosibirsk 
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Kemerovo IUHM in work about nitrogen-
containing nanofibers spent catalytic growth 
N-CNF while the decomposition of  ethylene-
ammonia mixture (with a concentration of  
ammonia to 75 vol.%) on the surface of  metal 
catalysts at temperatures ≥550°C, the duration 
of  the synthesis up to 20 hours and a maximum 
yield of  70 gC/gcat. Received the N-CNF with 
coaxial conical packing of  graphite layers and a 
stable defect structure containing up to 8 wt.% 
of  nitrogen in pyridine like, pyrrole and graphite 
like states. Obtained the nanocomposites Pt/N-
CNF with sub-nanometer electron-deficient 
clusters Pt, wich impart the catalytic properties 
of  the composite.

PhD Chem Olga Kochanowskaya from Omsk 
State Technical University and colleagues from 
IPPU SB RAS in the report about spontaneous 
decomposition of  hydrogen peroxide on the 
surface of  carbon black, the synthesis of  which 
takes place at > 1000°C, presented the results 
of  the functionalization of  its surface during the 
oxidation of  hydrogen peroxide with a co-agents 
– ozone and singlet oxygen. Defined priority 
properties of  the carbon surface, affecting the 
kinetic parameter of  reaction – the activation 
energy of  the decomposition reaction of  H2O2. 
The highest degree of  oxidation of  carbon black 
is achieved through the grown the carboxyl 
and lactone groups, using a hydrogen peroxide 
concentration of  30% in the liquid phase process 
and the air enriched with singlet oxygen.

The conference ended report Dr Sci.
Phys&Math Andrew Basharin from JIHT RAS 
about growth graphene from carbon vapor: a 
laser pulse through the window of  the chamber 
with high pressure vaporizes a highly oriented 
pyrolytic graphite, on which surface from 
the reverse flow of  steam growing graphite 
(graphene) on the mechanism of  vapor-liquid-
graphite at a pressure above the triple point 
of  the liquid carbon p0 = 10.7 MPa (4700 K) 
and the mechanism of  steam-graphite at p < 
p0. Surface energy, which determines the size 
of  the critical nucleus in processes of  growth, 
2 times lower at the border of  graphene-liquid 
carbon compared to the border graphene-vapor. 
While the dislocation growth from vapor with p 
above the triple point (11.2 MPa) the layers are 
atomically smooth, because their ends are wetted 
by liquid carbon, and at p below the triple point 
(9 MPa) are rough and covered with secondary 
vicinals – undulating figures of  growth on screw 
dislocations – due non interlocking of  layers, at 
growing of  solid particle condensate in the solid 
growth stage. The structure of  the elementary 
step of  graphite with a width of  about 20 nm 
and a height of  0.67 nm step extremely active 
adsorbs impurities. We investigated also this 
process in the presence of  boron, levitating 
drop above the superhydrophobic highly porous 
foam – capillary condensation of  liquid carbon 
on roughnesses of  the surface CVD diamond. 
The study shows such new path of  growth of  
defect-free graphite and graphene.

Ol'ga Kokhanovskaya, IHCP SB RAS, Omsk Andrey Basharin, JIHT RAS, Moscow

NANOSYSTEMS FIRST RUSSIAN CONFERENCE "GRAPHENE – 
MOLECULE AND 2D-CRYSTAL" (Novosibirsk, 8-12.09.2015)



126

No. 2 | Vol. 7 | 2015 | RENSIT

6. CLOSING OF THE CONFERENCE
Chaired in the last day of  the conference, Irina 
Antonova has given the final word Professor SP 
Gubin.

GUBIN S.P., IGIC RAS, MOSCOW
We have received here so many new, interesting, 
factual, theoretical, and any other information, 
that it should be comprehend. I especially want 
to thank all the participants. I listened to almost 
all of  the reports and it was very interesting. I 
want to note that the conference and all reports 
have been at a good, true a scientific level, 
reports that participants of  the conference 
were perceived with great interest, there were 
discussions, debates continued on the sidelines. 
Poster presentations – I looked through almost all 
poster presentations – were also very interesting. 
And so it seems to me that our conference was 
successful. I think you will agree with this, and 
let's greet themselves in this regard (applause).

I still want to say that the carbon in all its 
nano-manifestations, and in particular graphene 
– is definitely a real future in engineering and 
technologies for the coming years. I think for 
the experts, sitting here, this is not necessary to 
convince. Number of  publications on graphene 
– I talked about this at the beginning - the interest 
in it in all research teams, according to journals 
and conferences, are very high. That's because 
even the conference, for example, that is not 
related to graphene – on supercritical fluids, held 
recently in Italy – colleagues have come and say 
that almost half  of  the reports were devoted to 

or associated in varying degrees with graphene. 
Experts come from another conference and talk 
about the same thing. Ie graphene is now on the 
point of  interest, and this is extremely important.

There were heard question: what practical result 
can be here. I would like to answer one important 
question that arises here. My belief  – I wrote in 
the article published some time ago and possible 
it looked like some kind of  fantasy: the future 
electronics and information technology, connected 
exactly with the carbon materials and graphene.

Those who work in the field of  classical 
silicon electronics immediately objected: what 
you say, into silicon electronics invested trillions 
of  dollars, who is will allow you to replace silicon 
on some of  your graphene? To argue is difficult, 
on the one hand, on the other hand, simply. Now 
comes the so-called sixth technological order. 
Not all – most of  those who proclaim it, do not 
really understand what it is. Honestly, I read a 
bunch of  material on this subject, I can not say 
that this is deeply understood. But I watched on 
it from the point of  view of  the material. After 
all, we are all material scientists, in one form 
or another. And I was interested exactly in this 
aspect of  the matter. And of  course, the only 
material that can solve the problems facing the 
sixth technological order – and there, you know, 
combination of  bio and neuro, and information 
technologies and so on – is, of  course, graphene. 
Nothing else today in our hands and in humanity 
no, in order to solve these problems.

As regards the part of  this thesis that 
silicon technology in the electronics works, 
in it invested billions, the people who are so 
speculate, I would advise to go to any museum 
of  transport. There are a lot of  museums of  
transport now in different cities, both in our 
country so and abroad. And look at the exposed 
beautifully restored, gleaming locomotives. After 
all, humanity and technology of  the late 19th –
early 20th century reached the highest perfection 
in terms of  the creation of  machines of  this 
type, like a locomotive. There was obtained a 
high efficiency, there were honed all the details, 
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there was a well-designed mechanics, grease, etc, 
etc. There were plants in the Soviet Union, in 
Germany, in the United States, which produced 
tens or hundreds of  locomotives. And it seemed 
that this is the height of  perfection, and so 
always will be.

But then came the age of  electricity, came the 
first suburban electric trains – older people may 
say, and I can say – the first train, and it was very 
undignified, even funny – ride on this electric 
current. And it seemed that everything will be 
as it was, would locomotives, and we will ride on 
the passenger and freight trains, which are the 
well-developed machines.

But it took quite a bit of  time the locomotives 
came to naught. They are not here, they are in 
museums.

And here the situation is the same. Indeed, 
today's electronics – a silicon electronics. But  I 
did not invent the term, there is a term in the 
English language and our literature – post-silicon 
electronics. The only material from my point 
of  view, post-silicon electronics, is of  course, 
graphene and other nanocarbon materials 
related or related with graphene. In this sense, 
we are with you in some way on a knife edge. 
Indeed this is the future, and it does make sense 
to research this, because it is important, it is 
useful and necessary.

There is a seminar in Moscow with the same 
name "Graphene – a molecule and 2D-crystal". 
We held 18 meetings, and main professionals 
working in Moscow, and some visiting colleagues 
participated in this work. We will continue the 
work of  the Moscow seminar, we will continue 
to try to cover these problems. Of  course, it is 
not easy – cover everything that is done in our 
country in this direction. Therefore, I beg you, if  
you have interesting publications – will take the 
trouble to click a button and send me. I promise 
you that these publications will not die, they will 
classified by category, they will be reported in one 
form or another to those who will be interested 
in these issues. In general, any information on 
this case send out to our seminar

Secondly, those who are not Muscovites – you 
are after all, coming to Moscow periodically, do 
not take the trouble to call or write in advance and 
we can plan the seminar so, to you have arrived 
and presented their new results in this seminar.

Colleagues assure me that it will be necessary 
to hold the next conference, if  not next year, 
then after two. Well, let's see ...

Once again I want to thank you for activity, 
for participation in the conference, for their 
interest in this very interesting, from my point 
of  view, material. Thank you.

OKOTRUB A.V., INSTITUTE OF 
INORGANIC CHEMISTRY SB RAS, 
NOVOSIBIRSK
It was announced, at our conference 150 people. 
Skeptics said that there will be no more than 70. 
Nevertheless, skeptics confounded. To us only 
arrived 80 people, 20 people registered from 
Novosibirsk, 20-30 people regularly attended 
as unregistered. Therefore, the conference 
was almost always more than 100 people. And 
I believe that for our Russian level is a very 
good representation. We have received 53 oral 
presentations, over 60 poster presentations. 
Participants represent 20 cities, and as it is 
surprisingly, from 7 countries. Colleagues came 
from the United States, Britain, Japan, Germany, 
Kazakhstan, and Belarus of  course.

Topics that we have covered in the course of  
conference reflect almost all areas of  modern 
studies of  graphene. Of  course, I would like more 
good, interesting, original researches that are ahead 
of  the rest. Nevertheless, the overall level indicates 
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that a graphene-carbon science alive, it is more or 
less developing. And it seems to me that such an 
event that's when we all met, talked, found some 
common ground, have found each other and again 
envisage any future work is a very important for 
the future, for the future development. We must 
use the strengths of  the individual laboratories, 
individual areas and try to move on.

I think that it, of  course, is not the limit of  
our scientific activity, we must continue. There 
was a proposal to hold the next conference via 
year in Chernogolovka. We are ready to share 
all organizational experience, addresses, letters, 
how best to hold the conference.

We thought that the conference should have 
a minimum registration fee. And we went down 
that road. Especially to reduce the registration fee 
for the young participants. I am grateful to all the 
sponsors who came to us, who provided funds. 
Their participation has allowed, on the one hand, 
to hold our scientific conference, on the other 
hand, was a very interesting exhibition. Because 
we now have commercial organizations that work 
in the field of  carbon and they are interested come 
here. And I think it there was a mutual interest.

***
It should be noted also an excellent 

organizational work of  a remarkable team of  
staff  and graduate laboratory AV Okotrub, 
headed by Ph.D.Phys&Math Fedoseeva Yulia 
Vladimirovna – the scientific secretary of  the 
conference and her comrades – Viktor Koroteev, 
Mikhail Katkov, Mikhail Kanygin, Dmitry 
Gorodetsky, Yegor Lobyak, Olga Sedelnikova, 
Ekaterina Fedorovskaya, Svetlana Stolyarova, 
Olga Gurova and Irina Kuznetsova. A significant 
contribution to this work made Irina Antonova 
Veniaminovna (ISP SB RAS). 

CHERNOZATONSKII L.A., IBCP RAS, 
MOSCOW
I certainly shocked in the sense that really all 
the pointed questions that now exist – I am, in 
general, too, always look the literature, graphene 
and not only graphene, near the graphene, and 
generally on carbon materials – were here very 
interesting to have been delivered, and the 
presentations were wonderful. And debates were 
tightened time, but this is a must for all of  us 
– to discuss each report. I noticed – for each 
report to follow questions, for each. That's great.

RYCHAGOV A.Yu., IPCE RAS, MOSCOW
Level conference very high, most importantly 
– a very high level of  organization, I was just 
amazed. On the Eurasian conferences I have 
not seen yet so comfortably, efficiently formed, 
organized enterprises.

I think that is not entirely unequivocal 
Chernogolovka as option in terms of  the second 
conference. Akademgorodok – a specially created 
space for conferences but Chernogolovka –
science city ...

For the future of  the conference organizing 
committee, I would advise to arrange a diploma 
for youth participants. My experience tells me 
that it – good for them help.
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DULIN M.N., IT SB RAS, Novosibirsk
I'm sorry that our there was very little at this 
conference, even though we have people who 
deal with this problem.

I wanted to say the following: in addition to 
the fact that this conference was very interesting 
– and I have something to compare, is now taking 
place in parallel, just now have been completed, 
Lavrentyev Readings on thermodynamics in the 
IG SB RAS – here are much more interesting 
than there. Well, for their own reasons.

In concluding remarks, I would just like to 
note one aspect. Do not consider me a dreamer, 
but there is a opinion that graphene is a unique 
situation for the study of  space as such, of  its 
fundamental properties. What I mean?

Yet Poincare at the time showed that 
electromagnetic interaction can exist only in 
three-dimensional space. Accordingly, if  the space 
is one-dimensional or two-dimensional – inside it 
the electromagnetic field as such can not be.

But on the border the bound states of  
photons, of  course, exist. And all what we 
see from the properties of  graphene – this is 
properties such these bound states.

Thank you, it was very interesting to listen to 
the wonderful reports of  conference 

***
After the last session were organized a tours 

to the three institutions - IFP, IIC and BIC than 
the participants did not fail to take advantage.

After that was an unforgettable banquet on 
the shore of  the Ob Sea.
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Abstract. The information about the first Russian conference on graphene "Graphene – a molecule 
and 2D-crystal", held September 8-12, 2015 in Novosibirsk (Russia), which "grew" from the 
workshop of  the same name, from 2013 held in Moscow under the leadership of  SP Gubin is 
presented. Presented at the conference works conventionally been divided into five research areas: 
synthesis of  graphene and related structures, theoretical methods attached to graphene materials, 
diagnostics of  graphene and related structures, materials and devices based on graphene and related 
structures, hybrid materials based on carbon nanoparticles. The conference was attended by about 
150 people from more than 20 institutes of  the Russian Academy of  Sciences and more than 10 
universities in Russia and countries of  near and far (the US, Britain, Germany, Japan, Kazakhstan, 
Belarus) countries. Having heard and discussed 50 papers and 60 posters. The conference was held 
in a warm atmosphere of  the discussion on a high, according to the participants, the scientific level 
and with the universal desire to turn it into a permanent Russian conference on graphene.
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hybrid materials
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1. SIXTH TECHNOLOGICAL ORDER
One of  the most common paradigm for the 
global economics – cyclical its development and 
associated with its cycles so-called technological 
orders – a set of  breakthrough technologies 
that form the new sectors of  the economics. 
In the studies of  the dynamics of  science and 
technology progress formed an idea about 
six technological orders, which take place in 
development of  this progress. The first order is 
dated by the 18th century with its first industrial 
revolution in the textile industry, second order 
is the era of  steam engines of  the 19th century, 
which converted shipping, coal mining, and 
created railways; third technological way with 
its second industrial revolution at the end of  
19 th century is the era of  steel; the fourth 
order is the internal combustion engines, 
wired telephone, automobile and aircraft 

GRAPHENE – GOOD NEWS FOR THE SCIENCE
AND TECHNOLOGY OF THE 21ST CENTURY
Sergey P. Gubin
Kurnakov Institute of  General and Inorganic Chemistry, Russian Academy of  Sciences, http://www.igic.ras.ru
31, Leninsky prosp., 117991 Moscow, Russian Federation
gubin@igic.ras.ru
Abstract. The text of  the speech, closes the first Russian conference on graphene "Graphene – a 
molecule and 2D-crystal", held in September 2015 in Akademgorodok, Novosibirsk (Russia) is 
presented. The assessment of  the place of  graphene in addressing contemporary issues of  scientific 
and technical progress is presented. It presents the criteria that deny the so-called "Moore's Law" 
grounds for the application. The assumption of  graphene as a single at the moment, post-silicon 
material for electronics is suggested. It is shown that the reality of  the creation of  biochips based 
on graphene.
Keywords: technological order, graphene, completely carbon nanoelectronics, biochips
PACS: 51.05.ue
Bibliography – 4 references             Received 25.11.2015
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construction, petrochemicals up to the 70s of  
the 20th century; the fifth order of  the 70s of  
the 20th – the early years of  the 21st century 
with its scientific and technological revolution – 
the era of  computers and telecommunications, 
biotechnology, new forms energy and materials, 
space and communications. Finally, the sixth 
technological order adopted to date the beginning 
of  the 10-ies of  our century and associated 
with nanotechnology and with convergence of  
nano, bio, info and cognitive technologies [1]. 
And the key here is, in my opinion, graphene 
and graphene-like materials. Sixth technological 
order is a century of  carbon.

Fig. 1. Closing remarks at the conference.

NANOSYSTEMS



132

No. 2 | Vol. 7 | 2015 | RENSIT

2. THE GOOD NEWS FOR THE SCIENCE 
AND TECHNOLOGY OF THE 21ST 
CENTURY
Century of  carbon surely come. The question is 
only: as much as possible now? And is there any 
hope?

We are not the first and not the last we ask 
such a question. It casts the following analogy. 
From biblical mythology is well known that 
after the Flood, Noah, the old Noah, who was 
600-something years old, collected in his ark 
pair of  every creature, asked the same question 
[2]. I give here (Fig. 2) illustration French artist 
Gustave Dore, who lived only 51 years, has 
created more than 30,000 prints and drawings 
on biblical themes, depicting all the biblical 
legend. From my grandfather I still have an old 
bible huge thickness, where every two pages are 
illustrations Doré, and yet not knowing how to 
read, I leafed through with his grandmother this 
Bible and in head were postponed these biblical 
art images. So Noah, to know what to do next: 
water is gone, the Ark aground near Mount 
Ararat, but whether there is life, there is whether 
the conditions for life, whether it is possible to 
live on, is there any hope – he releases a dove. 
The dove flew, for some time flew, and finally 
flew back, holding in its beak a sprig of  green 

olives. That was the good news of  life outside 
the ark. And now (Fig. 3) methinks that graphene 
is just such the good news.

3. "LAW" MOORE AND POST-SILICON 
ELECTRONICS
Through my many different literature, 
information, data passes, and I shared it all into 
two unequal parts. The first part briefly called 
"deadlocks" – that managed to be resolved 
or will be a success with using graphene. The 
second – "Surprises", ie then, that it was 
impossible to suggest, questions, that in no way 
it was impossible to ask some time ago. And 
once opened graphene and its properties were 
found, these surprises straight away showered as 
from the horn of  plenty.

If  we talk about deadlocks, then of  course the 
most important is a dead end, an information, 
a dead end, associated with the non-realization 
of  the individual elements. Already more than 
a decade we are disturbed at some affirmation, 
which we incorrectly called Moore's law [3]. No 
it is not a law, it's just a rule of  thumb, man put 
three points on the same straight line, and went 
on to extrapolate it over time (Fig. 4). Here, 
in fact, there is no especial law. This so-called 
Moore's law is not respected and will not be 
complied with, when we come to dimensions 
smaller than 20 nm.

The fact is that those professionals working 
in the field of  physics and chemistry of  Fig. 2. Noah's Ark, Gustave Dore, 1864.

Fig. 3. The good news for the science and technology of  the 21st 
century.
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nanoparticles - and this trend is quite intensively 
developed here years 20-25-30, it is developing 
and now – we very clearly understand and know 
that at sizes of  particle of  20 nm essentially, 
fundamentally are changed many physico-
chemical parameters and conformities. Well, for 
example, at gold nanoparticles of  10 nm appears 
a bandgap. Forgive me, it is a metal, which has a 
well-defined band gap. And vice versa, bandgap 
of  nanoparticles of  silicon increases by 3.5 times 
while reducing the particle size up to 5-6 nm.

Melting point such particles, of  metallic for 
example, which are used in metal conductors, in 
contacts, which are present in very large electronic 
circuits, chips, etc. etc. – their melting temperature 
sharply falls, when you start to reduce them up to the 
nanoscale, up to 20 nm and less.

At our conference Sergey V. Tkachev from 
AkKoLab (VNIIAlmaz, Moscow) spoke about those 
stripes, that we make from silver nanoparticles. So 
here, in these strips the silver melts at 100-120°C, 
whereas the melting point of  silver is much higher. 
Gold has a melting point 1300°С, its nanoparticles 
melts below 400°C [4], etc.

Since in today's integrated circuits with there is 
a large number of  elements and they located very 
close together, then here arise high temperatures 
and, accordingly, produced a large amount of  heat. 
Accordingly, there is dislodging of  contacts, they 
cease to have the morphology, which them is given, 
which is drawn on most circuits, etc. Crisp edges no 
longer exist. And what does it mean? This means 
that they begin to merge, become thin up to the 

monolayer, and you lose on contacts a lots of  –
charge and everything else. And solve this problem 
directly – segue to sizes smaller than 20 nm, at 
existing planar technology, my deep conviction, will 
not succeed.

We must look for new ways. But new ways 
you can only search on other materials. Once is 
formulated question, it must be the answer. The 
question is formulated as follows: what will happen 
after the silicon electronics? Clearly, this will not 
gallium nitride, not gallium arsenide, not diamond 
films, although each of  these materials has its 
interesting advantages, have interesting properties, 
etc., etc. But this is not the solution. Only graphene 
and its variants, various derivatives of  graphene will 
allow us, seems, to resolve this issue.

4. ARTIFICIAL INTELLIGENCE
It is also a problem of  the sixth technological order. 
I am far from here to talk about information-, neuro- 
and any other part of  this problem. I am again 
interested in the material side of  the case. The first 
and most real, what is being done and can be done 
– to create a symbiosis between man and computer 
– interface the human brain-computer. But how to 
do that? To do this into a living organism is to be 
implanted a chip.

The first problem here – compatibility issue, 
she now is very serious. Those silicon chips that are 
made today, they are numerous for different tasks, 
for different purposes, they are, first, painful when 
injected into the human body, and secondly, there 
is a reaction of  rejection. Why? The body, its cell 
systems have the property to reject any extraneous, 
alien objects, which try to squeeze, to enter into their 
structure.

From this standpoint, graphene – a material that 
we can modify before gaining them the properties 
intrinsic of  living tissues and it is not a fantasy. In 

Fig. 4. Dependence of  the number of  transistors on a processor 
from time to time. The vertical axis - a logarithmic scale, that is, 
the straight line corresponds to exponential low: the number of  

transistors doubles roughly every 2 years [3].
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Fig. 6 is listed, that already performed on certain 
examples. You can take a flake of  graphene and cover 
it with those ligands, which for biological systems, 
for cells are not foreign, they are close to them and 
on the composition, and function. Herewith, of  
course, some electrical and other properties of  the 
graphene may be changed. But we can control it, we 
know what we are doing, we can take here this amino 
acid to get desired values, we can take another amino 
acid, or protein fragment, and to receive the other 
characteristics. It is manageable process.

Nothing like with a silicon wafer can not be 
made, in principle. You can't bind to it all these 
groups chemically, and hence it is – a deadlock. With 
graphene this problem can be solved.

But this does not mean that today we have the 
final decision. This is just the direction that I think is 
a real direction. And there will be many difficulties, 
many things still need to do here.

5. CONCLUSION
As the Good News brings salvation, the hope of  
life, strength to endure all the hardships of  her, so 
graphene gives humanity in the early 21st century 
solution to the key problems of  electronics – one of  
the basic elements of  a modern economics. And our 
work with graphene gives us the consciousness of  
your stay at the peak of  modern science.
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1. INTRODUCTION
It is known that the most potentially 
manufacturable graphene production method for 
microelectronics applications is the sublimation 
growth on the silicon carbide SiC surface. But 
do far this method did not allow a uniform 
defect-free graphene fragment of  large area to 
be obtained. Such a fragment, even without a 
non-zero bandgap is important for applications 
in optoelectronics.

High commensurability of  the crystal lattices 
of  the graphene and that of  SiC (e.g., in the 
(6√3×6√3)R30° superlattice [1]) should, as it 
is natural to think, promote the formation of  
large area steady graphene structures, but it does 

not. Thus, the typical width of  the terrace−
like graphene structures grown on Si–face of  
an optimally prepared SiC substrate [2], does 
not exceed (1÷2) μm. As to the SiC substrate, 
prepared by standard chemical-mechanical 
polishing (CMP), it allows a mosaic structure of  
graphene fragments of  still smaller size.

This result is shown in Supplement 1 to be of  
quite universal character and stems from rather 
simple estimates.

The researches related with obtaining 
graphene fragments of  confined area with the 
both non-zero bandgap ΔEg and high carrier 
mobility, have a different focus, but also meet 
essential problems. These researches concentrate 
around two principal ideas − the synthesis of  
graphene nanoribbons NR, and stretching the 
graphene. Now we discuss the third and the 
most natural (to our opinion) way to achieve the 
principal requirements to the operating graphene 
structure: a certainty in the number of  layers, the 
bandgap ΔEg ≠ 0, and high carrier mobility).

The model problem considered in this paper 
is as the follows. We suppose that we have a SiC 
-faceted surface, obtained as a result of  cutting 
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solid crystal SiC along a plane beveled with 
relation to the Si-face (0001) (or to the C-face 
(000–1)), e.g., the plane (11–2m), and subjected to 
subsequent anneal at the temperature below the 
graphene synthesis temperature. This processing 
allows the SiC faceted surface to be formed with 
a spatial period
L ≥ h/sinα         (1)
where h is the period of  the SiC polytype along the 
axis [0001], α is miscut angle to the plane (0001) 
(or (000−1)). The spatial period L consists of  
the fragment of  the plane (0001) ("horizontal" 
part of  the step) and of  the declined part of  the 
step (Fig. 1).

The goal consists in finding the optimal 
character of  the faceting for achieving the 
maximum possible bandgap width and high-
quality surface, providing high carrier mobility, 
at the same time.

It should be noted first of  all that the 
estimate (1) is only applicable if  the angle α is 
not too large. With α > (4÷5)° the coarsening 
of  the structure during the anneal stage prevents 
from producing highly periodical structure and 
the quality of  the faceted SiC surface decreases 
drastically [3].

Therefore, in the future estimates the angle 
α is considered sufficiently small (and  the the 
length L is large, respectively) so that it contains 
a large number of  the graphene lattice constants. 
Suppose, then, that when the temperature reaches 
the level sufficient for the sublimation graphene 
synthesis, the graphene structure reproduces 
the shape of  the downlaying SiC surface (Fig. 

1), formed before the formation of  graphene. 
The reasonability of  so strong preposition is 
considered in “Discussion”.

Herewith over the both projecting edge of  
the SiC surface (the point T (top) in Fig. 1) and 
the internal edge of  the declined part of  the step  
(point D (down) in Fig. 1) the graphene surface 
folds with a certain curvature arise. A periodic 
structure is Formed similar to the graphene 
nanoribbons NR (nanoribbons) to provides a 
finite bandgap width.

Compliance of  this simple model picture 
with real experiments on the graphene growth 
on the faceted SiC−surface is discussed in the 
section "Discussion".

2. CALCULATION METHOD AND 
RESULTS
We chose the formalism of  Green's functions 
in nodal representation as a research method. It 
started to be used efficiently by S.Yu.Davydov 
and described as applied to the flat graphene on 
the SiC-substrate in [4].

The Green's function Ĝ is known to be 
determined by the Hamiltonian Ĥ
Ĝ = (E — Ĥ — i0)

—1       (2)
and the pole of  this function determines the 
eigenvalue of  the energy E.

In the nodal  representation the function Ĝ 
turns into the matrix

1ˆ( ) | ( 0) | ,mn m nG E E H iψ ψ−= − −  (3)
where the Vannier functions are the brackets: 

mψ  и nψ , m and n are the lattice nodes [5].
Remarkable properties of  the nodal 

representation are that
– the set of  the equations for these functions 

is a system of  algebraic equations;
– in the areas where there is a strict periodicity, 

the diagonal and non-diagonal Green's functions 
are linked by simple relations. For example, in 
two-dimensional crystal lattice
Gmn = Gmmexp(ik(rn — rm)).        (4)

The equation (4) is valid for the nodes m,n, 
placed from each other at a distance of  a whole 
number of  the lattice constants. If  the nodes are 

Fig. 1. The graphene, obtained by sublimation of  the Si-component 
from SiC surface (upper broken line), and the SiC surface after the 
formation of  graphene – the lower broken line. Points "T" (top) 
and “D” (down) are the graphene folds at the upper edge of  the top 

of  the declined part of  the step and at the bottom of  the step.
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Fig. 2. A fragment of  an infinite flat graphene around the node 
"0" and its nearest neighbors, contributing to the Dyson’s equation.

separated by a smaller distance but are physically 
equivalent, this relation is valid as well. For 
example, in Fig. 2 the functions G10 and G00 are 
related with each other as G10 = G00exp(–i(kxa/2 
+ kya√3/2)) where the node "1" is separated 
from the node "0" by 1/3 of  the lattice constant.

The basic equation for the Green's function 
determination in the nodal representation is 
the Dyson’s equation. In the case of  the infinite 
graphene and by taking into account the nearest 
neighbors only:
G00 = g00 + g00(V01G10 + V02G20 + V03G30),      (5)
where γ = V01, V02, V03 are the hopping 
elements between the nearest neighbors (Fig. 2), 
G10,G20,G30 are the off-diagonal elements of  the 
Green's functions matrix, g00 − is the diagonal 
element of  the "seed" Green's functions matrix.

The Green's function of  individual carbon 
adatoms, not interacting one with another, 
on a SiC − substrate, or the Green's function 
of  free carbon atoms arranged in a "correct" 
positions of  the graphene mesh can be selected 
as these "seed" elements. Since we are interested 
in achieving a sufficiently wide band gap, the 
contribution to ΔEg, associated with the SiC-
substrate, is assumed negligible. The very 
graphene is considered as a free periodically 
deformed structure. Then g00 = 1/E.

Suppose, then, that the external folds (the 
points "T" in Fig. 1) and the internal folds 
(points «D») of  the graphene surface have the 
same curvature. This curvature leads to a local 
decrease in the matrix element γ (γ → γ') and 

to changing the Green's function as compared 
with the undistorted graphene. Assume first 
that the faceting breaks the steps to horizontal 
parts and the declined ones with equal lengths 
(i.e., the horizontal part width is W = L/2). 
Then the effective period of  the problem is 
halved as compared to the spatial period of  the 
SiC-structure.

In the Fig. 3, which shows the periodically 
distorted graphene in the drawing plane, the 
fold area is shown in bold lines. We also give 
the numbering of  the lattice nodes used in the 
subsequent formulas. The distance between the 
lines of  distortion (vertical border lines of  the 
“armchair” type in Fig. 3) is nā (n Є Z), whilst 
the real graphene structure period is 2nā (ā = 
a√3 is the period of  the structure in the “zigzag” 
direction, a = 0.142nm = 0.246nm – is the C-C 
bond length).

Note that in the Fig. 1 the tops of  the faceted 
SiC surface under the graphene (points “T”) 
are shown as the "acute" tops. Given that the 
distance between the graphene and the SiC is 
approximately correspondent with the Van der 
Waals (VdW) interaction length, we obtain that 
the distortion of  the matrix element γ extends 
no longer than one C-C bond from the folding 
point. The consideration for the case of  the 
downlaying SiC− surface being rounded is 
briefly concerned on in the section "Discussion"

The starting Dyson’s equation for the node 
"0" has the form
G00 = g0 + g0(γG00exp(ikya) + V0G10(1+exp(ikxāx))), (6)
so for the nodes whose distances from the point 
"0" are the even and the odd number of  halves 
of  lattice constant ā/2, respectively:
G2m,0 = g00(V2m-1G2m-1,0 + V2mG2m+1,0 + γG2mexp(+ikya)), (7)

Fig. 3. The half-period of  “zigzag” graphene structure over the 
faceted SiC surface. The bold lines – are the areas of  the graphene 
folds over the SiC surface. The points "0" and «2n» are identical 

with the points "T" and “D” in Fig. 1.
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G2m+1,0 = g00(V2mG2m,0 + V2m+1G2m+2,0 + γG2m+1,0exp(–ikya)), (8)

where the denotion V0 ≡ V01, V1 ≡ V12 etc. for 
the matrix elements of  the interacting atoms is 
introduced for brevity.

In the middle of  the faceted graphene 
structure period
G2n,0 = g0γ(G2n-1,0 + G2n+1,0 + G2n.0exp(+ikya)). (9)

Given the equivalence of  the nodes 2n−1, 2n 
+ 1, we find that
G2n+1,0 = G2n-1,0exp(–ikxā),

2 ,0 2 1,0 2 1 2 1
1 exp( )

;    ;
exp( )

x
n n n n

y

ik a
G G z z

ik aς− − −

+ −
= =

−  (10)
(the parameter ς is defined herein as ς = 1/γg00).

It is easy to install then the shape of  the 
recurrence relations for the multipliers z which  
bind the functions G2n—1,0, G2n—2,0, etc.:
G2n-1,0 = G2n-2,0z2n-2, z2n-2 =(ς - (z2n-1 + exp(–ikya))

-1, (11)
G2n-2,0 = G2n-3,0z2n-3, z2n-3 =(ς - (z2n-2 + exp(–ikya))

-1, (12)
z1 = G10/G00= (γ′/γ)(ς - (z2 + exp(–ikya))-1.  (13)
Taking then the Dyson’s equation at the point "1":
G1,0 = g00(γ′G00 + γz2G1,0 + γG10exp(-ikya))   (14)
we obtain the dispersion relation, written in 
“canonical” shape:
G00 = g00 + γg00G00f or
G00

—1 = g00
—1 – γf       (15)

with G00
—1 = 0. In our case the function

f = exp(ikya) + (γ′z1/γ)(1 + exp(ikxā)).   (16)
It is known that if  the “seed” Green's 

function g00 is real, the complex function f should 
be replaced by ±│f│, and then the dispersion 
equation takes the form:
g00

—1 = ±γ│f│      (17)
It is known, further, that for the undistorted 

graphene
3( ) 3 2cos( 3 ) 4cos( 3 / 2)cos
2y y yf k a k a k a = + +  

 
k

 
[6] and the zeroes of  this function allow the 
Dirac points K and K', fundamental for the 
theory of  graphene: f(K, K') = 0.

In the case of  f in the form of  (16) we must 
take quantities kx, ky which are correspondent 
with one of  the points K, K' of  undistorted 
graphene at γ'/γ→1 and ς→0. This allows not to 

build the dispersion relation E(k) when finding 
ΔEg in the faceted structure, but watch how the 
tops of  the Dirac cone go apart only, depending 
on the period of  the structure and the factor 
γ'/γ. It is not difficult to trace that with γ'/γ→1, 
ς→0 one of  the solutions to (16) in the first 
quadrant of  the plane (kx, ky) is the point kxā = 
4π/3, kya = 0. It is correspondent with one of  
the Dirac points and was selected to build the 
dependencies ΔEg(γ'/γ, L).

The dependencies are shown in Fig. 4. The 
abscissa is the factor t = W/(ā/2) − the doubled 
number of  the lattice constants in the “zigzag” 
direction. The Fig. 4 is correspondent with the 
model structure with the period of W = L/2, 
i.e. the half-period of  the faceting (in Fig. 3 t = 
7). The ΔEg dependence on t is built with three 
ratios γ'/γ: 0.9, 0.95, and 0.98. The calculation of  
the real ratio γ'/γ is described in the Supplement 
2. It is based on the estimation of  the binding 
energy change in some “zigzag” nanotube. Its 
radius was supposed to be equal to the graphene 
curvature radius in the folding point, i.e. to the 
graphene-SiC VdW-binding length. The closest 
to the reality is the curve 3 which is correspondent 
with to γ'/γ = 0.98.

It is seen from the Fig. 4 that the 
"enlightenment" periods of  the structure are 
proportional to 3ā/2, as well as for the graphene 

Fig. 4. The dependence of  the bandgap on the faceted structure half  
period, given that W = L/2 (when the length of  the horizontal and 
declined parts of  the steps are equal). For polygonal lines 1, 2, 3 
γ'/γ is: 1 – 0.9, 2 – 0.95, 3 – 0.98; γ' – altered value of  the 

constant γ at the fold point.
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nanoribbons NR. With the appropriate widths 
of  the NR the bandgap disappears. In our case, 
the distortion in the faceted structure is a small 
fraction of  the maximum distortion, which is 
correspondent with the breakage of  the structure. 
Such breakage takes place in NR where the gap 
ΔEg falls to zero. As to the maxima of  the curves 
ΔEg(t), they are easy to be related with the simple 
estimate: ΔЕg = ħνF/W [6]; ΔЕg[eV] ≈ 4/W[nm]. 
So, with t = 15 and a ratio γ'/γ = 0.98 the model 
structure period is W ≈ 15∙0.246/2 = 1.85 nm, 
the ratio ΔЕg/2γ in Fig. 4 is ΔЕg/2γ ≈ 0.17, and 
ΔЕg = 1eV. The simplest estimate gives notably 
greater value: ΔEg = 2eV, as it should be.

3. DISCUSSION
Until now, when trying to create the graphene 
at the SiC face, declined with relation to the 
silicon-(0001) (or carbon (000−1)) faces, multi-
layered graphene always formed. This result is a 
consequence of  the fact that silicon evaporates 
faster at the declined part of  the step than it does 
at the horizontal part, and while the nucleus of  
the graphene (graphene island) "grinds" the top- 
and the bottom parts of  the step (points “T” and 
“D” in Fig. 1 and 5), a nucleus of  a new graphene 
layer has time to appear under the existing one 
[7] − Fig. 5.

On the other hand, it is known that when 
growing the graphene on singular carbon faces, 
the upper layer (i.e. the very first graphene layer 
since the nucleation moment) is rotated with 
respect to the lower-laying layers of  the Si, C 
atoms, which fact defines a regular disorder 
orientation of  the graphene layers (rotational 
stacking faults) [1].

In the system of  such graphene layers, every 
of  which is rotated in relation to the previous 
one, every layer behaves itself  as an independent 
monolayer graphene. If  the property of  rotational 
disorder persisted for growing graphene on 
vicinal SiC face, the multilayered nature of  the 
graphene would have been insignificant. It would 
be enough then to carry out all the necessary 
technological procedures with the upper layer 
only.

Earlier, when simulating the graphene 
synthesis on the singular SiC−faces with semi-
empirical quantum chemistry methods (SEQCM) 
in the package HyperChem, we observed the 
rotational disorder formation at the level of  
the detailed assembly kinetics [8, 9]. During this 
simulation we watched, in particular, the 3x3 
reconstruction which immediately precedes the 
formation of  graphene in the experiments on 
the C-face [1]. However, in the experimental 
reconstructions 3×3 the details of  the atomic 
arrangement are not clearly identified, and 
various models are possible.

In our simulation the nontrivial rotation of  
the graphene with relative to the SiC substrate 
is seen just at the 3×3 reconstruction stage. 
This stage is correspondent with the completed 
destruction of  the second atomic layer of  the SiC 
and is reduced to the formation of  the graphene 
islands comprising 18 carbon atoms (Fig. 6). 
Low symmetry of  the structure of  this island 
leads to its rotation from the down-laying SiC 

SIMULATION OF GRAPHENE SYNTHESIS ON 
FACETED SURFACE OF SILICON CARBIDE...

Fig. 5. Scheme of  the multilayer graphene formation at declined 
face of  SiC, observed and described qualitatively in [7]. The points 
"T" and “D” are the basic points of  the starting graphene island on 
the declined part of  the step formed on SiC in the course of  faceting.

Fig. 6. Detailed scheme of  how the singular carbon face of  SiC is 
rebuilt to the graphene. The left drawing is the 2×2 reconstruction of  
carbon atoms in the upper layer of  SiC. The atoms C which belong to 
the upper layer of  the SiC atoms, are shown by black circles, the atoms 
of  the second layer are shown by gray circles. Bold dotted line highlighted 
the future 3×3 reconstruction cell, comprising the atoms of  both the first 
and the second layers. The central drawing shows the carbon atoms of  
the same cell in the same color, without dividing them into layers. The 
cell includes 18 carbon atoms. The right drawing is the schematic of  

connection the atoms of  the unit cell to the graphene island.
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layers. At this stage the island is still covalently 
bound with the SiC.

When the graphene islands laterally stack one 
with another the covalent interactions between 
the graphene and the SiC changes to VdW-
interactions but the rotation of  the islands with 
respect to the SiC remains.

We put the problem to follow the similar 
(or different) behavior of  the graphene on 
the vicinal faces, sloped with respect to the 
carbon face (000−1). It was found that the 
stacking rotation fault, similar with that on 
the singular carbon faces, is observed in this 
case as well. Moreover, if  the first monolayer 
islands have typical rotation of  2.2° with 
respect to any of  the three equivalent 
“zigzag” directions on the (000−1) plane [1] 
on the singular face (000−1), there is the only 
preferred direction on the vicinal SiC face, 
laying in parallel with the folding lines (“T” 
and “D” in the Fig. 1).

The starting graphene islands which arise at 
the declined parts of  the steps (Fig. 7), are rotated 
in relation to this direction. In the course of  the 
transfer of  the islands from these declined parts 
to the horizontal parts (000−1) this orientation 
is saved. Therefore the lateral stacking of  the 
islands, emerged on the declined parts of  
different steps, should lead to the formation of  
a whole single graphene monolayer instead of  
the mix of  differently oriented islands.

Consequently, the unique properties of  the 
graphene, emerging on the infinite singular 
carbon face (000−1) in the form of  the graphene 
island packs of  relatively small area must be 
maintained on vicinal SiC face for the  whole 
graphene monolayers. In particular, the top layer 
must be electrically separated from the down-
placed layers, i.e. it is equivalent to the graphene 
monolayer.  For such monolayer the folds at the 
edges of  the steps provide a non-zero bandgap 
width (maintaining at the same time high carrier 
mobility) and his bandgap can be calculated as a 
function of  the vicinal angle (as in Fig. 4).

However, the upper graphene layer of  high 
crystallinity, deformed along the folding lines 
only, can only emerge if  the singular parts of  the 
steps and declined parts between them are not 
wider than the characteristic size of  the perfect 
graphene fragments at the singular C-faces of  
SiC, observed experimentally. This width has the 
order of  0.5 μm [10] and is easily achieved with 
the cutting angle greater than 10.

Certainly, this estimate has no practical value, 
as the cutting angle required to obtain a sufficient 
band gap is much larger, and the necessary 
terrace width is much smaller.

As for the upper estimate of  α, it is determined 
by the technology. As already said, the faceting 
quality of  the original SiC surface is provided at 
α ≤ (4÷5)°. Let α= 3.50. Then for the polytype 
4H-SiC the faceted structure period is L ≈ 30 
nm. With so large period the existence of  the 
discrete widths of  "enlightenment", following 
with a periodicity ΔL of  3ā/2, has no matter. 
Even a small variation in the period should 
lead to localization and smoothing the ΔEg (L) 
dependence. With L = 30 nm and W = 15 nm the 
calculated ΔEg is about 0.12 eV.

In fact, this estimate is lower one. The 
calculation with W ≠ L/2 shows the maximum 
at W, intermediate between zero and the point 
L/2. At L = 30 nm ΔEg = 0.17 eV. However, the 
ratio W/L is determined self-consistently in the 
course of  annealing. Let us assume, then, that in 
view of  delocalization one can rely on the band 
gap of  about 0.2 eV.

NANOSYSTEMS

Fig. 7. Graphene island over the declined part of  the SiC faceted 
structure. The larger mesh SiC is shown in gray, without separating 
the atoms to carbon and silicon, the smaller mesh (graphene) is 
shown in black. Bold vertical lines on SiC are the top of  the step 
(line "T") and deepening of  the step (line “D”−down), respectively.
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Consideration of  the smoothed tops (instead 
of  the acute ones, described above), does not 
improve the above estimate. In this case the 
described model was applied in the following 
way. The semi-period of  the faceted structure 
from the point “Т” to the point “D” was 
divided by three parts: the central part, which is 
correspondent with the undistorted graphene, 
and two margin regions, which contain some 
number of  the graphene structure periods and 
carry a fixed folding curvature.

As already said, the resulting solution detects 
no features.

The more important fact is that the 
experimentally observed spatial period of  the 
structure increases drastically in the course of  
the transfer from the faceted surface of  the SiC 
to the graphene. The reason is quite clear.

In order to form a continuous graphene 
layer over the edge of  a step, a larger number 
of  the SiC layers should be destroyed than for 
the graphene formation over the central regions 
of  this step. Therefore the edges of  the steps 
can disappear at all and the SiC surface under 
the formed graphene is subjected then to a new 
faceting process which reestablish the spatial 
period.

Though, it is clear that if  a single graphene 
island has time to be formed at the declined part 
of  the step and no island – at the horizontal 
part (0001) (or(000−1)), the factor of  dramatic 
increase in the spatial period has no time 
to be developed. A system of  the graphene 
nanoribbons, separated by insulating strips of  
SiC is formed is this case.

If  the sublimation process goes on a bit 
longer to allow a substantial number of  the 
graphene layers to be formed, the alternation of  
the graphene strips arises, in which the adjacent 
strips have the greater- and the smaller number 
of  the graphene layers, and different widths.

The both situation are interesting for the 
applications: the first one – for the formation 
of  the structures with ΔEg ≠ 0, the second one 
enables the possibility of  the ТHz radiation 

gain by analogy with the system of  alternating 
graphene- and metallic strips [12].

But the number of  the layers which are 
formed (one or many) within a reasonable 
time-scale of  the experiment is determined by 
the temperature. The calculation of  the SiC 
evaporation rate at different temperatures at 
the vicinal C−face (similar with the calculation 
conducted for Si- and C-singular faces in [9]) 
enable reasonable anneal temperature to be 
chosen for the yield of  a regulated preset number 
of  the graphene layers.

So, the calculated simulation of  the graphene 
on vicinal faces of  SiC, combining the Green's 
functions method and the use of  SEQCM to 
determine the parameters of  the model, allows 
a range of  other physical ideas to be offered and 
accessed.

SUPPLEMENT 1. MAXIMAL AREA OF 
HOMOGENEOUS MONOLAYERED 
GRAPHENE FRAGMENT
We assume that during the sublimation of  the 
silicon component from the Si-face (0001) of  
SiC a continuous flat infinite graphene layer is 
formed reconstructed by the scheme (6√3×6√3)
R30° with respect to the SiC mesh (Fig. 8). 
Consider its square fragment with the area 
L×L. The sides of  superstructure cells (gray in 
Fig. 8) include 13 graphene cells and the bonds 
in them are stretched ~0.14% as compared to 

Fig. 8. A fragment of  the graphene surface, reconstructed by the 
scheme (6√3×6√3)R30° (outer square, solid line, superstructure 
units form a rhombic lattice, marked in gray) and its conversion to 
the fragment of  a quasi-free graphene, its chemically binding with 

SiC is only partial.
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the graphene undistorted bonds. Then at some 
area of  the fragment a separation from the 
surrounding graphene becomes profitable and 
the observed area turns into a free graphene 
flake. This occurs when the energy gain overlaps 
the energy loss.

The gain ΔЕ(1) is connected with a 
disappearance of  the strained C-C bonds in the 
graphene mesh. It is proportional to the total 
number of  bonds in the graphene scrap of  the 
area L×L, free of  stretching tension:

2
(1) (1)

1 1 1
6

(3 / 2) 3 ,at
LE B E N E E
s

∆ = ∆ = ∆ =

where (1)3 / 2atB N≈  is the number of  С-С bonds 
in the flake, (1)

atN  is the number of  atoms in it, 
s6 = 3a2√3/2 is the graphene cell areas, ΔE1 is 
an additional strain energy per a bond in the 
stretched graphene

The energy loss is due to two factors:
– appearance of  carbon atoms with 

uncompensated valence bonds at the edge of  
the flake

(2) 4 ,rad
za

LE E
l

∆ =

where Erad is the energy per one absent valence 
bond – the radical (rad.), ( ) / 2za arm zigzl l l= +  – the 
average distance between the radicals along the 
lines of  armchair and of  “zigzag” in the flake: larm 
= 3a/2 и lzigz = a√3;

– disappearance of  the atoms, most 
strongly associated with down-layered silicon 
atoms of

2
(3)

sup

,LE E
s

′∆ = ∆

where ΔE' is the difference between the 
binding energies of  the C-Si bonds between 
the carbon atoms arranged in a superlattice 
(6√3×6√3)R30° node and the carbon atoms 
located over the Si-face in some averaged 
position, ssup = (1/2)a2

sup√3 is the area of  the 
cell superstructure (asup = 13ā√3 – is the side 
of  the superstructure cell).

From the condition ΔE(1) > ΔE(2) + ΔE(3), we 
have then

1
2

6

1 6 sup

4 31 .
3 4

rad za

radza

E l sL E
E s E sl

−
 ′∆

> −  ∆  

The bond stretching energy was evaluated 
on the basis of  the Brenner potential [11] – the 
most perfect potential in molecular mechanics 
for carbon-hydrogen systems.

At low relative stretching ( ) ( ) 2
1 1( ) ,e eE D Rβ ξ∆ =  of  the 

С-С bond ( ) ( ) 2
1 1( ) ,e eE D Rβ ξ∆ =  where the numerical 

value of  the model parameters product 
( ) ( )

1 2,e eRβ =  D = 6.31eV.
The value of  E' was determined by the 

SEQCM AM1 from the HyperChem package. 
We took a structure with an area a bit larger 
than the unit cell (6√3×6√3)R30°. It included 
two layers of  atoms SiC (actually the polytype 
2H) and the graphene fragment over it. The 
positions of  the Si, C atoms of  SiC considered 
then as the fixed ones. First the free graphene 
fragment (free from the reconstruction cell) 
was considered and the optimal distance 
between the Si-atoms in the specified nodes 
of  the reconstruction (6√3×6√3)R30° and 
graphene atoms, closest to them, was found. 
Then these C-atoms were exactly installed to 
the nodes, their coordinates were fixed, and an 
optimization of  the position of  all other atoms 
in the graphene was found.

The energy Erad was supposed Erad = 2.5eV 
− which value is the half  of  the С-С covalent 
binding energy. The parameter ξ in the 6√3 
reconstruction is ξ = 0.1%. Then ΔЕ1 = 5∙10−5eV 
and 5/ 1.7 10 , 40 .zaL l L mµ≈ ⋅ ≈

This is about 40 times greater than the size 
observed experimentally. It follows that the 
infinite graphene, reconstructed according to 
the scheme (6√3×6√3)R30°, is not realized to 
be defective at the stage of  the reconstruction 
already. The more detailed analysis shows that 
the graphene islands can be laterally stacked 
with each other without forming defects, up 
to the size of  (2÷4) μm, which quantity is 
only a few times greater than the experimental 
result.
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SUPPLEMENT 2. BINDING ENERGY 
CHANGE ESTIMATION IN THE 
“ZIGZAG” NANOTUBE AS COMPARED 
WITH THE INFINITE GRAPHENE
We parameterized the total energy of  the zigzag 
nanotube as the follows.

Let the nanotube has n rows of  hexagons 
and m hexagons along the circumference. Then

− the number of  vertical bonds (i.e. the 
bonds, parallel with the nanotubes forming line) 
is mn. Let the energy module of  such bonds is 
E1(m) > 0;

− the number of  external bond (i.e. bonds, 
one end of  which is radical) is 4 m. Let the energy 
module of  such bonds is E2;

− the number of  the required bonds 
(distorted bonds arranged with an angle to the 
both generatrix and the cross section of  the 
nanotube) is 2m(n − 1). Let the energy of  such 
bonds is Е0 = Е0(m).

Then, the binding energies of  the nanotubes 
with the number of  rows n, n + 1, n + 2 are
E(n) = E02m(n−1) + E1mn + E24m,
E(n+1) = E02mn + E1m(n+1) + E24m,
E(n+2) = E02m(n+1) + E1m(n+2) + E24m,
so that the energy differences are
ΔE(n) = E(n+1) − E(n) = E02m + E1m,
ΔE(n+1) = E(n+2) − E(n+1) = E02m + E1m,
should not depend on n. When calculating 
with using SEQCM package HyperChem (AM1 
method), this fact is performed with a high 
accuracy, and ΔE(n) can be considered for any 
number of  the rows n. The factors E0 and E1 can 
not be determined separately from the difference 
ΔE(n). However, the bonds with the energies E0 
and E1 are slightly different in the lengths and in 
the valence angles formed by the bonds of  their 
end atoms with their neighbour carbon atoms.

These factors are taken into account in 
Brenner potential. Substituting the distances 
and the angles calculated in HyperChem, to the 
expression of  this potential, we obtain the ratio 
Е0/E1. Then the absolute value of  E1 is different 
from the binding energy in a flat infinite graphene 

by less than 0.3%. On the other hand, the 
difference Е0/E1 from 1 is more noticeable: Е0/
E1 = 0.984. The same value Е0/E1 is accepted 
for the ratio γ'/γ in our formulas.
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Abstract. The results of  the study (by methods of  thermodynamic analysis of  a number of  the most 
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mebrane and epitaxial graphenes, as well as the atomic mechanisms of  the processes of  hydrogention 
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powered ecological vehicles.
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1. INTRODUCTION
As noted in a number of  articles 2007 through 2014, 
hydrogenation of  graphene-layers-systems, as a 
prototype of  covalent chemical functionality and an 
effective tool to open the band gap of  graphene, is 
of  both fundamental and applied importance (Geim 
and Novoselov, 2007; Palerno, 2013).

It is relevant to the current problems of  
thermodynamic stability and thermodynamic 
characteristics of  the hydrogenated graphene-layers-
systems (Sofo et al., 2007; Openov and Podlivaev, 
2010; Han et al., 2012), and also to the current 
problem of  hydrogen on-board storage (Akiba, 
2011; Zuettel, 2011; DOE targets, 2012).

The results of  Nechaev (2010), and also Table 
1A and B in the present paper, of  thermodynamic 
analysis of  a number  of   experimental  data  point  
that  some specific local sp3-like hybridization, without 

the diamond-like strong distortion of  the graphene 
network, may be manifested itself  in the cases of  
hydrogen atoms dissolved between graphene layers 
in isotropic graphite, graphite nanofibers (GNFs) 
and nanostructured graphite, where obviously there 
is a situation similar (in a definite degree) to one of  
the rigidly fixed graphene membranes. As far as we 
know, it has not been taken into account in many 
recent theoretical studies.

In this connection, it is expedient to note that 
there are a number of  theoretical  works showing 
that hydrogen chemisorption corrugates the 
graphene sheet in fullerene, carbon nanotubes, 
graphite and graphene, and transforms them from 
a semimetal into a semiconductor (Sofo et al., 2007; 
Elias et al., 2009). This can even induce magnetic 
moments (Yazyev and Helm, 2007; Lehtinen et al., 
2004; Boukhvalov et al., 2008). Previous theoretical 
studies suggest that single-side hydrogenation of  
ideal graphene would be thermodynamically unstable 
(Boukhvalov et al., 2008; Zhou et al., 2009). Thus, it 
remains a puzzle why the single-side hydrogenation 
of  epitaxial graphenes is possible and even reversible, 
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and why the hydrogenated species are stable at room 
temperatures (Elias et al., 2009; Sessi et al., 2009). 
This puzzling situation is also considered in the 
present analytical study. Xiang et al. (2010) noted 
that their test calculations show that the barrier for 
the penetration of  a hydrogen atom through the 
six-member ring of  graphene is larger than 2.0 eV. 
Thus, they believe that it is almost impossible for a 
hydrogen atom to pass through the six-member ring  
of  graphene at room temperature (from a private 
communication with Xiang et al. (2009).

In the present analytical study, a real possibility of  
the penetration is considered when a hydrogen atom 
can pass through the graphene network at room 
temperature. This is the case of  existing relevant 
defects in graphene, that is, grain boundaries, their 
triple junctions (nodes) and/or vacancies (Brito et 
al., 2011; Zhang et al., 2014; Banhart et al., 2011; 
Yazyev and Louie, 2010; Kim et al., 2011; Koepke 
et al., 2013; Zhang and Zhao, 2013; Yakobson and 
Ding, 2011; Cockayne et al., 2011; Zhang et al., 
2012; Eckmann et al., 2012). The present study is 
related to revealing the atomic mechanisms of  
reversible hydrogenation of  epitaxial graphenes, 
compared with membrane graphenes. It is related 

to a further development and modification of  our 
previous analytical results (2010-2014), particularly 
published in the open access journals. Therefore, in 
the present paper, the related figures 1-25 from our 
“open” publication (Nechaev and Veziroglu, 2013) 
are referred.

2. THE STUDY RESULTS
In the next parts of  this paper, results of  
thermodynamic analysis, comparison and 
interpretation of  some theoretical and experimental 
data are presented (in Tables 1-3), which are related 
to better understanding and/or solving of  the open 
questions mentioned above.

 3. CONCLUSIONS
(1) The chemisorption processes in the free-standing 
graphene membranes are related to a non-diffusion-
rate-limiting case. They can be described and 
interpreted within the physical model of  the Polanyi-
Wigner equation for the first order rate reactions, 
but not for the second order rate reactions.

The desorption activation energy is of  ΔHdes.(membr.) 
= ∆HC-H(membr.) = 2.6 ± 0.1 eV. It coincides (within 
the errors), in accordance with the Polanyi-Wigner 

YURI S. NECHAEV, VARVARA P. FILIPPOVA NANOSYSTEMS

Table 1A
Theoretical, experimental and analytical values of some related quantities

Material Value/Quantity
∆H(C-H), (eV) ∆H(bind.), eV ∆H(C-C), (eV) ∆H(des.), (eV)

∆H(ads.), (eV)
K0(des.), s-1

(L ≈ (D0app./K0(des.))1/2)

Graphane CH (Sofo et al., 2007) 2.5 ± 0.1(analysis) 6.56 (theory) 2.7 (analysis)

Graphane CH (Dzhurakhalov and Peeters, 2011) 1.50 (theory) 5.03 (theory) 2.35 (analysis)

Graphane CH (Openov and Podlivaev, 2010) 2.46 ± 0.17 (analysis) 2.46 ± 0.17 (theory) 2.0×1015 (analysis)

Free-standing graphene-like membrane (Elias et al., 
2009)

There are no experimental 
values in the work

if 2.5 ± 0.1 then 7×1012

if 2.6 ± 0.1 then 5×1013

(1.0 ± 0.2) (analysis) K0(ads.) ≈ K0(des.)

then 1.84 if 7×1012

then 1.94 if 5×1013

if 0.3 then 0.2

Hydrogenated epitaxial graphene (Elias et al., 2009) There are no experimental 
values in the work

if 0.6 then 80

if 0.9 then 3.5×104

(0.3 ± 0.2) (analysis) (K0(ads.)≈ K0(des.)) (L~dsample)

Hydrogenated epitaxial* graphene, TDS-peak #1 
(Elias et al., 2009)

0.6 ± 0.3 (as processes ~ I-II,~ 
model “G”, Figure 4) (analysis)

2×107 (or 2×103-2×1011) 
(L~dsample) (analysis)

Hydrogenated epitaxial* graphene, TDS-peak #2 
(Elias et al., 2009)

0.6 ± 0.3 (as processes ~ I-II,~ 
model “G”, Figure 4) (analysis)

1×106 (or 4×102 - 2×109) 
(L~dsample) (analysis)

Hydrogenated epitaxial* graphene, TDS-peak #3 
(Elias et al., 2009)

0.23±0.05 (as process ~I, ~ 
models “F”, “G”, Fig. 4) (analysis)

2.4 (or 0.8-7) (L~dsample) 
(analysis)

Rigidly fixed hydrogenated graphene membrane 
(Elias et al., 2009)

There are no experimental 
values in the work

There are no experimental 
values in the work

There are no experimental 
values in the work

Graphene (Dzhurakhalov and Peeters, 2011) 7.40 (theory) 4.93 (analysis)

Graphite (Nechaev and Veziroglu, 2013) 7.41 ± 0.05 (analysis) 4.94 ± 0.03 (analysis)

Diamond (Nechaev and Veziroglu, 2013) 7.38 ± 0.04 (analysis) 3.69 ± 0.02 (analysis)
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model, with the values of  the similar quantities for 
theoretical graphanes (Table 1A) possessing of  a 
diamond-like distortion of  the graphene network. 
It also coincides (within the errors) with the value 
of  the similar quantity [process III, model “F*” 
(Table 1B)] manifested in graphitic structures 
and nanostructures, not possessing of  a diamond-
like distortion of  the graphene network (an open 
theoretical question).

The desorption frequency factor is of  K0des.(membr.) 
= νC-H(membr.) ≈ 5×1013s-1 (Table 1A). It is related to 
the corresponding vibration frequency for the C-H 

bonds (in accordance with the Polanyi-Wigner 
model).

The adsorption activation energy (in the 
approximation of  K0ads. ≈ K0des.) is of  ∆Hads.(membr.) = 
1.0 ± 0.2 eV (Table 1A). The heat of  adsorption 
of  atomic hydrogen by the free standing graphene 
membranes (Elias et al., 2009) may be as (∆Hads.

(membr.) – ∆Hdes.(membr.)) = –1.5 ± 0.2 eV (an exothermic 
reaction).
(2) The hydrogen chemisorption processes in 
epitaxial graphenes (Tables 1A, 2 and 3), unlike 

Table 1B
Theoretical, experimental and analytical values of some related quantities

Material Value/Quantity
∆H(C-H), eV ∆H(C-C), eV ∆H(des.), eV K0(des.), s-1

Hydrofullerene C60H36 (Pimenova et al., 2002) 2.64 ± 0.01 (experiment)

Hydrogenated carbon nanotubes C2H (Bauschlicher 
and So, 2002)

2.5 ± 0.2 (theory)

Hydrogenated  isotropic graphite, graphite nanofibers 
and nanostructured graphite (Nechaev, 2010)

2.50 ± 0.03 (analysis, process 
III, model “F*”)

4.94 ± 0.03
(analysis)

2.6 ± 0.03
(analysis, 
process III)

There are empirical 
values in the work 
(analysis of experiment)

Hydrogenated isotropic graphite, graphite nano-
fibers, nanostructured graphite, defected carbon 
nanotubes  (Nechaev, 2010)

2.90 ± 0.05 [analysis, process 
II, models “H”,“G” (Figure 4)

1.24 ± 0.03 
(analysis, 
process II)

There are empirical 
values in thework 
(analysis of experiment)

Hydrogenated isotropic graphite, carbon nanotubes  
(Nechaev, 2010)

2.40 ± 0.05 [analysis, process 
I, models “F”, “G” (Figure 4)]

0.21 ± 0.02
(analysis, 
process I)

There are empirical  
values in the work 
(analysis of experiment)

Hydrogenated isotropic and pyrolytic and 
nanostructured graphite (Nechaev, 2010)

3.77 ± 0.05 [analysis, process 
IV, models “C”, “D” (Figure 4)]

3.8 ± 0.5
(analysis, 
process IV)

There are empirical  
values in the work 
(analysis of experiment)

Table 2
Analytical values of some related quantities

Material Value/Quantity
ΔH(des.), eV
{ΔH(ads.), eV}

K0(des.), s-1

{L ≈ (D0app.III/K0(des.))1/2}
τ0.63(des.)553K, s
{τ0.63(ads.)300K, s}

Graphene flakes/SiO2
(Wojtaszek et al., 2011)

0.11 ± 0.07 (as process ~ I, ~ 
models “F”, “G”, Fig. 4) {0.1 ± 0.1}

0.15 (for 0.11 eV)
{L ~ dsample}

0.7 × 102
{0.9 × 103}

Graphene/Ni HOPG 
(Castellanos-Gomez et al., 2012)

1.3 × 102 - 2.6 × 102
{0.5 × 103 - 1.0 × 103}
1.3 × 102 - 2.6 × 102
{0.5 × 103 - 1.0 × 103}

SiC-D/QFMLG-H
(Bocquet et al., 2012)

0.7 ± 0.2 (as processes ~ I - II,
~ model “G”, Figure 4)

9×102 (for 0.7 eV)
{L ~ dsample}

2.7 × 103

SiC-D/QFMLG
(Bocquet et al., 2012)

2.0 ± 0.6 (as process ~ III,
~model “F*”)

1×106 (for 2.0 eV)
6×108 (for 2.6 eV)
{L ≈ 22 nm}

1.7 × 1012
8 × 1014

Graphene/SiO2 (Elias et al., 2009) 
(Table 1A)

if 0.3
if 0.6
if 0.9
(as processes ~ I-II, ~model “G”, 
Figure 4) {0.3 ± 0.2}

then 0.2
then 0.8×102

then 3.5×104

{L ~ dsample}

0.3 × 102
3.7 × 103
4.6 × 103

{2.5 × 103}

Graphene*/SiO2 (TDS-peak #3) 
(Elias et al., 2009) (Table 1A)

0.23 ± 0.05 (as process ~ I, ~ 
models “F”, “G”, Figure 4)

2.4(for 0.23 eV)
{L ~ dsample}

0.5 × 102

Graphene*/SiO2 (TDS-peak #2) 
(Elias et al., 2009) (Table 1A)

0.6 ± 0.3 (as processes ~ I - II, ~ 
model “G”, Figure 4)

1×106 (for 0.6 eV)
{L ~ dsample}

0.3

Graphene*/SiO2 (TDS-peak #1) 
(Elias et al., 2009) (Table 1A)

0.6 ± 0.3 (as processes ~ I - II, ~ 
model “G”, Figure 4)

2 × 107 (for 0.6 eV)
{L ~ dsample}

1.5 × 10-2
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ones for the free-standing graphene membranes 
(Table 1A), are related to a diffusion-rate-limiting 
case. They can be described and interpreted within 
the known diffusion approximation of  the first order 
rate reactions, but not within the physical models of  
the Polanyi-Wigner equations for the first or for the 
second order rate reactions.

The desorption activation energy is of  ΔHdes.

(epitax.) = 0.5 ± 0.4 eV. The quantity of  ℓnK0des.(epitax.) 
is of  5 ± 8, and the per-exponential factor of  the 
desorption rate constant is of  K0des.(epitax.) ≈ 1.5×102 
s-1 (or 5×10-2 – 5×105 s-1). The adsorption activation 
energy (in a rough approximation of  K0ads. ≈ K0des.) is 
of  ∆Hads.(epitax.) = 0.3 ± 0.2 eV.

The above obtained values of  characteristics 
of  dehydrogenation of  the epitaxial graphenes can 
be presented as ΔHdes. ~ Qapp.I and K0des. ~ (D0app.I/
L2), where Qapp.I and D0app.I are the characteristics of  
process I (Table 1B), L ~ dsample, that is, being of  the 
order of  diameter (dsample) of  the epitaxial graphene 
samples. The diffusion-rate-limiting process I is 
related to the chemisorption models “F” and “G” 
(Fig. 4 [8]). These results unambiguously point 
that in the epitaxial graphenes the dehydrogenation 
processes are rate-limiting by diffusion of  hydrogen, 
mainly, from chemisorption “centers” [of  “F” and/or 
“G” types (Fig. 4)] localized on the internal graphene 
surfaces to the frontier edges of  the samples. These 
results also point that the solution and the diffusion 
of  molecular hydrogen occurs in the interfaces 
between the graphene layers and the substrates. 
It differs from the case of  the graphene neighbor 

layers in graphitic structures and nanostructures, 
where only atomic hydrogen solution and diffusion 
can occur (process III, model “F*”, Table 1B). 
Such an interpretation (model) is direct opposite, 
relevance to the supposition (model) of  a number of  
researchers, those believe in occurrence of  hydrogen 
desorption processes, mainly, from the external 
epitaxial graphene surfaces. And it is direct opposite 
to the supposition-model of  many scientists that the 
diffusion of  hydrogen along the graphene-substrate 
interface is negligible.
(3) The possibility, and particularly, the physics of  
intercalation of  a high density molecular hydrogen (up 
to solid H2) in closed nanoregions, in hydrogenated 
GNFs have been discussed, in connection to the 
analytical results (Tables 1 to 3) and the empirical 
facts considered in this paper.

Fig. 4 [8]. Some theoretical models (ab initio molecular 
orbital calculations) chemisorption of  atomic hydrogen on the 
basal and edge planes of  graphite [Yang and Yang, 2002].

NANOSYSTEMS

Table 3
Analytical values of some related quantities

Sample Values/Quantities
ΔH(des.)1, (eV) K0(des.)1,(s-1) {L} ΔH(des.)2, (eV) K0(des.)2,(s-1) {L}

1LG-15W (graphene)
(Luo et al., 2009)

0.6 ± 0.2 (as processes ~I-II, 
~model “G”, Figure 4)

2 × 104

{L ~ dsample}
0.19 ± 0.07 (as process ~I, 
~models “F”, “G”, Figure 4)

3×10-2

{L ~ dsample}

2LG-15W (bi-graphene) 
(Luo et al., 2009)

0.9 ± 0.3 (as processes ~I-II, 
~model “G”, Figure 4)

1×103

{L ~ dsample}

1LG-5W (graphene) (Luo et 
al., 2009)

0.15 ± 0.04 (as process~I, ~ models 
“F”,“G”,Figure 4)

2×10-2

{L ~ dsample}
0.31 ± 0.07 (as process ~ I [14], 
~models “F”, “G”, Figure 4)

5×10-1

{L ~ dsample}

2LG-5W (bi-graphene) (Luo 
et al., 2009)

0.50 ± 0.15 (as processes ~I-II, 
~model“G”, Figure 4)

2×103

{L ~ dsample}
0.40 ± 0.15 (as processes ~ I-II, 
~model “G”, Figure 4)

1.0
{L ~ dsample}

HOPG (Hornekaer et al., 
2006), TDS-peaks 1, 2 

0.6 ± 0.2 (as processes ~I - II, 
~model “G”, Figure 4)

1.5×104

{L ~ dsample}
1.0 ± 0.3 (as processes ~ I-II,
~ model “G”, Figure 4)

2×106

{L ~ dsample}

Graphene/SiC 
(Watcharinyanon et al., 2011) 

3.6 (as process ~IV [14],~models 
“C”, “D”, Figure 4)

2×1014 ~ν(C-H)
{L~ 17nm}

HOPG, TDS-peaks 1, 2

HOPG, TDS-peak 1 (Waqar 
et al., 2000) 

2.4 (Waqar et al., 2000) 
(as process~III,~model “F*”)
2.4 ± 0.5 (as process ~ III, ~model 
“F*”)

2×1010

{L~4 nm}
4.1 (Waqar et al., 2000)
(as process ~IV, ~models “C”, 
“D”, Figure 4)
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It is relevant for developing of  a key 
breakthrough nanotechnology of  the hydrogen 
on-board efficient and compact storage (Fig. 25 
[8]) – the very current problem.

Such a nanotechnology may be developed 
within a reasonable (for the current hydrogen 
energy demands and predictions) time frame 
of  several years. International cooperation is 
necessary.
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Abstract. The effect of  SAW on the electrical properties of  the few-layer (2-3 layers) graphene is 
studied. Under the influence of  SAW the appearence of  acoustoelectric current IAEC in graphene 
is observed. The sign and magnitude of  the induced IAEC in graphene conditioned by magnitude 
and direction of  the electromagnetic fields induced by SAW and an external electric field. When 
the direction of  SAW and Vbias is the same IAEC amplified, when at the opposite direction - IAEC are 
reduced in result of  the interaction of  these fields with each other. As a result of  the measurement 
of  the induced acoustoelectric (IAEC) current in graphene under the influence of  a surface acoustic 
wave (SAW) the fluctuation nature of  acoustoelectric current in the area of  electrical neutrality 
is established at low voltages of  an external bias (Vbias) applied on a graphene. The fluctuation 
character of  the IAEC is manifested in all cases of  measurements depending on the action of  SAW 
and Vbias near the point of  electrical neutrality. Chaotic fluctuation potential of  graphene in the area 
of  electrical neutrality is enhanced by the action of  SAW that allows observing it in real conditions 
of  the experiment at room temperature in air. The magnitude of  IAEC depends on the power of  
SAW, while there is a parabolic dependence of  the induced IAEC on the amplification current of  
SAW power (ISAW). The parabolic dependence of  IAEC on ISAW explained by specific relaxation of  
acoustic phonons of  the piezocrystallical substrate, which is dominant in the process of  electron-
phonon scattering in graphene and acoustoelectric current induction in it. For large magnitudes 
of  Vbias strict linear dependence of  the IAEC on Vbias is observed. Large Vbias effectively suppress the 
appearance of  the fluctuation potential of  electrons and holes. The ability to control the magnitude 
and direction of  IAEC induced in graphene by SAW is of  practical importance.

Keywords: graphene, surface acoustic wave, voltage bias, acoustoelectric current, SAW-device
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1. INTRODUCTION
The unique electronic properties of  graphene 
[1] can be controlled not only by an electric 
field [2, 3] but also by the surface acoustic wave 
[4, 5]. It is shown the possibility of  generating 
acous-toelectric current in graphene under 
the influence of  SAW [4], and the effect of  
amplification of  the surface acoustic wave 
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(SAW) on the surface of  the piezoelectric 
crystal La3Ga5SiO14 upon application of  an 
external electric voltage bias on the graphene 
lying between two high frequency signal 
interdigital transducers is detected [5]. SAW 
amplification takes place when direction of  
an external electric field was identical to the 
direction of  SAW propagation on the surface 
of  a piezoelectric crystal, in conductive 
graphene film, which is in contact with the 
surface of  the piezoelectric crystal generating 
SAW, an electric current flow induces 
acoustoelectric current in the piezoelectric 
crystal that appears to enhance the amplitude 
of  the SAW.

The effect of  the SAW amplitude 
amplification in graphene coated SAW-
structures is observed upon application of  
small electric field to the graphene that opens 
up new possibilities for creating a contactless 
acousticoptical and acoustoelectric devices 
based on graphene. All this cause great 
interest to study the interaction of  SAW with 
graphene.

In this study, we investigate the effect of  
SAW on the nature acoustoelectric current 
appearance in graphene by applying an external 
electric field, depending on the amplitude and 
direction of  it.

2. EXPERIMENTAL METHODS
In the experiment, coated with graphene 
La3Ga5SSiO14 (LGS), LiNbO3 Y-cut 
piezocrystals samples are used as SAW 
substrate. These crystals, like a quartz SiO2, 
possess point group symmetry 32 but unlike 
SiO2 have the high values of  piezoelectric 
constants and electromechanical coupling 
coefficients. Substrates from Y-cut the crystal 
(planes (100) parallel to the crystal surface) 
were used to fabricate the SAW devices. On 
the crystal surface to excite the SAW the 
interdigital transducer (IDT) was fabricated 

by photolithography. The IDT consisted of  
50 pairs of  electrodes. On the Y-cut of  the 
LGS crystal the IDTs were fabricated to excite 
the SAW with the wavelength Λ = 30 µm at 
the resonance excitation frequency f = 75.33 
MHz which propagates with the velocity V = 
f × Λ = 2260 m/s along the X axis. The IDT 
on the Y-cut of  the LiNbO3 crystal excites the 
SAW with the wavelength Λ = 4 µm at the 
resonance excitation frequency f = 860 MHz 
which propagates at V = 3440 m/s along the 
X axis.

The graphene film on the piezoelectric 
substrate surface was formed between two 
IDTs by the transfer method [6]. Ni film was 
deposited by the ion sputtering deposition 
technique on the surface of  an oxidized 
Si(100). The target was high purity Ni 
(99.9999%). Ion sputtering was performed 
in vacuum of  10-6 Torr. The sputtered film 
thickness of  Ni was ~0.3 µm. Then the 
substrate with the sputtered Ni film was 
placed into a quartz reactor tube pumped 
down to a pressure about 10-6 Torr and then 
inserted into a furnace preheated to 950°C. 
When the samples were heated to the 
reaction temperature, acetylene was let into 
the quartz tube up to a pressure of  0.4 Torr 
for 5 s and then pumped out and the quartz 
tube reactor was extracted from the furnace. 
Transfer of  the resulting graphene was done 
with the aid of  polymethylmethacrylate 
(PMMA) that was spin coated onto the 
surface of  the graphene film to serve as a 
support. The PMMA/graphene layer was 
detached from the substrate by wet-etching 
of  the Ni film with a 1% water solution of  
hydrochloric acid and then manually laid 
on the piezoelectric substrate between two 
IDTs. PMMA was then removed from the 
graphene surface by exposure to acetone in 
vapor and then in liquid form.
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Fig. 1. Raman spectra of  LGS-substrate (red) and graphene 
on LGS-substrate (black) shown the characteristic D-, G-, and 
2D-peaks. The ratio I2D/IG ≈ 2 indicates that the graphene 

film consists of  (2 – 3) layers of  graphene (FLG).
Quality control of  the graphene was carried 

out using a Raman microscope SENTERRA 
(Bruker) at wavelengths of  laser excitation 488 
nm, 532 nm and 735 nm.

Fig. 1 shows Raman spectra of  LGS 
piezoelectric substrate and graphene measured 
its transfer onto the LGS piezoelectric 
substrate, and electron microscopic images of  
graphene were obtained  by scanning electron 
microscope LYRA 3, TESCAN. The Raman 
spectra were registered using the blue laser 
with the 488 nm wavelength at SENTERRA 
Raman microscope. The ratio of  intensities of  
two peaks I2D/IG = 2 shows that the graphene 
film has of  1÷3 layers. To study the electric 
properties of  graphene under the conditions 
of  SAW propagation, two Al electrodes 
were formed on the graphene film surface 
by electron beam lithography. The distance 
between two electrodes was ~3 mm. Fig. 2 
shows the SAW devices with graphene which 
were used to in-vestigate the influence of  

SAW propagation on the electrical properties 
of  graphene.

Generation and registration of  SAW signal 
and graphene acoustoelectric current IAEC 
were performed by using a high-frequency 
generator APH-2140 and KEITHLEY 2400 
Source Meter according to the circuit diagram 
in Fig. 2a.

3. RESULTS
Fig. 3 shows the current-voltage characteristics 
dependence of  Igr and IAEC currents through 
graphene on the applied bias voltage Vbias 
of  an external electric field in the absence 
of  SAW(Fig. 3a, Igr f (Vbias), and under the 

Fig. 2. Circuit (a) and photo (b) of  SAW device.

Fig. 3. Dependences of  acoustoelectric current through the graphene IAEC from an external electric field bias Vbias under the 
influence of  a SAW with a frequency f  = 54.2 MHz at various currents gain SAW Isaw: a) Isaw = 0 mkA; b) Isaw = 25 mkA; 

c) Isaw = 50 mkA; d) Isaw = 75 mkA; e) Isaw = 100 mkA. Power of  source SAW IDT W = 1.07 Wt.

             a                                   b                                c                                    d                                e
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influence of  SAW on the graphene (Fig. 3b-
3e, IAEC f  (Vbias). Igr – current through the 
graphene in the absence of  SAW, IAEC-induced 
acoustoelectric current through the graphene 
at different amplification currents Isaw of  SAW 
power.

However, for small bias voltage Vbias (near 
Vbias ≈ 0) it fails to measure the magnitude of  
current through the graphene because of  the 
large fluctuations of  its magnitude due to large 
measurement errors.

It should be noted that in all cases, the 
measurement of  Igr f (Vbias) and IAEC f (Vbias) 
dependences do not pass through the point 
of  electrical neutrality (0) in the absence of  
an external electric field, Vbias = 0. This area is 
shown as the decoupling dependences of  Igr f 
(Vbias), Fig. 3a and IAEC f (Vbias), Fig. 3b-3e.

A more detailed analysis shows that in the 
low-voltage Vbias ~ 0 near the point of  electrical 
neutrality [1], there is an interesting feature 
of  the changes in the magnitude and sign of  
acousto-electric current IAEC charge carriers 
in graphene under the influence of  SAW, 
the magnitude and direction of  the applied 
external electric field bias potential Vbias.

Close to the Vbias ~ 0, for both positive (Vbias 
> 0) and negative (Vbias < 0) bias voltages there 
is a change of  sign of  the current Igr through 
the graphene and decoupling dependence Igr f 
(Vbias), Fig. 3a.

When the SAW turned on the magnitude 
of  the decoupling of  IAEC f (Vbias) dependence 
near Vbias ~ 0 increases (Fig. 3b). With 
increasing current amplification Isaw SAW 
power that gap even more greater (Fig. 3b-
3e). With increasing current amplification Isaw 
SAW power change of  acoustoelectric current 
IAEC the sign is observed for large values of  
negative-bias voltage (Vbias < 0). For positive 
values of  the bias voltage (Vbias > 0) change 
of  current Igr sign for SAW of  various power 
takes place almost at the same value of  Vbias  

= 1.0 mV (Fig. 3). The dependence Vbias on 
the current amplification Isaw of  SAW power 
becomes quadratic when there is a change in 
the sign IAEC (Fig. 4).

Fig. 5 shows the dependence of  the IAEC 
acoustoelectric current on amplification 
current Isaw of  SAW power at different values 
and signs of  Vbias. Magnitude of  IAEC, arising 
under the influence of  SAW, increases when 
a negative bias voltage Vbias < 0 (Fig. 5) 
applied and decreases with the positive Vbias 
> 0 (Fig. 5b). The dependence of  the IAEC on 
amplification current Isaw of  SAW power is 
quadratic in nature (Fig. 5).

At high bias voltages Vbias strict linear 
dependence of  the IAEC on applied voltage (Fig. 

Fig. 4. The dependences of  Vbias from Isaw, at which the sign 
change acoustic electrical current IAEC.

Fig. 5. Dependences of  acoustoelectric current (IAEC) from the 
current power amplifier SAW (Isaw) at negative (Vbias <0) (a) 

and positive (Vbias > 0) (b) values of  the bias voltage.

                       a                                          b
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3) is observed. With these values Vbias applied 
external electric field effectively suppress the 
occurrence of  fluctuation potential [7] and 
in graphene common characteristic of  the 
traditional con-ductors dependence of  the 
current of  the ohmic contact on voltage is 
realized.

4. DISCUSSIONS
It is known [3 - 5] that under the influence of  
SAW acoustoelectric current IAEC is induced 
in graphene. The magnitude of  the induced 
IAEC increases linearly with SAW power [3]. 
When an additional external bias voltage of  
the electric potential applied on the graphene 
value of  the IAEC depends on the direction 
of  the applied electric field [5] and increases 
when SAW propagation direction and an 
external electric field are the same, and 
decreases if  they are in the opposite direction 
(Fig. 3).

Acoustoelectric current IAEC was measured 
according to the scheme applying of  positive 
voltage to the graphene electrodes in the 
direction of  propagation of  SAW (Fig. 2). 
The electron current flows from the left 
electrode to the right, changing the polarity 
- on the contrary, from right to left. The 
direction of  the SAW remains constant – 
from the left IDT source of  SAW to the 
right IDT. When the direction of  SAW 
propagation direction and the external electric 
field (negative voltage Vbias < 0) are the same 
IAEC is amplified, otherwise – inhibited. This 
is manifested in the form of  a quadratic 
dependence of  acoustoelectric current IAEC 
on current amplification Isaw of  SAW power 
in the case of  coincidence of  directions of  
SAW propagation and of  external electric 
field with a negative bias voltage Vbias <0. In 
the case of  opposite directions of  SAW and 
Vbias > 0 IAEC decreases, despite the increase 
SAW power, increasing Isaw.

IAEC decoupling at the low bias voltages Vbias 
(near Vbias ~ 0) and the change a sign of  the 
charge carriers (Fig. 3), we tend to explain by 
peculiar features of  the electronic properties of  
graphene near the point of  electrical neutrality 
under the influence of  a SAW.

According to [1, 2, 7], the point of  
electrical neutrality in graphene (note, with 
the high mobility of  charge carriers), the area 
near which by an equal concentration of  the 
offsetting each other electrons and holes [1] or 
zero carrier concentration (or on the approach 
to it [2]), a sharp increase in the resistance of  
the sample is observed [7].

In the real condition there is always a chaotic 
fluctuation potential in graphene, due to the 
two-dimensional nanowave crystal structure 
and thermal fluctuations, which disappear 
only at T = 0 K [2, 7]. Raising or lowering the 
local potential leads to the fact that the two-
dimensional electron gas is broken down into 
"puddles" of  electrons and holes [2]. And it 
manifests itself  at low carrier concentrations 
when there is no overlap of  fluctuating fields. 
That is, graphene has amphoteric (ambipolar), 
conductivity, presence of  two types of  charges 
– electrons and holes, at the negative voltage 
type of  electronic type prevails, with a positive 
voltage positive charges are become dominating. 
Near the field of  electrical neutrality a mutual 
cancellation of  the charge carriers takes place. 
Near electroneutrality point both types of  
charges that cancel each other are presented, 
thus cause the electric potential fluctuation of  
graphene [2].

In our case, the fluctuation character of  
acoustoelectric current through the graphene 
near a small electrical voltage due to the 
influence of  the alternating electric field 
of  the piezoelectric crystal, accompanied 
by the generation and distribution of  SAW 
which leading to the elastic deformation of  
graphene/piezocrystal [9]. SAW causing 
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elastic deformation of  the surface layer of  the 
piezoelectric induces electric polarization that 
leads to an alternating electric field of  SAW, 
both inside and outside of  the piezoelectric 
crystal, which is reflected in the fluctuations 
of  Dirac fermions in graphene [8] and 
changing the sign of  the electric current in 
graphene [9].

Deformation amplitude of  the surface layer 
of  piezoelectric crystal, determined by using 
the high-resolution X-ray diffraction method 
on a synchrotron radiation source BESSY II, 
can be changed depending on the power of  
SAW.

In conditions of  this experiment, the 
deformation amplitude of  graphene changes 
within range h = 0 – 1.8 Å, depending on the 
changes of  applied on IDT  the high-frequency 
signal amplitude U = 0 – 25 V and with period 
Λ = 30 microns with SAW frequency f  = 75.33 
MHz for LGS-substrates [9]. The deformation 
of  graphene results in fluctuations of  its electric 
field in areas of  local increase or decrease 
of  the electric potential of  two-dimensional 
electron gas is broken down into "puddles" of  
electrons and holes, respectively [2], which are 
spatially separated by a period equal to ΛSAW = 
30 microns (LGS). This is manifested in the 
form of  decoupling IAEC f (Vbias) and change the 
sign of  the charge carriers at low voltages (Fig. 
3-5). With an increase of  amplification current 
Isaw of  SAW power the sign change of  IAEC is 
observed for high negative bias voltages Vbias 
< 0. Thus, with the increase of  the amplitude 
of  the SAW power there is a trend of  sign 
changing in the IAEC with increasing value of  
the negative bias voltage Vbias ≈ –0.2 mV up 
Vbias ≈ –1.0 mV (Fig. 3, 4). While the sign 
change of  IAEC when a positive bias voltage 
Vbias > 0 applied occurs at a constant value of  
Vbias, about 1.0 mV irrespective SAW power 
(Fig. 3 and 4).

When an external electric field applied 
on the graphene, and under the influence 
of  SAW at low bias voltages Vbias the sign 
change of  IAEC is observed depending on the 
amplification current Isaw of  SAW power (Fig. 
3-5). With an increase of  amplification current 
Isaw of  SAW power the sign change of  IAEC is 
observed for high negative bias voltages Vbias 
< 0. Thus, with the increase of  the amplitude 
of  the SAW power there is a trend of  sign 
changing in the IAEC with increasing value of  
the negative bias voltage  Vbias ≈ –0.2 mV up 
Vbias ≈ –1.0 mV (Fig. 3, 4). While the sign 
change of  IAEC when a positive bias voltage 
Vbias > 0 applied occurs at a constant value of  
Vbias, about 1.0 mV irrespective SAW power 
(Fig. 3 and 4).

At high bias voltages Vbias strict linear 
dependence of  the IAEC on applied voltage (Fig. 
3) is observed. At  these values of  Vbias applied 
external electric field effectively suppress the 
occurrence of  potential fluctuation [7].

It should be noted the distinctive feature 
of  the fluctuating nature of  the manifestation 
acoustoelectric current through the graphene 
near the small voltages in our experiment 
from the experimental conditions [1, 2, 7], 
when monolayer or double-layer graphene 
obtained by micromechanical cleavage highly 
oriented pyrolytic graphite (HOPG) is used. 
Wherein graphene films are suspended 
between the metal contacts on the substrate 
of  oxidized silicon [1, 2] or encapsulated 
in thin layers of  boron nitride crystallite 
obtained by micromechanical cleavage from 
boron nitride crystal [7]. The mobility of  
the charge carriers in graphene samples 
were about 106 cm2V-1s-1 for suspended 
graphene and 105 cm2V-1s-1for encapsulated 
graphene. Measurements are performed 
at low temperatures, 4 K, 20 K, in an inert 
environment. In our case, 2-3 layer graphene 
was used synthesized by chemical vapor 
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deposition by using acetylene vapor-grown 
"in situ" Ni-catalysts. Mobility was equal to 
4800 cm2V-1s-1 [5]. And this graphene film 
is placed between IDT on a piezoelectric 
substrate of  lithium niobate crystals LiNbO3 
and langasite La3Ga5SiO14. Measurements are 
performed in air at room temperature.

Nevertheless, the effect of  SAW on the 
graphene leads to additional conditions for 
the manifestations of  fluctuations of  charge 
carriers in graphene, which is observed in our 
experiment at ambient temperature in air.

The parabolic dependence of  
acoustoelectric current IAEC through 
graphene which depends on the amplification 
current ISAW of  SAW power and an external 
electric field at the coincidence of  their 
directions (Fig. 5a) can be explained as 
follows. SAW on the graphene gives rise to a 
acoustoelectric current due to the interaction 
of  electromagnetic fields SAW and an electric 
current through the graphene by applying 
an electrical bias voltage. As a result, the 
electron-phonon scattering, which is large in 
graphene [1], part of  the energy is lost to this 
SAW. Energy relaxation of  acoustic phonons 
of  graphene depends on the temperature of  
the crystal lattice [10 -12].

In graphene relaxation time of  acoustic 
phonons inversely proportional to the square 
of  the temperature Te
trelax(Graphene) ~ Te

-2,
while for acoustic phonon relaxation time of  
piezocrystal substrate (trelax) at high temperatures 
have a linear dependence on Te and does not 
depend on the degree of  degeneracy of  the 
electron gas [13]
trelax(SAW) ~ Te

-1.
In addition it is necessary to consider that 

any external disturbance on two or more layer 
graphene has effects not only on existing 
carriers, but also creates additional carriers [1, 
2, 6, 14].

It should be noted, that this electron-
phonon relaxation process in the graphene 
may be controlled by an external piezoelectric 
coupling and an external electric field.

Thus, the results of  this work show 
possibility to control acoustoelectric current in 
graphene by external SAW and electric fields. 
These features, along with the possibility of  
amplification the SAW amplitude [4], and 
controlling the amount and direction of  
the current in graphene on the surface of  
the piezoelectric crystals by changing the 
amplitude of  SAW are of  practical interest 
for the future development of  various devices 
based on graphene, such as solar panels 
with nanoantennas in the terahertz range, 
nanopumps and fuel cells, two-dimensional 
nanomembranes etc.

4. CONCLUSIONS
1. The effect of  SAW on the electrical 

properties of  the few-layer (2-3 layers) 
graphene is studied. Acoustoelectric 
current IAEC amplification in graphene 
under the influence of  SAW is observed.  
The sign and magnitude of  IAEC depends 
on the magnitude and direction of  SAW 
and an external electric field, Vbias. At 
the same direction of  SAW and Vbias the 
amplification of  process of  inducing IAEC 
is observed, at the opposite direction – 
the braking of  process of  inducing IAEC is 
observed.

2. Results of  the IAEC measurements induced 
in graphene under influence of  SAW 
establish the specific fluctuation of  
acoustoelectric current near the point 
of  electrical neutrality, at low voltages of  
external bias, Vbias. The fluctuation nature 
of  the IAEC is manifested in all cases of  
measurements depending on the action 
of  SAW and Vbias that allows observing in 
real conditions of  the experiment at room 
temperature in air.
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3. The value IAEC depends on the SAW power, 
trelax(Graphene) ~ Te

-2.  There is a parabolic 
dependence of  IAEC on Isaw. The parabolic 
dependence of  the IAEC f (Isaw) explained by 
mechanism  of  the relaxation of  acoustic 
phonons of  piezocrystal substrate, which 
is dominant in the process of  electron-
phonon scattering in graphene and inducing 
of  acoustoelectric current in it.

4. At larger values of  Vbias strict linear 
dependence of  the IAEC on Vbias is observed. 
Larger Vbias effectively suppresses the 
occurrence of  fluctuation potential of  
electrons and holes.
The ability to control the magnitude and 

direction of  IAEC induced in graphene by SAW 
is of  practical importance.
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Abstract. Graphene oxide under study was obtained by a modified Hummers method. Samples were 
subjected to thermal reduction in a temperature range from 200° to 300°C in an atmosphere of  
argon and in vacuum. Results of  measurements of  volt-ampere characteristics of  the samples in 
a temperature range from 80 to 300 K showed the presence of  linear dependence of  logarithm of  
current on a reciprocal temperature above 160-180 K. At temperatures below these values a power 
dependence of  current on the temperature is observed. In this paper an assumption is made that 
both a Mott variable-range hopping (VRH) and the Efros-Shklovskii (ES-) VRH mechanism affect 
the electrical conductivity of  graphene oxide in the range from 10 to 180 K. A contribution of  each 
mechanism depends on conditions of  carrying out the thermal reduction.

Keywords: materials for nanoelectronics, graphene oxide, thermal reduction, current-voltage curves, 
temperature dependence of  resistance, mechanism of  electrical conductivity, thermal activation 
mechanism, mechanism of  the variable-range hopping.
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1. INTRODUCTION
A structure of  graphene oxide (GO) is represented 
by randomly distributed on a surface of  substrate 
small islets of  graphene with sp2 hybridized 
bonds surrounded by wide areas with sp3 bonds 
functionalized by oxygen groups [1]. In the process 
of  reduction there are removed functional oxygen 
groups (epoxy, hydroxyl, carbonyl, and carboxyl) and 
part of  crystalline structure of  graphene increases 
[1]. One of  simple and effective ways of  reduction 
of  GO is heat treatment, as a result of  which one 
succeeds in reducing the electrical resistance of  GO 
by several orders of  magnitude [1]. The reduced 
graphene oxide (RGO) is inferior to graphene in its 

electrical and thermal properties, but in spite of  that 
it attracts interest of  many researchers. This interest 
is due to capabilities of  use of  RGO as transparent 
electrodes, photodetectors, elements of  power 
sources and others [2-6].

As it is shown in papers [7-11], in the range 
of  temperatures below 200 K the dependence 
of  electrical conductivity on the temperature in 
the RGO is in good agreement with the hopping 
mechanism of  conductivity with the variable-
range hopping. This type of  transport of  charge is 
described by an equation [12, 13]

0
0 exp ,

mT
R R

T
 =  
   (1)

where T is the temperature, Т0 is a characteristic 
temperature, m depends on a system dimension 
and takes on values 1/3 or 1/4 – two-dimensional 
[9, 10] and three-dimensional [11] structures, 
respectively. A similar dependence with a power 
m = 1/2 is observed for the Efros-Shklovskii 
mechanism [8, 11]. At higher temperatures the 
dependence of  resistance has an activation 
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character and is described by an exponential 
dependence [7]

0 exp ,a

B

E
R R

k T
 

=  
   (2)

where Еа is the activation energy and кB is the 
Boltzmann constant.

When electronic devices on the basis of  RGO 
are created, it is necessary to know influence 
of  external factors on properties of  material. 
One of  main parameters of  many devices is the 
electrical conductivity. The aim of  this work was 
the study of  effect of  temperature on the electrical 
conductivity of  thermally reduced GO obtained 
by the modified Hummers method.

2. MATERIALS AND METHODS
The studied graphene oxide was obtained by the 
modified Hummers method [14]. As a starting 
raw material to obtain a suspension of  graphene 
oxide it was used graphite of  company Sigma 
Aldrich. The suspensions of  GO were subjected 
to ultrasonic treatment and centrifugation. As a 
result a homogeneous solution with average lateral 
dimensions of  flakes of  GO in a range of  0.4-
0.8 μm was obtained. The aqueous solution of  
GO was deposited on a surface of  SiO2 with a 
thickness of  300 nm and was rolled by a metal rod 
to give uniformity in the thickness. The suspension 
of  GO deposited in this way was evaporated at 
the room temperature during twenty-four hours. 
Silicon of  р-type conductivity was a substrate 
for SiO2. Heat treatments for the reduction were 
performed in a temperature range from 200° 
to 350°C of  duration up to a few hours in an 
atmosphere of  argon (Table 1). Measurements by 
methods of  atomic force microscopy (AFM) and 
Raman spectroscopy (RS) were carried out with 
the help of  a measuring complex “Ntegra Spectra” 
of  company “NT-MDT”.

Raman spectra of  samples were measured using 
an excitation wavelength of  514 nm. Radiation 

power in a beam did not exceed 2-3 mW to prevent 
overheating of  the sample. Also the surfaces of  
samples were studied with the help of  scanning 
electron microscope of  high resolution Jeol JSM 
7800F. Measurements of  electrical parameters 
were carried out on an apparatus ASEC-03 by 
a dual probe method in the temperature range 
from 80 K to 300 K. The current-voltage (IV) 
characteristics of  GO were measured in a voltage 
range from –10 to +10 V after the reduction in the 
temperature range from 80 to 300 K. Before the 
reduction the samples showed dielectric properties 
with resistances greater than 10 GΩ. As contacts a 
silver paste was used.

3. RESULTS 
Fig. 1a shows a boundary of  GO/SiO2 measured 
by the method of  electron microscopy for the 
sample OG-7. From the results of  measurements 

Table 1
Processing conditions of sample

№ of sample Treatment temperature, °С
OG-6 200
OG-1, OG-2, OG-3, OG-7 250
OG-4, OG-5 350

Fig. 1. Image of  boundary of  GO/SiO2 (a) and an enlarged 
image of  the surface (b) of  sample OG-7 after reduction 
obtained by scanning electron microscope. On inset of  figure it 
is shown average value of  height of  step on boundary of  GO/

SiO2 measured with AFM.
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it follows that GO is a film of  relatively 
uniform thickness. Measurements of  
thickness of  samples with the help of  atomic 
force microscopy showed that the thickness 
of  films of  GO after the reduction decreases 
from 10-20 nm to 5-6 nm. As it is seen from 
the Fig. 1b a domain structure on the surface 
of  GO does not become apparent. This 
means that sizes of  graphene flakes do not 
exceed 10 nm.

In the Raman spectra of  all studied samples 
there appear typical for RGO D and G peaks 
with maxima in the neighborhood of  1350 
cm-1 and 1600 cm-1, respectively. The Raman 
spectra of  the sample OG-1 before and after 
the reduction are shown in Fig. 2. The peak 
D is due to disorder of  crystal lattice and 
formation of  sp3 bonds, the peak G is due to 
the presence of  sp2 bonds of  carbon in the 
lattice of  graphene [15, 16]. Relationships 
of  intensities of  peaks ID/IG measured at 
different points of  the sample before and after 
the reduction (at a temperature of  250°C), 
leads to a slight decrease in the average value 
of  the ratio from 0.95 to 0.90. At the same 
time, a half  width of  peak increases by about 
1.2 times.

The IV characteristics of  sample OG-1 
after the reduction with duration of  1 h are 
presented in a figure (Fig. 3). The current-
voltage characteristics for all studied samples 
had a linear form, which indicates an ohmic 
nature of  contacts. A difference in values of  
current at the temperatures of  80 and 300 К 
depends on the degree of  reduction and is 
approximately two orders of  magnitude. Sheet 
resistance of  the samples ranged from a few 
to several tens of  kΩ per square, depending 
on the conditions of  reduction. On an inset 
of  the figure it is shown the dependence of  
logarithm of  resistance on the reciprocal 
temperature for sample OG-1. In the figure 
it is possible to mark out two parts. In the 
high temperature part of  characteristic from 
the room temperature to 180-220 K a linear 
dependence is observed. At lower temperatures 
the dependence is different from the linear 
one.

4. DISCUSSION
With the help of  formula (2) the activation 
energies Еа are calculated in the high 
temperature part of  dependence of  resistance 
on the temperature. The found values of  
activation energy are in a range of  0.032 to 

Fig. 2. Raman spectra of  GO for sample OG-1 before and 
after reduction in atmosphere of  argon at temperature of  

250°С with duration of  30 minutes.

Fig. 3. Current-voltage characteristics of  sample OG-1 after 
reduction with duration of  90 minutes. On inset of  figure 
there is dependence of  logarithm of  resistance on reciprocal 
temperature. Line corresponds to activation mechanism of  

electrical conductivity at temperatures above 200°С.
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0.12 eV (Table 2). As it can be seen from 
data of  table 2, the value of  energy Еа 
monotonically decreases with an increase of  
reduction time of  GO (the samples OG-2 and 
OG-4). Also it is found that a temperature 
increase of  reduction up to 350°C leads to a 
more rapid decrease of  the activation energy 
to values of  0.03-0.04 eV (the samples OG-4, 
OG-5). The observed effects can be explained 
by transitions between states being far from 
the Fermi level, possibly interband transitions 
or states formed by functional groups of  
oxygen. As is known, recovery of  the GO is 
accompanied by the departure of  the various 
functional groups of  oxygen, which can lead 
both to decrease the band gap [17], and the 
transformation of  defect-impurity structure 
[1].

Low-temperature dependences of  
resistance on the temperature are different 
from the linear one (the inset of  Fig. 3). To 
analyze a mechanism of  conduction in this 
temperature range (ΔТ) there are plotted 
the dependences of  logarithm of  resistance 
on Т-m, where m = 1/4, 1/3, and 1/2, in 
accordance with formula (1), and there are 
determined coefficients of  linearity (b) of  
these dependencies. The obtained results 
are shown in Table 2. From an analysis of  
these data it follows that at temperatures of  

treatment of  200° and 250°С with an increase 
of  time of  reduction a transition happens 
from a dependence R(T) with the degree 1/3 
to a dependence with the degree 1/2. This 
transition corresponds to a change of  the 
hopping mechanism of  charge transport with a 
variable range hopping in the two-dimensional 
structures to the Efros-Shklovskii mechanism 
[12, 13]. At the temperature of  reduction 
of  350°C already a half-hour heat treatment 
leads to the dependence with the degree 1/2. 
An estimate of  characteristic temperature Т0 
from formula (1) gives a value of  2300 K. T0 is 
related with the localization length of  charge 
states ξ with the help of  expression [17]:

2

0
0

2,8 ,
4 B

eT
kπεε ξ

=  (3)
where ε0 is the electric constant and ε is 
the permittivity of  the material. For the 
graphene oxide ε is equal to 3.5 [8]. A 
calculation of  the localization length ξ 
according to formula (3) gives a value from 
4.3 to 6.1 nm for samples reduced at the 
temperature of  350°С and less than 2.5 nm 
at T = 250°С. These data agree with the data 
of  Raman spectrum, in which a decrease of  
the ratio of  intensities is observed, which 
indicates a decrease of  number of  edge 
defects caused by an increase of  sizes of  
domains of  graphene [16]. At the same time 

Table 2.
Change of activation energy at temperatures above1800 К, change of coefficient of linearity b at different powers m 
in temperature range ΔT, characteristic Efros-Shklovskii temperature Т0 and localization length of charge states ξ.

Sample Activation 
energy
Еа, eV

Time of 
reduction,

h

linearity coefficient, b ΔT, K Т0, K ξ, nm

m = 1/4 m = 1/3 m = 1/2

OG-1 0.12 1.5 0,99877 0,99893 0,99901 80-180 8913 1.5

OG-2 0.07 0.5 0,99893 0,99875 0,99824 80-150

OG-2 0.06 1 0,99960 0,99960 0,99938 80-180

OG-2 0.046 1.5 0,99902 0,99933 0,99975 90-180 5200 2.5

OG-3 0.5 0,99883 0,99875 0,99824 80-150

OG-3 1.5 0,9996 0,9996 0,99836 80-180

OG-4 0.04 0.5 0,99872 0,99899 0,99937 90-175 3100 4.3

OG-4 0.032 1 0,99894 0,99918 0,99952 100-175 2304 5.8

OG-5 0.045 0.5 0,99862 0,99898 0,99948 85-180 2206 6.1

OG-6 0.044 1 0,99879 0,99890 0,99877 80-200
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the width D of  the line increases associated 
with an increase of  disorder of  lattice at the 
time of  heat treatment [16].

5. CONCLUSION 
Thus, it follows from the obtained results that 
the mechanism of  conductivity in graphene 
oxide obtained by the chemical method and 
thermally reduced in the temperature range 
of  200°-350°C in the region of  temperatures 
above 180 K is determined by the activation 
mechanism. And the activation energy 
depends on the degree of  reduction, which 
is probably related to the decrease of  the 
width of  forbidden zone. In the temperature 
range of  100-180 K there are shown the 
hopping mechanism of  conductivity with the 
variable length of  hop in the two-dimensional 
structures and the Efros-Shklovskii 
mechanism in the samples with a higher 
degree of  reduction (longer treatments and 
a higher temperature of  reduction). For this 
case it was carried out an estimate of  sizes 
of  domains of  graphene, which reach 6.1 nm 
during the reduction at T = 350°C and 2.5 
nm at T = 250°C. The obtained results can 
be used to create the transparent electrodes, 
the photodetectors on the basis of  RGO, the 
power sources, operating in the conditions of  
low temperatures.
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1. INTRODUCTION
AB graphene bilayer [1] presents a unique sample 
of  2D condensed matter systems possessing by 
outstanding transport and mechanical properties. 
Its low-energy electron spectrum [2, 3] combines 
characteristics of  monolayer graphene and usual 2D 
electron systems due to consisting of  2 inequivalent 
pairs of  parabolic valence and conductance bands, 
touching each other at K+(K') and K−(K) Dirac 
points with massive charge carriers. By the main 
property (for optoelectronic) of  the bilayer is the 

opening of  a tunable gap between the valence and 
conduction bands when an electric field E acts on it 
(see, Fig. 1).

Fig. 1 shows the reciprocal lattice of  bilayer 
graphene (left) with lattice points indicated as 
crosses, with b1 = 2π/a(1, 1√3), b2 = 2π/a(1, −1√3) 
being by primitive reciprocal lattice vectors, for lattice 
constant a = 2.46Å; d0 = 3.35Å (distance among 
adjacent unit cells and layers), the shaded hexagon 
appears by the first Brillouin zone with the centre 
Γ, and the Dirac points K−(K'), K+(K) − showing 
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Fig. 1. Reciprocal lattice of  bilayer graphene (left) and the low-
energy bands of  bilayer for the first Brillouin zone (right).
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two non-equivalent corners. From the right the low-
energy bands of  bilayer near K', K points around the 
Fermi level in the presence of  the gap Δ for Δ = 0.3 
eV, γ1 = 0.4 eV and chemical potential μ = 0.25 eV 
for the first Brillouin zone. Plots were adapted from 
[9, 10].

Note, the value of  E can be controlled externally 
by chemical doping (impurities) and gating. Since, 
the density of  states remains finite in the unbiased 
and neutral bilayer, there are predictions [5] that 
the electron-electron interaction can result in 
spontaneous symmetry breaking and opening a gap 
for B = 0.

The nature of  the gapped state is much discussed 
in the literature. Possible scenarios include anomalous 
quantum Hall (QAH), quantum spin Hall (QSH), 
layer antiferromagnet (LAF) states, etc. Formally, 
all these gapped states are differed by the variant of  
breaking an approximate SU(4) spin-valley symmetry 
of  the low energy Hamiltonian of  bilayer graphene.

Fig. 2 shows the view in a perpendicular 
direction to the bilayer sheets (top) and (b) side view 
of  the crystal structure of  bilayer graphene. Atoms 
A1 and B1 on the lower layer are shown as white and 
black dots, A2, B2 on the upper layer are black and 
grey, correspondingly. The shaded rhombus in (top) 
indicates the conventional unit cell with 4 atoms 
A1, B1 (on the lower layer), A2, B2 (on the upper 
layer). On the bottom the hopping parameters are 
presented.

The finding of  a theoretical model describing 
an energy spectrum and (magneto)-optical 
conductivities of  AB-bilayer in external electric, 
magnetic fields for nonvanishing temperature and 

densities of  charged carriers is not yet completely 
solved (see, the results on conductivity for 4-band 
model [4]). In turn, the influence of  the substrate on 
which is usually realized graphene, within epitaxial 
growth, leads to the appearance of  the structural 
inhomogeneities (SiH) which should to account for 
the calculation of  the electric and magneto-optic 
conductivities (resistivity). For the latter problem we 
apply the temperature electron Green functions (GF) 
method [7] adopted for 1D, 2D carbon materials [8].

The paper is organized as follows. In the Sec. 2 
we calculate on a base of  2- and 4-band effective 
Hamiltonians the longitudinal and transverse (Hall) 
optical conductivities and study the choice of  the 
different gapped states on it. The relations among 
the Hall conductivities and Faraday and Kerr angles 
when pure bilayer interacts with substrates are 
analyzed in the Sec. 3. Then we obtain the DOS and 
resistivity for monolayer with impurities interacting 
with substrate on a base of  electron (metallic) GF.

2. MODELS FOR AB BILAYER
The tight-binding model developed for graphite [5, 6] 
and known as Slonczewski–Weiss–McClure (SWC) 
model are easily formulated for Hamiltonian of  AB-
stacked graphene according hopping parameters in 
the Fig. 2 as

( )0 , , , , 4 1, , 2, , 1, , 2, ,
( , ), , 1,2 ; 1,2

1 2, , 1, , 3 1, , 2, ,
; 1,2 ; 1,2

. .,

tb m i s m j s i s i s i s i s
i j m s i s

i s i s i s i s
i s i s

H a b a a b b

a b a b h c

γ γ

γ γ

+ + +

= =

+ +

= =

= − − + −

− − +

∑ ∑

∑ ∑  (1)
where , , , ,( )m i s m j sa b+ +  creates an electron with spin s = 
-ћ/2, ћ/2 in layer m = 1, 2 on sublattice A(B) at site 
Ri with hopping parameters (γ0, γ1, γ3, γ4) = (3.0, 0.38, 
0.1, 0.12) eV [3].

In the continuum limit, to study the electronic 
properties, when expanding the momentum p = ћ(k 
+ Kξ) in the vicinity of  K, K' points of  fixed unit 
sell of  the bilayer we obtain the effective 4-band 
Hamiltonian with 4-component spinor wave function 
Ψ4, with general form for the gap containing valley 
and spin depending terms [9, 10]
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for ∆ξS = U + ξ∆T + sUT + ξs∆, with Fermi velocity νF 
= 106 m/s in plane of  layers, U, Δ (UT, ΔT) being by 
(not) invariant with respect to time reversal, whereas 
the first gap U can be induced by a perpendicular 

Fig. 2. View in a perpendicular direction to the bilayer sheets 
(top) and (b) side view of  the crystal structure of  bilayer graphene.
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with ji(r) = −c ∂H/∂Ai, being by the electric current 
density operator. The quantities G(r, r', τ), V, β = 
1/T, Ωm = 2πm/β are the electron GF, the volume 
of  the system, the inverse temperature, and trξ,s 
means for trace.

Note, the presence or absence of  a magnetic 
field B in both 2- and 4-band cases permits to use 
different technique due to Landau levels (LLs) in the 
energy spectrum for B ≠ 0.

For the 2-band model in a magnetic field the 
optical conductivities σ±(Ω) = σxx(Ω) ± iσxy(Ω) 
corresponding to the opposite circular polarizations 
of  light have the form (for magnetic length 

/l hc eB=  [9]),
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 (6)
for Fermi-Dirac distribution function nF(ω), energy 
LLs Enξ for Δξ = Δ+ξΔT determined from the spectral 
problem for the stationary Schrödinger equation 
HeffΨ2n = EnξΨ2n: Enξ = −ξΛξ, n = 0, 1; E±nξ = ±Mnξ; 

2 2 ( 1), 2n cM n n nξ ξ ω= ∆ + − ≥  for cyclotron energy ωc 
[9].

The limiting cases of  B = 0 for the Hall 
conductivity σxy(Ω) = (σ+(Ω) − σ−(Ω))/2i and 
its observable real part, Re σxy(Ω → 0), for direct 
current obtained from (6) for continuum limit (Mk 
→ ω) [9]
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 (7)
do not vanish for time-reversal breaking gaps UT, 
ΔT and for neutral point, μ = 0, corresponds to the 
quantum anomalous Hall effect in bilayer.

For the 4-band model with the Hamiltonian (2) 
in a magnetic field the conductivities may be deter-
mined in the same way as for 2-band model. We 
restrict ourselves by only Hall σxy(Ω) conductivity:

electric field E. In this case U = eEd0/2 with −e 
being by the charge of  electron. The momentum 
π = px + ipy in (2) may be enlarged by means of  
preserving of  the U(1) gauge invariance for H in 
case of  bilayer interaction with external magnetic 
field B being applied perpendicular to the sheets 
along the positive axis z realizing the case of  QED 
in (2+1)-dimensional space-time to the quantity: 

( )x y x yp ip i D iDπ = + = − +  

  for covariant derivative Di 
= ∂i + (ie/ћc)Ai, with vector potential A(x, y) = (0, 
Bx) in the Landau gauge. H acts on Ψ4 corresponding 
to the atomic sites A1, B2, A2, B1 in the valley K 
(ξ = +1) and B2, A1, B1, A2 in the valley K′ (ξ = 
−1). Here, we neglect the tight-binding parameters γ3 
(leading to a trigonal warping of  the band structure 
at low energies and γ4).

The role of  different kinds of  gaps in the 
magneto-transport properties may be studied for 
low-energy approximation, for energy range |є| < 
γ1/4 within 2-band model with Hamiltonian:

2

2
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H
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ξ

ξ

ξ π
ξ

ξ π

+ ∆ −
=   − −∆ 





 (3)
with effective mass 2

1 / (2 )Fm γ ν= = 0.032me, which 
is obtained from 4-band Hamiltonian (2). In turn, 
Heff  acts on a 2-component wave function Ψ2  
corresponding to the atomic sites A1, B2 in the 
valley K (ξ = +1) and B2, A1 in the valley K′ (ξ = 
−1).

The Hamiltonians possess by the reflection 
properties in depending on the form of  the gap. 
Thus, in the 4×4 case (2) the presence of  the gap Δξs 
= ξΔT breaks the time-reversal symmetry.

3. OPTICAL CONDUCTIVITIES IN AND 
WITHOUT MAGNETIC FIELD
The calculation of  the optical conductivities is based 
on the Kubo formula,

( )( )( ) ( 0) (0) ,R R
ij ij ijiiσ Ω = Π Ω+ −ΠΩ

  (4)
for ( ) ( ),   , ,R

ij ij mi i i i j x yεΠ Ω = Π Ω →Ω+ =  with 
retarded current-current correlation function 

( 0)R
ij iΠ Ω+  obtained by the analytical continuation 

from its imaginary time expression with Ω being 
by the photon energy. The calculation of  the 
current-current correlation function in tree level 
approximation reduces to the evaluation of  the 
bubble diagram
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 (8)
where the constants Ci,k(α,β,ξ) and LLs now for each 
n has 4-band, not-degenerate in spin s and valley 
ξ and determined from the exact solution for the 
spectral problem HΨ4k = Ek,α,β(ξ)Ψ4k(s, C1k(α,β,ξ), 
C2k(α,β,ξ), C3k(α,β,ξ), C4k(α,β,ξ)) in the form (for 
details see, [10]).

The spontaneously broken time-reversal 
symmetry in bilayer can be observable via optical 
polarization rotation when light is transmitted 
through the sample (Faraday effect) or reflected by 
it (Kerr effect) among them for: 1) free-standing 
bilayer with a refractive index n = 1 (the first inset 
from the top in Fig. 3); 2) graphene on a thick 
substrate (corresponding to SiO2, BN) with n = 1.5; 
3) for bilayer on a dielectric layer with n = 1.5 and a 
thickness of  d = 300nm on top of  a thick layer with 
ns = 3.5 (corresponding to the standardly used SiO2/
Si substrates). The Faraday and Kerr angles have the 
form:

( )
( ) ( ) ( )1

0 0

( ) 0.5 arg( ( )) arg( ( )) ,

, 1 1 , 2
F K t r t r

r t n Z n Z

θ θ

σ σ

− − + +

−
± ± ± ±

= −

= + + − −  (9)
(for the reflection, transmission coefficients r±,t± at 
’vacuum-film-substrate’ interface, for Z0 = 4π/c).

The dependence of  the Faraday and Kerr angles 
on Ω for various samples is shown on Fig. 3, where 
for different samples the only ΘK for the third sample 
with double substrate has another dependence.

4. DENSITY OF STATES AND RESISTIVITY 
FOR NON-IDEAL GRAPHENE
Here, we turn to the low-temperature behavior of  
electrical resistivity for direct current (the quantity 
corresponding to (Reσxy(Ω → 0))-1 and electron 
DOS in non-ideal graphene. It is well known that 
DOS strongly depends on its “non-ideality” which 
is characterized by some distribution of  impurities 
and structural defects of  different types [11] due 
to its interaction with various kinds of  substrates 
leading to changing of  the type of  conductivity 
(semiconductor - metal) in graphene [12].

The low-temperature peculiarities of  electrical 
resistivity and DOS in non-ideal graphene may be 
obtained in a way being different to one considered 
above and following from the temperature GF 
method [7] for the electron in a metal which was 
used in [8, 13, 14] to describe the low-temperature 
electron transport properties and DOS in non-ideal 
carbon nanotubes. Note, however, this approach can 
not provide the correct limit in case of  absence of  the 
impurities and structural defects. These peculiarities 
are especially revealed for room T = 300K and there 
are no results accounting of  magnetism.

To develop the last approach we use the 
electronic spectrum [15] for the 2D monolayer. 
A description of  the graphene as the system with 
impurities and SiH of  short-range order is based 
on 2D model of  a solid material with randomly 
distributed defects such as catalyst impurities, 
retained atoms. A random field of  adsorbed atoms 
of  one sort ( ) ( ) ( ),i i

i
V R c R U R R= −∑

  

 depends on c(R) 
and U being by the occupation numbers and the 
potential of  an electron in cite Ri of  graphene. For 
long-range ordering absence the representation c(R) 
= c + δc(R) allows to introduce a correlator, <δc(Ri)
δc(Ri)>, which determines new chemical bonds (or 
new short-range ordering) in a system with defects 
via fluctuations of  concentration δc(R) in site Ri 

Fig. 3. The calculated Faraday (top) and Kerr (bottom) rotation 
angles for various experimental geometry shown in inset. σ±(Ω)
calculated within 2-band model for non-vanishing time-reversal 

breaking gap ΔT (ΔT = 0.001eV) [9].
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and averaged over field V macroconcentration c = 
<c(R)>. The Fourier transform <δc(Ri)δc(Rj)> ~ 
<|ck|

2> determines the structure of  short-range 
order <|ck|

2> = c(1 − c)/N
1

cos( )N
i ii

k Rα
=

⋅∑  with 
αi, N are the short-range order coefficients (α0 = 1), 
number of  atoms in SiH.

To calculate one-particle properties, e.g. the 
electronic relaxation time, we present the one-particle 
irreducible (vertex) GF in the form (following from 
Dyson-Schwinger equation [7]):

(1) 2
0 ...,i iji ij

G G G G= + + +∑ ∑  (10)
with electron GF G0 = (ε - εp + i0)-1 in a metal system 
and (1)

0 0( ) ( , ) ( ) ( , ) .i i iG c R G r R U R R G R r dR′= −∫
   In the 

momentum representation we obtain the GF for a 
“dirty” (non-ideal) graphene: 2

0 0 ,G G G= + Σ  with 
self-energy part Σ of  GF, including multiple elastic 
scattering of  the electrons on impurities and SiH in 
the form

( )
2
0 0

1 2 2
1

( , ) 2

sin 1 (1 ) (1 / ( 0 )) .N
i Fi

p icU

c N R m i sign

ε π ν

ε α ε ε ε−
=

Σ = − ×

× − − − + +∑  (11)
Here U0 is the effective potential and ν0 = 2πm/h2 

is the value of  DOS at the Fermi level εF. The first 
and order terms correspond to the contribution 
from electron scattering on impurities and on the 
SiH.

The inverse relaxation time in an epitaxial 
(monolayer) graphene with use of  the electronic 
spectrum [15] in the ideal graphene sheet near εF is 
derived in the form

( )1 1 1
0

1 (1 ) .N
imp ii

N c Tτ τ α δ− − −
=

= + − ∑  (12)
Here δ = πR2m/ћ2 ≈ 0.1K-1, R is the radius of  the 
1-st coordination sphere and 1

impτ − ≈ 2∙1015s-1.

The contribution to DOS from non-ideal terms 
is determined by the rule [7]
∆ν = −π-1ImTr(<G> − G0)      (13)
with the averaged GF <G> in an epitaxial graphene. 
Calculating <G> we have account of  the multiple 
elastic electron scattering on the impurities and SiH. 
The result for Δν looks as

1 1 2 1 2Im (2 ) ( ) ( (2 ) ) .pTr G pdpν π τ ε ε τ− − − ∆ = − ∆ = − + ∫   (14)
The resulting expression for contribution to 

DOS in epitaxial graphene consists of  two terms:

( )
( )

( )

2 2

00 0
2 2

2
0

1

( 2 ) 2ln 1 2 ,
2 ( )2 2

F

FF F

F

pp p arctg
p

ν
υ

υυ υ ε τε
τ ε ε υ ετ τ

∆ = ×

    
−    × + +    

   + + −     







  (15)
where pF is the Fermi momentum.

We analyze (15) near the Fermi level at the fixed 
temperature in dependence on the sign of  sum of  
parameters of  short-range order because the latter 
may be changed after doping and degassing of  
graphene. In Fig. 4a the calculated DOS in graphene 
is represented as a sum of  2 terms corresponding to 
electron scattering in ideal graphene and scattering 
on the SiH. From this figure one may see that the 
contribution ∆ν(ε) (the dash-dot line) calculated at 
T = 10K, for ∑αi = −0.6, is negative, nonlinear and 
has a minimum at εF. In an ideal graphene DOS 
ν0(ε) (the dotted line) is linear and positive. As a 
result the sum of  these two contributions gives a 
gap in curve ν(ε) (the solid line) near εF which is in 
an agreement with the data [12] presented on Fig. 4 
(second figure).

In turn, on two last plots in Fig. 4 it is presented 
the contribution to DOS Δν(ε) calculated at T = 1K, 

Fig. 4. a)The contribution to DOS in graphene calculated at T = 10K for ∑α = −0.6 (the dash-dot line), DOS in an 
ideal graphene ν0(ε) (the dotted line) and the full DOS ν(ε)= ν0(ε) + Δν(ε) (the solid line). b) the data of  [12]-the dotted line 
corresponds to DOS in ideal graphene and the solid line – to DOS in hydrogenated graphene. c) Contribution to DOS Δν(ε) 

calculated for Σα = 0.2 and d) for Σα = −0.2 at T = 1, 20, 50K.
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TRANSPORT PROPERTIES OF GRAPHENE BILAYER ON 
SUBSTRATE FROM EXACT ELECTRONIC GREEN'S FUNCTION

The results of  the study show that the low-
temperature behavior of  R(T) and DOS is determined 
by the short range ordered structure of  non-ideal 
graphene. Another issue which we elaborating is to 
get realistic model of  k-layer graphene (k = 1, 2) on 
substrate by replacing the metallic GF on graphene 
GF.
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where n is the concentration of  charge carriers. R(T) 
consists of  2 terms corresponding to scattering on 
impurities and SiH. R(T) strongly depends on n 
which is known to differ in the different types of  
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method for producing carbon nanomaterials − a 
method of  chemical vapor deposition, based on the 
decomposition of  hydrocarbons in the presence of  
catalysts, requires careful manufacture of  substrates 
with nanostructured catalyst. A widely used method 
of  magnetron sputtering in a vacuum is also 
characterized by low productivity.

Very promising method in this respect is the 
use of  the plasma torch [4]. The advantages of  this 
method compared with the most common electric 
arc method are: the absence of  restrictions on 
the injected power and the consequent possibility 
of  a significant increase in productivity; ability to 
work with initial materials in various physical states 
(powders, gases and liquids); possible optimization 
of  the process by an independent pressure control, 
energy input and expense ratio of  the plasma 
gas, starting material and a catalyst; possibility 
of  forming the stream using various auxiliary 
devices (nozzles), and by changing the geometrical 
parameters.

2. MATERIALS AND METHODS
In the proposed  approach  the  initial carbonaceous 
materials for the synthesis of  graphene materials 
(in the form of  hydrocarbon gas), together with a 
working gas (argon, helium) are fed into the plasma 
torch DC power up to 40 kW, whereupon their 
evaporation occurs in the plasma jet with further 
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1. INTRODUCTION
One of  the priorities in the development of  new 
functional materials with desired properties is to 
obtain a bulk carbon nanomaterials based on fullerenes 
(fullerites), carbon nanotubes (CNTs), graphene 
flakes and others. This is due to the properties 
of  these materials such as superconductivity, 
field emission, no wetting  surface, ultra-high 
specific surface in combination with the electrical 
conductivity [1]. Some possibilities of  use of  these 
materials are to build  supercapacitor or electrodes 
in energy conversion devices [2-3], selective catalysts 
and sorbents.

The main technical problem, hampering the 
use of  three-dimensional form of  carbon that are 
based on only covalent bonds, is the lack of  good 
synthesis methods with reproducing results and 
that are scalable. Existing methods of  producing  
fullerenes, nanotubes, et al., that are based on the 
use of  electric arc and laser evaporation, have 
a number of  disadvantages associated with the 
low efficiency of  the process. Low-temperature 
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quenching formed carbon vapor as solid carbon with 
the precipitation in the gas volume, and the metal 
surface. The original design solution for the plasma 
torch – widening the channel and vortex stabilization 
of  the plasma jet provides dimensional stability, high 
evaporation rate and productivity.

The main parameters were varying an 
atmosphere pressure (150-730 Torr) and 
hydrocarbon flow rate for 10-20 min experiment. 
For each experiment, the input of  hydrocarbons 
was carried out after the establishment of  the 
temperature field in a graphite reactor (determined 
by the temperature of  water in the cooling circuit) 
and leveling the electrical characteristics of  the 
plasma torch. Technical gases were used as the 
source for raw hydrocarbons: methane, acetylene, 
and the mixture – propane butane in the ratio 
30:70%. The flow rate of  hydrocarbons was varied 
between 0.2 to 6.3 g/s.

The current value of  the plasma torch is 
maintained constant in all the experiments and is 
equal to 350 A and 400 A for argon and helium, 
respectively. A typical arc voltage varied between 50 
and 110 V, depending on the experimental conditions 
(atmosphere pressure and flow rate). Plasma-forming 
gases - helium, and argon were used with a flow rate 
varying from 0.5 to 3.8 g/s.

The product was characterized by electron 
microscopy (SEM MIRA 3 TESCAN with Schottky 
field emission cathode in a high-vacuum) and Raman 
scattering (Ntegra Spectra, the excitation wavelength 
was 532 nm, emission power was adjusted so as to 
prevent overheating of  the material). To determine 
the characteristics of  the porous structure (pore 
volume, pore radius, surface area) used a relatively 
new method of  adsorption "limited evaporation" 
(LE), based on the analysis of  the kinetics of  
vaporization of  the adsorbate from the test material, 
and classical BET method using low-temperature 
nitrogen adsorption – for evaluating the specific 
surface of  materials. The effectiveness of  the 
synthesis, thermal stability and phase composition of  
the carbon products  were evaluated by the thermal 
analysis method on synchronized thermoanalyser 
STA 409PC Luxx (NETZSCH) during linear heating 
of  the hitch of  the sample on air with the speed of   
10 К/min in the temperature interval from room 
temperature to 1000°С.

3. RESULTS AND DISCUSSION
By  pyrolysis in thermal plasma basic types of  
carbon structures: amorphous carbon, graphite and 
nanotubes with different numbers of  layers and 
different morphologies, and graphitized carbon 
particles were received.

Experiments on the pyrolysis of  propane-
butane mixture showed that the highest yield of  
graphene materials are obtained under the following 
conditions: atmosphere – helium, pressure – 710 
Torr consumption of  hydrocarbon – 0.294 m3/h. 
The quantity of  amorphous carbon was 4 wt.%, and 
the graphitized particles – less than 2 wt.% (Fig. 1).

Depending on the type of  plasma gas, pressure 
and the rate of  its flow and the flow rate of  propane-
butane mixture morphology of  product synthesis 
varies from crumpled structure (Fig. 1), obtained in 
350-710 Torr argon flow 3.5-3.75 g/s and 710 Torr 
helium with flow 0.75 and 350 Torr – 0.95 g/s up to 
large flakes with a transverse dimension 600 nm in 
350-710 Torr helium at a flow rate of  0.75 g/s.

Depending on the type of  atmosphere gas, 
pressure and the rate of  flow and the flow rate of  
propane-butane mixture the synthesized product 
morphology is varied from crumpled structure (Fig. 
1), obtained in argon atmosphere at 350-710 Torr, 
flow rate 3.5-3.75 g/s and in helium atmosphere 
at 710 Torr with helium flow rate of  0.75 g/s, in 
helium atmosphere at 350 Torr with helium flow 
rate of  0.95 g/s up to large flakes with a transverse 
dimension 600 nm synthesed in helium atmosphere 
350-710 Torr at a helium flow rate of  0.75 g/s.

RAVIL' H. AMIROV, IRINA N. ATAMANYUK., ALEXANDER S. 
TYUFTYAEV, MARINA B. SHAVELKINA, EVGENY I. SHKOLNIKOV NANOSYSTEMS

Fig. 1. Morphology of  the plasma jet pyrolysis products propane-
butane in the helium atmosphere 710 Torr, 400 A, at a flow rate of  

the hydrocarbon 0.916 m3/h and of  helium 0.75 g/s.
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Optimal conditions for the synthesis of  graphene 
materials produced by pyrolysis of  methane differ 
mainly by higher flow rate of  carbon source (0.77-
1.42 m3/h). In the experiments we used methane 
of  two marks: mark A and technical. According 
to electron micrographs and thermogravimetry of  
synthesis products, from pure methane in the helium 
atmosphere at 350 Torr, with flow rate of  0.75 g/s 65 
wt.% of  graphene structures were formed, oxidated  
in a characteristic range for the oxidation of  carbon 
nanotubes. The transverse size of  the graphene 
material is 400-600 nm. In an argon atmosphere at 
350 Torr, with a flow rate of  3.5 g/s, a current of  350 
A  the graphene structures with carbon nanotubes 
are formed and there is an increase in the number of  
(up to 11 wt.%) of  an amorphous carbon and up to 
17 wt.% – of  the graphitized particles (Fig. 2).

Upon decomposition of  acetylene in a plasma 
of  argon and helium at pressures 150-350 Torr a 
crumpled graphene  structures are obtained (Fig. 3). 
Flow rate of  acetylene was 0.2-0.63 m3/h. In argon 
atmosphere at a flow rate of  3.6 g/s, more than 90 
wt % of  carbon fibers and nanofibers are formed.

According to thermogravimetric analysis (Fig. 
4) thermal stability of  nanostructures obtained by 
pyrolysis methane and by propane-butane mixture is 
not significantly different from each other.

Specific surface for the samples with a 
transverse dimension of  300-450 nm does not 
exceed 270 m2/g according to BET. Studies of  
surface properties were also carried out  by limited 
evaporation (LE) method, based on the analysis of  
the kinetics of  vaporization of  the adsorbate from 
the test material. Fig. 5 shows the basic parameters 
of  the porous structure of  the samples obtained 
by LE using benzene as an adsorbate. The surface 
of  the crumpled graphene materials obtained in 
710 Torr of  helium is more than the surface of  the 
flakes synthesized at 350 Torr helium at the same 
flow rate of  hydrocarbon –0.294 m3/h. The angle 
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Fig. 2. Morphology of  product plasma jet methane pyrolysis in the 
atmosphere of  helium 500 Torr, 400 A, at a rate of  helium 0.75 

g/s and a hydrocarbon 0.95 m3/h.

Fig. 3. Morphology of  the pyrolysis products of  acetylene in 150 
Torr helium atmosphere, 400 A, at a rate of  hydrocarbon 0.63 

m3/h and of  helium 0.75 g/s.

Fig. 4. Thermogravimetry of  plasma jet synthesis products by 
pyrolysis of  methane (1) and of  propane-butane (2) in a helium 

atmosphere 500 Torr, 400 A.

Fig. 5. Cumulative distribution curves of  specific surface in 
depending of  pore radius. The specific surface area of  samples №1 
(source-propane-butane) and №2 (methane) is about 400 m2/g, 

sample №3 (acetylene) - 250 m2/g.
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of  slope of  the pore size distribution for a sample 
with crumpled structure is greater. Structures differ 
by their pore volume. Main range of  pore radii lies 
in the 10-70 Å range, corresponding to mesopores. 
The volume of  pores with radius less than 70 Å is 
around 0.8 cm3/g.

A feature of  all the graphene samples is the 
presence of  an area 1 on a cumulative distribution 
curve (Fig. 6). The emergence of  sub-zero values 
in this area was typical for the graphene samples 
obtained from previous studies. If  you convert the 
schedule with respect to the pore radius by Kelvin 
(Fig. 6), excluding from the calculation standard 
thickness of  the adsorption layer, resulting in the 
reference sample, it turns out the standard nature 
of  the distribution curve. Perhaps this can be 
explained by the fact that graphene materials have 
different from other carbon materials structure of  
the adsorption film.

Detailed analysis of  the samples shows that up to 
about 2 nm pore radius an adsorbed film thickness 
corresponds to the thickness of  a monolayer or 
a little more. Up to this point adsorption curves 
have a customary character. When passing the 
border of  less than 2 nm, corresponding to the 
half-width of  the adsorption film thickness of  1 
to 1.5 monolayers, the character of  the pores fill 
by the adsorption film changes abruptly compared 
to the reference material. This is due to the fact 
that the adsorption film thickness of  the graphene 
is smaller than its thickness at graphitized soot 
(reference materials), that is included in the 
calculation. Obviously, the surface of  a material 
more  lyophobic with respect to benzene in 
comparison to the reference material.

4. CONCLUSION
Carried parametric study of  the process of  
decomposition of  hydrocarbons (a mixture of  
propane, butane, methane and acetylene) in 
the plasma jet generated by a DC plasma torch 
with divergent channel, showed that synthesis 
of  nanotubes and graphene materials can be 
performed without the direct use of  catalysts. 
Depending on the content of  hydrogen in the 
hydrocarbon gases the nanostructures with 
different morphology (from disk up to crumpled) 
are formed. The flow rate of  hydrocarbons and 
environment pressure are main parameters that 
influence the geometry of  the structures. By the 
decomposition of  a mixture of  propane, butane 
optimal flow rate is 0.294 m3/h, 1.42 m3/h – 
for methane, for acetylene is 0.202 m3/h. Using 
propane – butane at environmental pressures of  
350-500 Torr leads to the formation of  graphene 
materials with a large average diameter size of  
600 nm, but using technical methane their size 
is increased up to 1 µm. The use of  methane and 
acetylene in argon plasma provides  the maximum  
output  of  crumpled structure (up to 95 wt.%). In 
the first case these structures are formed at 650 
Torr, while in the second case at 150 Torr. The 
resulting materials have a mesoporous structure 
that can serve as a template for the formation of  
supported catalyst systems.

The possibility of  scaling graphene materials 
with desired characteristics are shown.

ACKNOWLEDGEMENTS
The work was supported by the Russian Science 
Foundation project №14-50-00124.

REFERENCES
1. Baimova UA, Murzaev RT, Dmitriev SV. 

Mechanical properties of  bulk carbon 
nanomaterials. J. Physics of  Solid State, 2014, 
56(10):1947.

2. Shkolnikov EI, Witkina DE. Features 
nanoporous structure of  carbon materials for 
supercapacitors. The limited vapor method. High 
Temperature, 2010, 48(6):854-861.

3. Peng C, Wen Z, Qin Y, Schmidt-Mende L, Li 
C, Yang S, Shi D, Yang J. Three-dimensional 
graphitized carbon nanovesicles for high-
performance supercapacitors based on 
ionic liquids. ChemSusChem., 2014, 7(3):777-

NANOSYSTEMS

Fig. 6. Cumulative distribution curves in depending of  pore 
radius. Sample №1 (source-propane-butane), №2 (methane), 

№3 (acetylene).

RAVIL' H. AMIROV, IRINA N. ATAMANYUK., ALEXANDER S. 
TYUFTYAEV, MARINA B. SHAVELKINA, EVGENY I. SHKOLNIKOV



179

RENSIT | 2015 | VOL. 7 | No. 2

784.
4. Lim Siang Ying, Mohamad Amran bin Mohd 

Salleh, Hamdan b. Mohamed Yusoff, Suraya 
Binti Abdul Rashid, Jeefferie b. Abd. Razak  
Continuous production of  carbon nanotubes. 
J. Industrial and Engineering Chem., 2011, 
17(3):367.

NANOSYSTEMS SYNTHESIS OF CARBON NANOSTRUCTURES
IN A PLASMA JET REACTOR



180

No. 2 | Vol. 7 | 2015 | RENSIT

substance, a review of  such studies being made 
in monographs [1, 2].

Hydrogen peroxide enters the oxidation 
and reduction reactions, produces clathrates, 
and decomposes to yield oxygen and water. 
As an oxidant, hydrogen peroxide enters the 
reactions by the electron transfer, ionic or free 
radical mechanism. The mechanism of  its 
decomposition is quite complicated, comprises 
several reactions and depends on the presence 
of  other substances in the reaction system.

Hydrogen peroxide is currently an important 
type of  chemical products and is widely used as 
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1. INTRODUCTION
After the discovery of  the hydrogen peroxide 
molecule (H2O2) by a French chemist Louis 
Jacques Thénard in 1818, many studies 
were devoted to the reactions involving this 
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a catalyst, hydrogenation and epoxidation agent, 
foaming agent in the production of  porous 
materials, in functionalization of  aromatic 
compounds, as a bleacher and antiseptic, a 
reagent in the production of  solid sources of  
active oxygen such as sodium percarbonate, zinc 
and calcium peroxide, urea peroxohydrate, and 
others [3, 4].

Hydrogen peroxide is a bulky chemical; its 
annual output in Russia reaches ca. 100 000 
tons. It is produced by the technology of  liquid-
phase oxidation of  isopropyl alcohol (the Shell 
process), by the anthraquinone technology 
consisting in the reduction of  anthraquinone 
to anthraquinol and its subsequent oxidation 
to anthraquinol with the formation of  H2O2 as 
a by-product (the BASF or Solvay processes), 
and by the catalytic synthesis from elements.

Hydrogen peroxide as an oxidant is active 
over the entire pH range: its oxidation potential 
φo varies from 1.736 V at pH near 0 to 0.878 V 
at pH 14. Thus, when the peroxide transforms 
into hydrogen oxide in an acid medium, the 
system has the strong oxidizing nature [5]:
H2O2 + 2H+ ↔ 2H2О (φo = +1.77 V),
in a basic medium, the process occurs by the 
consecutive scheme of  ionic transformations 
from perhydroxyl ion to hydroxyl [6]:
H2O2 + ОH– ↔ HО2

– + H2О ↔ 3ОH– (φo = +0.88 V)
HO2

– + ОH– ↔ О2
– + H2О ↔ 4ОH– (φo = +0.40 V),

or with a release of  oxygen:
H2O2 → O2 + 2H+ + 2e– (φo = +0.68 V).

In any variant of  the reaction, its by-
products do not cause any contamination, 
and the liquid form of  hydrogen peroxide is 
convenient for use. One of  its applications is 
the oxidation of  carbon black [7-9].

Carbon black is employed as a filler for 
polymers and anode pastes, and also as a 
pigment, adsorbent and catalyst. Its synthesis 
proceeds at a temperature above 1000°С, 
which excludes its surface functionalization 
[10]. The most promising oxidants of  carbon 

black at low temperatures are active oxygen 
species: hydrogen peroxide, ozone, and singlet 
oxygen [11-14].

Investigation of  self-decomposition of  
hydrogen peroxide on the surface of  disperse 
carbon is of  interest not only for obtaining 
carbon black species but also for studying 
the interactions of  sp2 carbon with the 
strained hydrogen peroxide molecule whose 
decomposition on the carbon surface can 
give both the triplet oxygen species and the 
chemically active singlet oxygen species.

In this connection, it seems interesting 
to compare the chemical activities not only 
of  hydrogen peroxide but also of  singlet 
oxygen, ozone and other active oxygen species 
simultaneously interacting with the carbon 
surface (graphene layers).

The goal of  the study was to compare the 
catalytic activities of  different carbon black 
grades in the decomposition of  hydrogen 
peroxide and to elucidate the carbon surface 
properties that can exert an effect on the 
kinetic parameters of  the reaction.

2. MATERIALS AND METHODS
The study was performed with the channel 
carbon black K354 (Khazar Chemical Plant, 
the Republic of  Turkmenistan) and the furnace 
carbon black N121, N326 (Omsktekhuglerod 
PLC company), P161, P267-E and P366-E 
(Institute of  Hydrocarbons Processing SB 
RAS, Department of  Experimental Processes), 
and an aqueous solution of  medical grade 
hydrogen peroxide, specs GOST 177-88.

The hydrogen peroxide decomposition 
experiments were carried out in a volumetric 
setup. A carbon black sample and 17.5 cm3 of  
a 0.6 M (2%) aqueous solution of  hydrogen 
peroxide, whose pH value was adjusted by 
adding an aqueous solution of  ammonia, 
were placed in a flask that was mounted in a 
thermostat and connected to a burette for gas 
collection. The volume of  oxygen released at 
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different time intervals was reduced to normal 
conditions.

Upon termination of  the experiment, 
carbon black was separated from the 
suspension by microfiltration and washed with 
distilled water; after that, pH of  its aqueous 
suspension was measured according to GOST 
25699-6.-90 on a pH-150MI instrument 
(Izmeritelnaya Tekhnika PLC company), and 
the functional composition was determined by 
selective neutralization [15, 16] and differential 
potentiometry [17].

The interaction of  carbon black with 
hydrogen peroxide and activators (singlet 
oxygen or ozone) was carried out in a rotating 
flask under stirring of  carbon black grains with 
a 2% aqueous solution of  hydrogen peroxide in 
a weight ratio 1:1 in the air that passed through 
an ozonizer or a generator of  singlet oxygen at 
a temperature of  25 ± 2°С for 5 min.

Ozone was generated in an OZONER 
ozonizer (Formula Zdorovya) with an ozone 
output of  400 mg/h.

Singlet oxygen was generated in an 
AIRNERGY+ Basis Plus device (Airnergy AG, 
Germany) with photocatalytic activation (λ = 
634 nm) and a flow rate of  4 L/h.

The specific surface area (full NSA and 
external STSA) was measured by the low-
temperature nitrogen adsorption isotherm on 
a Gemini 2380 (Micromeritics) analyzer using a 
technique reported in [18].

The Raman spectra were recorded on a 
DXR Smart Raman (ThermoScientific) dispersive 
spectrometer at a laser excitation wavelength 
of  633 nm and laser power of  5 mW. The 
spectra were accumulated from 15 scans at 
accumulation time of  60 s. The degree of  
order of  the particles was characterized by 
the intensity ratio of  absorption bands ID/IG 
similar to [19].

The IR spectra were recorded on an IR 
Prestige-21 (Shimadzu) spectrometer with a 

resolution 4 cm–1 and accumulation from 50 
scans, and then processed using the ORIGIN 
software package (baseline correction and 
smoothing). Preparation of  a sample included 
sedimentation of  small particles on a BaF2 plate 
to obtain a specified homogeneous thickness 
of  the layer.

Nanostructure of  carbon black was 
observed on the images obtained by high 
resolution transmission electron microscopy 
(HRTEM) using a JEM 2100 (JEOL) electron 
microscope with an accelerating voltage of  200 
kV and a line-in-line resolution of  0.14 nm.

The XRD study of  carbon black samples 
was carried out on a D8 Advance (Bruker) 
powder diffractometer using CuKα radiation. 
The samples were scanned in an angular range 
of  10-70° (2Θ) with a scanning step 0.02° and 
accumulation time 1 s. The interplanar spacing 
and crystallite size along (002) plane were 
calculated by the Selyakov-Scherrer equation
d002 = λ/(2sin(Θi)),
Li = k∙λ/(Bi∙cos(Θi)),
where i = (002)–(100), respectively, Lc and La; 
λ is the wavelength of  CuKα radiation equal to 
0.154 nm; Θi° is the position of  reflection; k 
is the coefficient determined by the particle 
size: k = 0.89 for the (002) peak and 1.84 for 
the (100) peak; and Bi is the full width at half-
maximum of  the i peak (FWHM), rad.

The Fityk program was employed for data 
processing and deconvolution of  the peaks.

The oxygen content was measured on a 
Elementar Vario Cube analyzer of  C, H, N, S, O, 
Cl by thermal destruction at 1100°С.

3. RESULTS
Fig. 1 shows the HRTEM images of  carbon 
black.

One can see in Fig. 1 that the main 
morphological form of  the carbon black 
samples is represented by the globules 
whose structure includes the ordered crystal 
regions consisting of  3-4 graphene layers.

NANOSYSTEMSGALINA I. RAZDYAKONOVA, OLGA A. 
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183

RENSIT | 2015 | VOL. 7 | No. 2

SELF-DECOMPOSITION OF HYDROGEN PEROXIDE 
ON THE SURFACE OF DISPERSE CARBON BLACK

Fig. 1. TEM image of  the particles of  carbon black samples.

The high-contrast images show that the 
graphene layers at the periphery of  the particles 
are curved toward their center because the 
particles are strained by the valence bonds with 
the edge atoms.

Table 1 lists the values of  interplanar 
spacing d002, length of  graphene layers La, 
fraction of  end carbon atoms D calculated 
from the data of  [20] by the formula
D = 29.602∙La

–0.809,
graphitization degree γ  of  the samples calculated 
by the formula

γ = (0.373 – d002)/(0.373 – 0.335)
and stack thickness Lc of  the tested samples.

According to Table 1, the lowest structural 
organization is observed for the particles of  
carbon black N121, P267-E and P161, and the 
highest for N326, P366-E and K354.

The samples being compared differ in their 
specific surface areas and roughness coefficients 
related to the pore length shorter than 2 nm [11]. 
The surface roughness coefficient was calculated 
by the formula
Kr = NSA/STSA.

The catalytic properties of  carbon black in 
the decomposition of  hydrogen peroxide were 
characterized by the activation energy Ea of  H2O2 
decomposition at pH of  a hydrogen peroxide 
solution equal to 4.4 and 9.2.

It is supposed that at pH above 8.7 the 
decomposition of  hydrogen peroxide switches 
from homogeneous to heterogeneous mechanism 
[2]. In a strongly basic region of  the pH scale, the 
authors of  [21] revealed an “energy well” for the 
process of  hydrogen peroxide decomposition in 
a pH range of  10.5-11.5.

In this connection, it should be noted that 
the carbon black surface is inhomogeneous with 
respect to isoelectric pH: it has iso-pH of  1 to 
4  in a strong acid medium, above 11 in a strong 
basic medium, and 3 to 10 in the middle range 
[22]. So, the presence of  carbon black may lead 
to different rates of  hydrogen peroxide self-
decomposition depending on the location of  
H2O2 molecules adsorbed on the carbon surface, 
and to different mechanisms of  the process.

NANOSYSTEMS

Sample 
grade

NSA,
m2/g

Kr d002,
nm

Lc,
nm

La,
nm

Fraction 
(D) of 
edge 

atoms,
%

Gra-
phiti-
zation 
degree

γ

Degree
of 

order,
ID/IG

P161 216 1.3 0.367 1.6 4.5 9 0.16

N121 117 1.1 0.373 1.4 3.8 10 - 1.4

P267-E 255 1.6 0.368 1.7 4.2 9 0.13

P366-E 311 1.5 0.359 1.76 3.3 11 0.37 1.4

N326 77 1.0 0.358 1.64 3.0 12 0.40 1.4

K354 102 1.2 0.356 1.97 3.0 12 0.45 1.3

Table 1
Main characteristics of the initial carbon black substructure
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The activation energy of  the reaction 
was calculated by a graphical method using 
the Arrhenius equation. The reaction order 
was equal to 1, which does not contradict the 
data reported in [23]. In a blank run (without 
carbon black) performed in a basic medium, 
Ea of  H2O2  decomposition was 73 kJ/mol, and 
in an acid medium, 87.3 kJ/mol. According to 
the literature, the least activation energies of  
hydrogen peroxide decomposition are observed 
at pH from 10.5 to 11.5 and are attributed to 
ionic transformations of  hydrogen peroxide 
molecules [6]. At pH above 12, the radical ion 

species are formed [24], thus making changes in 
the activation energy insignificant.

It is expected that on the main parts of  carbon 
black surface (basal planes and regions occupied 
by neutral functional groups like quinone, 
anhydride, carbonyl, aldehyde and pyrone ones) 
the decomposition of  H2O2 with a release of  
oxygen will be more pronounced than in the 
regions with acid (carboxyl) functional groups.

In the presence of  carbon black samples of  
different weight in the reaction vessel, a decrease 
in the activation energy of  hydrogen peroxide 
self-decomposition caused by the catalytic action 
of  the carbon surface was observed (Table 2).

In terms of  1g carbon black (5.4% in the 
reaction mixture), Ea of  the reaction at different 
рН values of  the reaction mixtures varied from 
50 to 20 kJ/mol (Fig. 2).

NANOSYSTEMS

Fig. 2. Activation energies of  hydrogen peroxide decomposition 
at pH 4.4 (dark markers) and 9.2 (bright markers) in the 
presence of  carbon black with different roughness coefficients Kr.

Fig. 3. Changes in pH of  an aqueous suspension of  carbon 
black N121 under the action of  hydrogen peroxide (1), ozone 

(2) and a mixture of  hydrogen peroxide and ozone (3).

Fig. 4. Changes in the content of  carboxyl groups upon 
interaction of  carbon black N121 with ozone (1) and a 

mixture of  hydrogen peroxide and ozone (2). 

Table 2
Experimental values of activation energy Ea for decomposition 
of H2O2 at different pH of the medium and weights of carbon 

black in the reaction vessel

Carbon 
black 
grade

Ea of the reaction upon introduction of carbon black 
sample of mass m(g) into reaction vessel

0.2642 0.3775 0.5285 0.7549
рН of hydrogen peroxide solution equal to 4.4

N326 68.3 62.3 58.8 56.6
N121 57.5 55.1 50.7 47.8
P161 55.5 50.8 48.5 44.5

P366-E 52.0 48.3 49.2 43.4
P267-E 35.0 39.5 27.5 33.0

К354 39.8 41.5 37.0 37.6
рН of hydrogen peroxide solution equal to 9.2

N326 57.8 56.9 49.8 46.2
N121 47.4 41.2 33.9 30.1
P161 41.1 39.1 33.7 28.6

P366-E 32.4 31.5 26.7 21.5
P267-E 34.5 36.6 29.6 22.3

К354 38.8 41.4 33.8 36.5

GALINA I. RAZDYAKONOVA, OLGA A. 
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Fig. 5. Changes in the content of  phenol groups upon 
interaction of  carbon black N121 with ozone (1) and a 

mixture of  hydrogen peroxide and ozone (2).
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As shown in Fig. 2, Ea of  the hydrogen 
peroxide decomposition varies with the 
carbon black sample. The catalytic activity 
of  carbon black increases with raising the Kr 
value. The effect of  Kr on a decrease in Еа 
value is most pronounced in an acid medium. 
This is caused by the formation of  phenol 
groups during the oxidation of  carbon black, 
which accelerate the reaction. The carboxyl 
groups shift pH of  the aqueous suspension 
of  carbon black to the acid region, thus 
inhibiting the decomposition of  hydrogen 
peroxide.

Indeed, when carbon black is oxidized by 
hydrogen peroxide in an acid medium with 

ozone as the co-agent, a much faster decrease in 
pH of  the aqueous suspension is observed (Fig. 
3), which is caused by the generation of  carboxyl 
groups (Fig. 4) due to a decreasing content of   
phenol groups (Fig. 5).

It seems that singlet oxygen does not activate 
hydrogen peroxide, in distinction to ozone; 
singlet oxygen is an additional reagent, but its 
curve of  the carbon black pH is similar to the 
ozone activation curve (Fig. 6).

The IR spectra of  the initial samples N121, 
P366-E and N326 (Fig. 7) show the absorption 
bands (a.b.) in the region of  1200-1300 cm–1 that 
are attributed to stretching vibrations of  the C-O 
bonds in ethers and lactones.

NANOSYSTEMS

Fig. 6. pH of  an aqueous suspension of  carbon black 
N326 (1, 2), P366-E (3, 4) and N121 (5, 6) versus the 
concentration of  hydrogen peroxide in the presence of  ozone 

(1, 3, 5) or singlet oxygen (2, 4, 6).

Fig. 7. The IR (a) and Raman (b) spectra of  carbon black N121: 1 – initial, 2 – oxidized by 30% hydrogen peroxide, 
3 – by 2% hydrogen peroxide with ozone; 4 – by 2% hydrogen peroxide with singlet oxygen.
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The bands corresponding to stretching 
vibrations of  the С-О bonds in alcohols and 
phenols are observed in the spectral region of  
1000-1200 cm–1. The IR spectrum of  the tested 
sample has an additional band at 1550-1600 cm–1, 
which corresponds to stretching vibrations of  
the C=C bonds in aromatic structures.

After the oxidative treatment, neither 
the disappearance of  existing a.b. nor the 
appearance of  new bands was observed in IR 
spectra of  the tested samples.

In the Raman spectra at λ0 633 nm, the 
intensity ratio of  D band to G band of  1.3-1.4 
for the initial carbon materials N121, P367-E, 
N326 and K354 testifies to an amorphous 
structure of  the samples under consideration. 
According to the Raman data, the intensity 
ratio of  D band to G band did not change after 
the oxidative treatment.

However, the oxidation process was 
accompanied by an increase in the oxygen 
content in carbon black and by changes in its 
substructure, as shown by XRD (Fig. 8).

Thus, the oxidative treatment of  carbon 
black results in a partial destruction of  the 
graphene layers and changes in the particle 
substructure.

The efficiency of  the oxidizing systems 
was estimated from the oxidation degree of  
functional groups for 5 min at a temperature of  
25°С (Table 3), i.e. from the ratio of  the sum 
of  carboxyl and lactone groups (which are the 
end groups in the oxidation cycle) to the initial 
phenol groups.

As follows from Table 3, the efficiency 
of  action of  the oxidizing systems on carbon 
black decreases in the following order:
P366-E: 30% H2O2 > 1О2 > (2% H2O2 + 1О2) 
> O3, (H2O2 2% + O3),
N121: 1О2 > 30% H2O2 > (2% H2O2 + 1О2) > 
O3, (H2O2 2% + O3),
N326: 30% H2O2 > 1О2 > O3 > (2% H2O2 + 
1О2) > (H2O2 2% + O3).

The highest oxidation level of  carbon black 
is reached due to increasing the number of  
carboxyl and lactone groups with the use of  
hydrogen peroxide in a concentration of  30% 
in the liquid-phase process and air enriched 
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Fig. 8. La, Lc and d002 parameters of  carbon black N326, 
N121 and P366-E versus oxygen content.

Table 3
Content of acid functional groups on the surface of 

initial and oxidized carbon black

Groups
Ini-
tial

Content of groups in carbon black,
mg-eq/g, after exposure to oxidants

O3 H2O2
30%

H2O2
2%+O3

H2O2
2%+1O2

1O2

N326
Phenol 0.037 0.001 0.020 0.017 0.014 0.014

Carboxyl 0.003 0.01 0.035 0.012 0.013 0.006

Lactone 0.006 0.013 0.042 0.003 0.006 0.028

Oxidation level 0.2 2 3.8 0.8 1.3 2.4

N121
Phenol 0.010 0.064 0.039 0.031 0.010 0.008

Carboxyl 0.002 0.003 0.021 0.008 0.002 0.003

Lactone 0.018 0.031 0.053 0.041 0.018 0.034

Oxidation level 2 0.5 1.8 1.5 2 4.6

P366-E
Phenol 0.025 0.025 0.006 0.025 0.014 0.028

Carboxyl 0.027 0.017 0.051 0.021 0.028 0.085

Lactone 0.026 0.019 0.02 0.015 0.014 0.034

Oxidation level 2.1 1.4 11 1.4 3 4.2

GALINA I. RAZDYAKONOVA, OLGA A. 
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Fig. 9. The proposed scheme of  H2O2 interaction with the 
carbon surface according to [30].
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with singlet oxygen. Differential titration was 
employed to reveal the generation of  the 
most strong carboxyl groups (pKa ~ 2-3) using 
singlet oxygen as the co-agent of  the hydrogen 
peroxide oxidant [17, 25].

4. DISCUSSION
The decomposition of  hydrogen peroxide 
proceeds via its dissociation as a weak acid 
[26] by the scheme H2O2 ↔ H+ + ООН– 
(pKa = 11.6); so, it is most pronounced in a 
basic medium. However, the routes of  the 
process are chain reactions yielding active 
oxygen species (AOS), and in the case of  
heterogeneous catalysis they were studies only 
qualitatively [1]. Our study showed that a direct 
relationship between catalytic activity and 
specific surface area of  carbon black is absent. 
Surface roughness serves as a disturbing factor. 
An increase in the roughness may increase the 
fraction of  the end carbon atoms, which are 
more oxidizable. Indeed, the phenol groups 
(С-OH), which are formed upon treatment of  
carbon black, accelerate the decomposition 
of  hydrogen peroxide, whereas the carboxyl 
groups (СООН) inhibit the process, as was 
noted also by other researchers [27].

The catalytic decomposition of  hydrogen 
peroxide over the functional groups of  
graphene is described by the reactions on the 
phenol group:
AC-OH + Н2О2 → AC-OOH + H2O
and on the carboxyl group:
AC-OOH + Н2О2 → AC-OH + H2O + O2. [28].

The adsorption of  hydrogen peroxide 
molecules and the donor-acceptor interaction 
with electron transfer may occur on the 
basal plane of  graphene. This process leads 
to decomposition of  hydrogen peroxide by 
the radical mechanism similar to the Fenton 
reaction [29]:
AC + Н2О2 → AC+ + OH– + •OH,
AC+ + Н2О2 → AC+ H+ + •HO2.

Different mechanisms of  hydrogen peroxide 
interaction with the graphene layers of  carbon 
black are reflected in the scheme (Fig. 9).

According to this scheme, the hydrogen 
peroxide molecule is adsorbed on the surface 
and decomposed on the active sites, which are 
represented by neutral or weak-acid functional 
groups. The intermediate products formed on 
the surface are desorbed and diffuse into the 
liquid phase; they can form new intermediate 
products by the reaction with other hydrogen 
peroxide molecules. The new intermediates 
diffuse to the carbon surface, interact with it 
and release molecular oxygen.

Real surface of  carbon black contains the 
oxygen functional groups whose structure 
changes cyclically during the oxidation of  
carbon black, as shown in Fig. 10 where cycles 
of  the oxidation process are indicated in 
parentheses.

NANOSYSTEMS

Fig. 10. The proposed scheme of  carbon black 
functionalization.
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A partial destruction of  the carbon skeleton 
makes it difficult to control the oxidation of  
carbon black. Thus, to predict the structure of  
its final product, it is necessary to control the 
structure of  the initial material, the conditions 
of  the oxidation process, and the choice of  the 
effective reagent.

5. CONCLUSION
The catalytic activities of  different carbon 
black grades were compared in the 
decomposition of  hydrogen peroxide, and 
the most essential properties of  the carbon 
black surface affecting the kinetic parameter 
of  the reaction, its activation energy, were 
revealed.

The knowledge of  activation energies for 
the decomposition of  hydrogen peroxide 
by different carbon black grades will make it 
possible to optimize the selection of  the most 
efficient set of  available grades for their joint 
oxidation and optimization of  the functional 
composition of  the product and other process 
variables.
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1. INTRODUCTION1

Carbon is one of  the most versatile elements in the 
periodic table and forms a large number of  allotropes 
ranging from the well-known graphite, diamond, C60 
fullerene [1], nanotube [2], and graphene [3] to the 
newly discovered carbon nanocone [4], nanochain 
[5], graphdiyne [6], as well as 3D metallic structures 
[7, 8]. The successful synthesis of  graphene [3] 
has triggered considerable interest in exploring 
novel carbon-based nanomaterials. A wealth of  2D 
carbon allotropes beyond graphene has since been 
studied (see SI Appendix, Table S1 for details). Although 
some of  these polymorphs such as graphdiyne [6] 
are metastable compared with graphene, they have 
1Author contributions: Q.W. designed research; S.Z. and J.Z. 
performed research; S.Z., J.Z., Q.W., X.C., Y.K., and P.J. analyzed 
data; and S.Z., J.Z., Q.W., X.C., Y.K., and P.J. wrote the paper.
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been successfully synthesized. Moreover, some 2D 
carbon allotropes are predicted to exhibit remarkable 
properties that even outperform graphene, such as 
anisotropic Dirac cones [9], inherent ferromagnetism 
[10], high catalytic activity [6], and potential 
superconductivity related to the high density of  states 
at the Fermi level [11]. These results demonstrate that 
many of  the novel properties of  carbon allotropes 
are intimately related to the topological arrangement 
of  carbon atoms and highlight the importance of  
structure–property relationships [12].

Pentagons and hexagons are two basic building 
blocks of  carbon nanostructures. From zero-
dimensional nanoflakes or nanorings [13] to 1D 
nanotube, 2D graphene, and 3D graphite and 
metallic carbon phases [7, 8], hexagon is the 
only building block. Extended carbon networks 
composed of  only pentagons are rarely seen. Carbon 
pentagons are usually considered as topological 
defects or geometrical frustrations [14] as stated in 
the well-known “isolated pentagon rule” (IPR) [15] 
for fullerenes, where pentagons must be separated 
from each other by surrounding hexagons to reduce 
the steric stress. For instance, C60 consists of  12 
pentagons separated by 20 hexagons forming the 
shape of  a soccer ball, which is a perfect footnote 
to IPR. The emergence of  carbon pentagons is also 
found to be accompanied by carbon heptagons in 
some cases [14], but are separated from each other. 
Inspired by the synthesis of  pure pentagon-based 
C20 cage (16), considerable effort has been made 
to stabilize fusedpentagon-based and non-IPR 
carbon materials in various dimensionalities [10, 15]. 
Some non-IPR fullerenes have been experimentally 
realized [15]. A “pentagon-first” mechanism was 
postulated in the transformation from sp carbon 
chains to sp2 carbon rings during surface growth of  
2D carbon sheets [17]. Thus, we conceived the idea 
of  building 2D carbon sheets using fused pentagons 
as a structural motif. In this work, we show that a 2D 
carbon allotrope, penta-graphene, consisting entirely 
of  pentagons, can indeed exist. The dynamical, 
thermal, and mechanical stability of  this unique 
structure is confirmed by a series of  state-of-the-
art theoretical calculations. In addition, we show 
that pentagon-based carbon nanotubes, penta-tubes, 
formed by rolling up the penta-graphene sheet, 
and 3D twin structures of  the recently reported 
T12-carbon [18] formed by stacking these sheets 

in different patterns, are both dynamically and 
thermally stable. We demonstrate that these exotic 
pentagon-based carbon materials exhibit interesting 
mechanical and electronic properties2.

2. RESULTS
2.1. Penta-Graphene Exfoliated from T12-
Carbon. Our search for an allpentagon-based 
2D carbon sheet began by examining the recently 
proposed T12-carbon phase [18] that can be acquired 
by heating an interlocking-hexagon-based metastable 
carbon phase at high temperature [8]. We note that 
there are two kinds of  C–C bond lengths, namely, 
the slightly shorter intralayer bond (d1) and the 
slightly longer interlayer bond (d2), as shown in Fig. 
1A. Here the atoms displayed in ball-stick model and 
highlighted in yellow form a layered structure which 
can be chemically exfoliated from the T12-carbon 
phase. In fact, a monolayer can be fabricated from 
either a layered structure or a nonlayered structure 
[19]. For van der Waals coupled layered structures 
like graphite, mechanical exfoliation [3] is sufficient 
to obtain the monolayer sheet (graphene), whereas 
for chemically bonded bulk phases like MAX (a 
family of  transition metal carbides or nitrides), 
chemical exfoliation technique has been developed 
to extract a single layer (MXene) [20].

The optimized crystal structure of  the 2D 
pentagon-based phase generated by exfoliating a 
single layer from T12-carbon is shown in Fig. 1B. The 
structure possesses P-421m symmetry (space group 
no. 113) with a tetragonal lattice. The optimized 
lattice constants are a = b = 3.64 Å. The top view 
shows that the new phase is composed entirely of  
carbon pentagons, forming a beautiful pattern well 
known as Cairo pentagonal tiling [21]. From the side 
view a buckling (0.6 Å) is observed, leading to a 2D 
sheet with a total thickness of  1.2 Å. This structure 
2Significance
Carbon has many faces – from diamond and graphite to 
graphene, nanotube, and fullerenes. Whereas hexagons are the 
primary building blocks of  many of  these materials, except for 
C20 fullerene, carbon structures made exclusively of  pentagons 
are not known. Because many of  the exotic properties of  carbon 
are associated with their unique structures, some fundamental 
questions arise: Is it possible to have materials made exclusively of  
carbon pentagons and if  so will they be stable and have unusual 
properties? Based on extensive analyses and simulations we show 
that penta-graphene, composed of  only carbon pentagons and 
resembling Cairo pentagonal tiling, is dynamically, thermally, and 
mechanically stable. It exhibits negative Poisson’s ratio, a large 
band gap, and an ultrahigh mechanical strength.
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can be considered as a multidecker sandwich, with 
the 4-coordinated C atoms highlighted in yellow 
in Fig. 1B sandwiched between the 3-coordinated 
atoms. For convenience of  discussion, we hereafter 
group the sp3- and sp2-hybridized C atoms as C1 and 
C2, respectively, and call this new graphene allotrope 
penta-graphene. The unit cell of  penta-graphene 
contains six atoms as denoted by red dashed lines in 
Fig. 1B in which the C1 to C2 ratio is 1:2. The C1–
C2 (1.55 Å) and C2–C2 (1.34 Å) bond lengths show 
pronounced characters of  single and double bonds, 
respectively, and the bond angle θC2–C1–C2 is 134.2°, 
indicating the distorted sp3 character of  C1 atoms. 
Such bond multiplicity [22] of  carbon, although 
absent in the well-known diamond, graphite and 
graphene, has been found in a number of  carbon 
structures with different dimensionalities [6-8, 22, 
23] and is of  general chemical interest as it leads 
to intermediate valency [23]. Interestingly, we note 
that penta-graphene resembles the structure of  
experimentally identified layered silver azide (AgN3) 
[24]. By replacing the N3 moieties and Ag atoms with 
the triconnected C dimers and tetra-connected C 
atoms, respectively, the geometry of  pentagraphene 
can be realized.
2.2. Energetic Stability. Total energy calculations 
are performed to investigate the thermodynamic 
stability of  penta-graphene. Although this phase is 
metastable compared with graphene and previously 
reported 2D carbon allotropes [6, 11, 14] due to its 

violation of  the IPR, it is more stable than some 
nanoporous carbon phases such as 3D T-carbon 
[25], 2D α-graphyne [6], and (3, 12)-carbon sheet 
[26] (Fig. 2A). We also note that pentagraphene is 
energetically preferable over some experimentally 
identified carbon nanostructures such as the smallest 
fullerene, C20 and the smallest carbon nanotube, 
implying that the 2D penta-graphene sheet could be 
synthesized. Although C20 cage and penta-graphene 
share the structural motif  of  fused pentagons, unlike 
the highly curved C20 cage where all of  the C atoms 
exhibit distorted sp2 hybridization leading to a large 
strain energy, in penta-graphene the onset of  sp3 
hybridization lowers the curvature of  fused carbon 
pentagons, thus partially releasing the strain.
2.3. Dynamic Stability. Next we study the lattice 
dynamics of  penta-graphene by calculating its 
phonon dispersion. The results are presented in Fig. 
2B. The absence of  imaginary modes in theentire 
Brillouin zone confirms that penta-graphene is 
dynamically stable. Similar to the phonons of  
graphene [27, 28], there are three distinct acoustic 
modes in the phonon spectra of  penta-graphene. The 
in-plane longitudinal and in-plane transverse modes 
have linear dispersion near the Γ point, whereas the 
outof-plane (ZA) mode has quadratic dispersion 
when q approaches 0. The quadratic ZA mode in 
the long-wavelength region is closely associated with 
the bending rigidity and lattice heat capacity of  the 
nanosheet, which is discussed in detail in SI Appendix, 

NANOSYSTEMS

Fig. 1. (A) Crystal structure of  T12-carbon viewed from the [100] and [001] directions, respectively. (B) Top and side views of  the 
atomic configuration of  penta-graphene. The square marked by red dashed lines denotes a unit cell, and the highlighted balls represent the sp3 

hybridized C atoms.
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text S1. A remarkable phonon gap is observed in 
the phonon spectra. Detailed analysis of  the atom-
resolved phonon density of  states (PhDOS) reveals 
that the double bonds between the sp2 hybridized C2 
atoms are predominant in the dispersionless high-
frequency modes (Fig. 2B), which is quite similar to 
the phonon modes in earlier reported sp2–sp3 hybrid 
carbon structures [7, 8].
2.4. Thermal Stability. The thermal stability of  
penta-graphene is examined by performing ab initio 
molecular dynamics (AIMD) simulations using 
canonical ensemble. To reduce the constraint of  
periodic boundary condition and explore possible 
structure reconstruction, the 2D sheet is simulated 
by (4×4), (6×6), and (4√2×4√2)R45° supercells, 
respectively. After heating at room temperature (300 
K) for 6 ps with a time step of  1 fs, no structure 
reconstruction is found to occur in all of  the cases. 
Furthermore, we find that the penta-graphene 
sheet can withstand temperatures as high as 1,000 
K, implying that this 2D carbon phase is separated 
by high-energy barriers from other local minima 
on the potential energy surface (PES) of  elemental 
carbon. The snapshots of  atomic configurations of  
penta-graphene at the end of  AIMD simulations 
are shown in SI Appendix, Fig. S1. The effect of  
point defects or rim atoms on the stability of  the 
penta-graphene sheet is also studied by introducing 
mono- and di-vacancies, Stone–Wales-like defect, 
adatoms, and edge atoms. The results are presented 
in SI Appendix, text S2, Figs. S2–S4, where one can 

see that the stability and structure of  penta-graphene 
is robust, despite the defects.
2.5. Mechanical Stability. As we fix the supercell 
during all of  the MD simulations, it is necessary to 
assess the effect of  lattice distortion on structural 
stability. To guarantee the positive-definiteness of  
strain energy following lattice distortion, the linear 
elastic constants of  a stable crystal has to obey the 
Born–Huang criteria [29]. We calculate the change 
of  energy due to the in-plane strain to determine 
the mechanical stability of  penta-graphene. For a 
2D sheet, using the standard Voigt notation [26], i.e., 
1-xx, 2-yy, and 6-xy, the elastic strain energy per unit 
area can be expressed as

2 2 2
11 22 12 66

1 1( ) 2 ,
2 2xx yy xx yy xyU C C C Cε ε ε ε ε ε= + + +  [1]

where C11, C22, C12, and C66 are components of  the 
elastic modulus tensor, corresponding to second 
partial derivative of  strain energy with respect 
to strain. The elastic constants can be derived by 
fitting the energy curves associated with uniaxial 
and equibiaxial strains. The curves are plotted in SI 
Appendix, Fig. S5. For a mechanically stable 2D sheet 
[29], the elastic constants need to satisfy C11C22 − 
C12

2 > 0 and C66 > 0. Due to the tetragonal symmetry 
of  penta-graphene, we have C11 = C22. Thus, in this 
case we only need to satisfy C11 > |C12| and C66 > 
0. Under uniaxial strain, εyy = 0, U(ε) =(1/2)C11ε11

2. 
Parabolic fitting of  the uniaxial strain curve yields 
C11 = 265 GPa·nm. Under equi-biaxial strain, εxx = 
εyy, we have U(ε) = (C11 + C12)εxx

2. Again, by fitting 
the equi-biaxial strain curve we obtain C11 + C12 = 

NANOSYSTEMS

Fig. 2. (A) Area dependence of  total energy per atom for some 2D carbon allotropes. The total energy of  the experimentally identified 
dodecahedral C20 cage is also calculated and plotted here for comparison. (B) Phonon band structures and PhDOS of  penta-graphene. (Inset) 

High-symmetric q-point paths: Γ (0, 0) → X (1/2, 0) → M (1/2, 1/2) → Γ (0, 0).
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247 GPa·nm, hence, C12 = −18 GPa·nm. Thus, the 
calculated elastic constants satisfy C11 > |C12|, and 
the calculated C66 is positive, indicating that the 2D 
pentagraphene sheet is mechanically stable.
2.6. Mechanical Properties. Having confirmed the 
stability of  pentag-raphene, we next systematically 
study its mechanical properties. The in-plane Young’s 
modulus, which can be derived from the elastic 
constants by E = (C11

2 − C12
2) = C11, is calculated to be 

263.8 GPa·nm, which is more than two-thirds of  that 
of  graphene (345 GPa·nm) [30] and is comparable 
to that of  h-BN monolayer [26]. Interestingly, we 
note that C12 is negative for this nanosheet, leading 
to a negative Poisson’s ratio (NPR), viz., ν12 = ν21 = 
C12/C11 = −0.068. To confirm this unusual result, 
we calculated the lateral response in the y direction 
when the lattice endures a tensile strain in the x 

direction. We examine cases with εxx = 5%, 6%, and 
7%. As expected, we find that the equilibrium lattice 
constant in the y direction is expanded in all of  the 
cases (Fig.3A). This confirms the NPR of  penta-
graphene. It is well known that Poisson’s ratio is 
defined as the negative ratio of  the transverse strain 
to the corresponding axial strain. Normally, this ratio 
is positive as most solids expand in the transverse 
direction when subjected to a uniaxial compression. 
Although the continuum mechanics theory does not 
rule out the possibility of  emergence of  NPR in a 
stable linear elastic material, it is fairly rare to find 
such NPR material in nature. However, it has been 
found that some artificial materials have NPR and 
exhibit excellent mechanical properties [31, 32]. Such 
materials, usually referred to as auxetic materials or 
mechanical metamaterials, are of  broad interest in 

NANOSYSTEMS

Fig. 3. (A) Strain energy with respect to the lateral lattice response when the penta-graphene lattice is under uniaxial strain along the x 
direction. The arrows indicate the equilibrium magnitude of  εyy. (B) Stress–strain relationship under equi-biaxial tensile strain. The red arrow 
denotes the maximum strain. (C) Phonon bands of  penta-graphene at the extreme of  equi-biaxial strain. (D) Same as C for graphene. Blue 
lines and red circles represent phonons before and after the failure, respectively. (Insets) The high-symmetry q-point paths in the reciprocal space.
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both scientific and technological communities [33]. 
Thus, penta-graphene with such unusual mechanical 
property may have multiple applications such as a 
tension activatable substrate, a nanoauxetic material, 
or a deformable variable-stiffness material.

Besides in-plane stiffness, ideal strength is 
also a very important mechanical property of  a 
nanomaterial. We study the ideal strength of  penta-
graphene by calculating the variation of  stress with 
equi-biaxial tensile strain using different cells. The 
results are plotted in Fig. 3B, which shows that 
the strain at the maximum stress is 21%. Such an 
ultrahigh ideal strength is exciting. However, we 
should note that phonon instability might occur 
before mechanical failure. Such failure mechanism 
has been well studied in graphene where the phonon 
softening induced by Kohn anomaly occurs before 
the stress reaches its maximum in the primitive cell 
[27, 28]. To check whether similar phonon-dominant 
failure mechanism exists in penta-graphene, we 
compute the phonons under increasing equi-biaxial 
strain. The results at the critical point of  phonon 
softening are plotted in Fig. 3C. We find that phonon 
softening does not arise until the magnitude of  equi-
biaxial strain reaches 17.2%, which is smaller than 
the magnitude of  21% obtained from the stress–
strain curve. For comparison, we also calculate 
phonons of  the equi-biaxially stretched graphene. 
The observed softening of  the K1 mode at the Dirac 
point under equi-biaxial tensile strain of  14.8% (Fig. 
3D) is in excellent agreement with previous work [27, 
28]. This indicates that the critical strain of  penta-
graphene is significantly larger than that of  pristine 

graphene. It is also comparable to that of  carrier-
doping–strengthened graphene [28]. At the critical 
strained state, the single bond lengths between C1 
and C2 atoms reach ~1.77 Å, which is comparable 
with the experimentally [34] and theoretically [35] 
reported longest C–C bond length. Detailed analyses 
on the eigenvectors corresponding to the imaginary 
modes reveal that the structure fracture stems from 
the breakdown of  some of  the σ bonds between C1 
and C2 atoms.
2.7. Electronic Properties. To probe the electronic 
properties of  penta-graphene, we calculate its band 
structure and corresponding total and partial density 
of  states (DOS). As shown in Fig. 4A, penta-
graphene is an indirect band-gap semiconductor 
with a band gap of  3.25 eV [computed using the 
Heyd-Scuseria-Ernzerhof  (HSE06) functional] [36, 
37], because the valance band maximum (VBM) 
lies on the Γ–X path whereas the conduction band 
minimum is located on the M–Γ path. However, due 
to the existence of  the sub-VBM on the M-Γ path, 
which is very close to the true VBM in energy, penta-
graphene can also be considered as a quasi-direct–
band-gap semiconductor. Analysis of  its partial DOS 
reveals that the electronic states near the Fermi level 
primarily originate from the sp2 hybridized C2 atoms, 
which is further confirmed by calculating the band-
decomposed charge density distributions, as shown 
in Fig. 4B–E. A simplified tight-binding model is 
used to understand the underlying physics behind 
the band-gap opening feature in the band structure 
of  penta-graphene (see SI Appendix, text S3 for details). 
We argue that it is the presence of  the sp3-hybridized 

NANOSYSTEMS

Fig. 4. (A) Electronic band structure and total and partial DOS of  penta-graphene calculated by using HSE06 functional. The Fermi 
level is shifted to 0.00 eV. Band-decomposed charge density distributions are depicted in B to E: (B) the second highest occupied band, (C) the 

highest occupied band, (D) the lowest unoccupied band, and (E) the second lowest unoccupied band.
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C1 atoms that spatially separates the pz orbitals of  
sp2-hybridized C2 atoms, hindering full electron 
delocalization and thus giving rise to a finite band 
gap. The dispersionless, partially degenerate valance 
bands lead to a high total DOS near the Fermi level, 
lending to the possibility that Bardeen–Cooper–
Schrieffer superconductivity can be achieved in this 
nanosheet through hole doping [38].
2.8. Penta-Tubes: Rolled-Up Penta-Graphene. 
It is well known that the electronic properties of  
carbon nanotubes are closely related to graphene 
according to the zone folding approximation [39]. 
Due to the gapless semimetallic feature of  graphene, 
the electronic properties of  carbon nanotubes are 
highly chirality-dependent: a carbon nanotube is 
metallic only when its chiral vector (n, m) satisfies 
n − m = 3l, where l is an integer. The difficulty in 
fabricating and separating carbon nanotubes with 
certain conductance (metallic or semiconducting) 
greatly hinders its application in nanoelectronics. 
A previous study proposed a family of  metallic 
carbon nanotubes based on metallic Heackelite 
sheet [11]. It is therefore natural to expect that 
the penta-graphene–based  nanotubes could be 
semiconducting regardless of  chirality. To test 
this hypothesis we have constructed a series of  
pentagon-based carbon nanotubes by rolling up the 
penta-graphene sheet along the (n, m) chiral vectors, 
where n = m range from 2 to 8 (Fig. 5A). The tubes 

with other chiralities (n ≠ m) failed to converge to 
stable tubular structures. We name these pentagon-
based carbon nanotubes penta-tubes. The optimized 
geometry of  a (3, 3) penta-tube is illustrated in 
Fig. 5B. The dynamic and thermal stability of  this 
nanotube is confirmed by carrying out phonon 
calculations and AIMD simulations, respectively. 
The results are presented in Fig. 5C and SI Appendix, 
Fig. S7, respectively. We find that not only all of  
the (n, n) penta-tubes are dynamically robust (SI 
Appendix, Fig. S8) but also they are thermally stable 
up to 1,000 K. Analysis of  their band structures 
and DOS reveals that all of  the stable penta-tubes 
are semiconducting. The calculated results are 
summarized in SI Appendix, Table S2. Except for the 
highly curved (2, 2) penta-tube, the band gaps of  the 
(n, n) penta-tubes are not sensitive to their diameters. 
Thus, chirality-independent semiconducting carbon 
nanotubes can be produced for application in 
nanoelectronics. The semiconducting behavior 
of  penta-tubes can be attributed to the electronic 
structure of  penta-graphene, which resembles the 
case of  other semiconducting monolayers such as 
h-BN monolayer and the corresponding nanotubes 
[40] which inherit the semiconducting feature.
2.9. 3D Carbon Structures: Stacked Penta-
Graphene Layers. To further explore the structural 
versatility of  penta-graphene, we have altered the 
stacking patterns of  the penta-graphene layers, 

NANOSYSTEMS

Fig. 5. (A) Illustration of  chiral vectors of  penta-tube. Dashed lines with arrows denote the lattice basis vector. (B) Optimized structure of  
(3, 3) penta-tube from side view, and (C) the corresponding phonon spectra.
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leading to a 3D structure as shown in Fig. 6A and 
B. Following the nomenclature used to analyze 
the structural character of  fused-pentagon-based 
Pentaheptite [14], we define the layer stacking 
in T12-carbon as AB type. The stacking of  the 
designed structure shown in Fig. 6A and B is then 
termed as AA type. It can be viewed as a twin 
structure of  the T12-carbon phase. The calculated 
phonon spectra of  AA-T12 are presented in Fig. 
6C, confirming its dynamical stability. Indeed, more 
complicated structures are expected to be built, 
akin to the pentaheptite modification of  graphene 
[14]. An example of  such structures containing 
four penta-graphene layers (24 atoms) per unit cell, 
termed ABAA-T24, is presented in SI Appendix, Fig. 
S9. The detailed structural information of  these new 
3D phases as well as T12-carbon, for comparison, is 
given in SI Appendix, Table S3. The calculated cohesive 
energies (averaged on each carbon atom) are −8.87, 
−8.92, and −8.98 eV for AA-T12, ABAA-T24, and 
T12-carbon, respectively, indicating that the AA-
T12 and ABAA-T24 phases are nearly as stable as 
T12-carbon. Band structure calculations suggest that 
both AA-T12 and ABAA-T24 are semiconducting 
with the energy band gaps of  5.68 and 5.33 eV, 
respectively, which are even larger than that of  T12-
carbon (4.56 eV), indicating that these phases can be 
highly electrically resistant and optically transparent 
like those products of  cold compressed graphite [41]. 
The bulk moduli of  these polymorphs are calculated 

by fitting the third-order Birch Murnaghan equation 
of  states [42]. Although the bulk moduli of  AA-T12 
(359 GPa) and ABAA-T24 (380 GPa) are slightly 
smaller than that of  T12-carbon (403 GPa), they 
are comparable with that of  cubic BN, suggesting 
their potential applications in machining. We note 
that a very recent theoretical work identified the 
AA-T12 structure by considering its Si analog [43]. 
It is also pointed out that, like T12-carbon, AA-T12 
is a universal structure shared by C, Si, Ge, and Sn, 
suggesting this family of  tetragonal structures may 
be ubiquitous in elemental allotropes of  group IVA 
elements.

DISCUSSION
We have demonstrated via AIMD simulations 
that the metastable penta-graphene structure can 
withstand very high temperature. We note that the 
experimentally synthesized dodecahedral C20, the 
smallest carbon fullerene consisting of  only carbon 
pentagons, is metastable, but possesses outstanding 
thermal stability (up to 3,000 K) [44]. These results 
imply that thermodynamic criteria may not be the 
deterministic factor in the synthesis of  new carbon-
based materials. In fact, due to the bonding versatility 
of  carbon, the PES might be fairly complicated 
with numerous local minima (corresponding to 
metastable phases) separated from each other by 
considerable energy barriers. Graphite and cubic 
diamond are energetically superior to almost all 
other carbon polymorphs, namely, they correspond 
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Fig. 6. (A) Crystal structure of  AA-T12 carbon. (B) AA-T12 viewed from the [001] and [100] directions, and (C) the corresponding 
phonon spectra.
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to the two lowest-lying valleys on the PES. The 
high-energy barrier between graphite and diamond 
makes it possible for both graphite and diamond to 
coexist in nature. However, recent experimental [41] 
and theoretical [45] advances have identified many 
intermediate phases between graphite and diamond 
during cold compression of  graphite. Some of  these 
phases are pressure-recovered, i.e., they can exist 
when the external pressure is removed. This stability 
is also ascribed to the considerable energy barrier. 
In fact, even in some surfaces of  carbon structures, 
different structural reconstruction patterns are 
separated by appreciable kinetic energy barriers [35]. 
These findings highlight the vital role that kinetics 
[22, 23] plays in carbon structure evolution, and fuel 
the exploration of  new metastable carbon phases as 
functional materials.

We now reflect on the relationship between the 
special atomic configuration and exotic mechanical 
properties of  penta-graphene. When the structure is 
under uniaxial tension, the expansive lateral response 
has two kinds of  impact on the total energy: on one 
hand, it elongates the bond and weakens the binding 
energy; on the other hand, it significantly reduces 
the difference between the two lattice constants 
a and b, thus helping the structure to get close to 
its original tetragonal symmetry, reducing the 
bond distortion around the sp3-bonded C1 atoms 
and lowering the strain energy. The structure thus 
evolves to its equilibrium as a result of  compromise 
between these two competing factors. Detailed 
illustrations of  atom evolution under uniaxial lattice 
stretch are presented in SI Appendix, text S4. Such 
regime is reminiscent of  an earlier work [46] which 
argued that the combination of  “chemical criteria” 
and “crystallographic criteria” in carbon materials 
can lead to exceptional mechanical properties. 
The ultrahigh critical strain of  penta-graphene is 
also intimately related to its atomic structure. The 
buckled structure slows down the bond elongation 
and hence the structure is highly stretchable. Besides, 
graphene has topologically protected pointlike Fermi 
surface, and the coupling between the electron states 
near the Fermi level and certain phonon mode leads 
to fast phonon softening under biaxial tension [27], 
whereas penta-graphene does not suffer from Kohn 
anomaly, because it is semiconducting.

One practical issue in the synthesis of  penta-
graphene is how to selectively break the interlayer 

covalent bonds in T12-carbon [18]. To address 
this challenge, we point to a similar strategy where 
hydrogen intercalation was successfully used to 
decouple a graphene layer from the H–SiC (0001) 
surface [47, 48]. Details of  our exfoliation scheme 
are given in SI Appendix, text S5.

In summary, we showed that a 2D carbon sheet, 
penta-graphene, composed entirely of  pentagons 
can be obtained by chemically exfoliating a single 
layer from the T12-carbon phase. Although penta-
graphene is energetically metastable compared 
with graphene, it is dynamically stable and can 
withstand temperatures up to 1,000 K. Due to its 
special atomic configuration, penta-graphene has 
unusual properties, such as (i) it exhibits NPR, 
similar to that recently reported in a single-layer 
black phosphorus sheet [32]; (ii) it exhibits ultrahigh 
ideal strength that can even outperform graphene; 
(iii) it is semiconducting, thus, there is no need to 
functionalize penta-graphene for opening the band 
gap as is the case with graphene. In addition, penta-
graphene can be rolled up to form a 1D pentagon-
based nanotube that is semiconducting regardless of  
its chirality. Therefore, there is no need to develop 
special techniques to separate semiconducting 
nanotubes from the metallic ones as is the case with 
conventional carbon nanotubes. Penta-graphene 
can also be stacked to form 3D stable structures 
displaying different properties from those of  the 
mother-phase T12-carbon. Thus, penta-graphene 
sheet not only possesses exotic properties by itself  
but also can be used to build new structures. We hope 
that these findings will motivate experimental efforts. 
Once synthesized, these new carbon allotropes may 
not only enrich carbon science but also may lead to 
an untold number of  applications.

METHODS
First-principles calculations and AIMD simulations 
within the framework of  density functional theory 
are performed using Vienna Ab initio Simulation 
Package (VASP) [49]. The 2D system is separated 
from its periodic images by a vacuum distance of  
20 Å in the perpendicular direction. Projector 
augmented wave (PAW) [50] method is used to 
treat interactions between ion cores and valance 
electrons. Plane waves with a kinetic energy cutoff  
of  500 eV are used to expand the valance electron 
(2s22p2) wavefunctions. The exchange-correlation 
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potential is incorporated by using the generalized 
gradient approximation [51] due to Perdew–Burke–
Ernzerhof  in most of  our calculations whereas a 
hybrid HSE06 [36, 37] functional is used for high-
accuracy electronic structure calculations. The first 
Brillouin zone is represented by K points sampled 
using the Monkhorst–Pack scheme [52] with a grid 
density of  2π×0.02 Å-1. For geometry relaxation, 
the convergence thresholds for total energy and 
atomic force components are set at 10−4 eV and 
10−3 eV Å-1, respectively. In AIMD simulations the 
convergence criterion of  total energy is set as 1 meV. 
Temperature control is achieved by Nosé thermostat 
[53]. Structure relaxations are performed without 
any symmetry constraint. Phonon properties 
are calculated using finite displacement method 
implemented in Phonopy [54]. A (4×4) supercell 
is constructed to calculate the atomic forces by 
using VASP, with a very high accuracy (stringent 
energy convergence criteria 10−8 eV per unit cell). 
Phonon calculations using a larger supercell (6×6) 
yield consistent results. For phonon calculations in 
graphene, an (8×8) supercell is used, which has been 
found in previous work [27] to be sufficient to take 
into account the long-range interatomic interactions.

SI APPENDIX
SI TEXT
Text S1. Comparison of  the ZA branch of  penta-
graphene and graphene
To quantitatively compare the ZA branch of  
graphene and penta-graphene, we first fit the 
long-wave relationship ω = cq2 (data points with a 
frequency lower than 80 cm-1 are used for fitting) to 
obtain the coefficient c. We fit the coefficient c of  
penta-graphene along the Γ-X and Γ-M directions, 
which are found to be 6.08×10-7 m2s-1 and 5.82×10-7 m2s-1, 
respectively, exhibiting a slight anisotropy due to its 
tetragonal symmetry. The fitted c value for graphene 
is 5.40×10-7 m2s-1, which is in good agreement with 
previous result [1].

Quantitatively, the frequency-wave vector 
relationship, in the vicinity of  the Γ point, can be 
formulated as: 2 2/cq D qω ρ= =  [2], where D and 
ρ correspond to the bending modulus and the mass 
area density of  the nanosheet, respectively. We 
obtain the bending stiffness of  graphene to be 1.36 
eV, which is in good agreement with previous results 
[1, 3]. Unlike graphene which has isotropic in-plane 

mechanical behavior due to the hexagonal symmetry, 
the ZA branch of  penta-graphene shows direction-
dependent dispersion and hence the bending rigidity 
is anisotropic. Our estimated bending moduli of  
penta-graphene along the axial and diagonal direction 
are 1.90 and 2.08 eV, respectively.

The ZA mode is also argued to be closely related 
to thermodynamic properties as it has the lowest 
vibrational energy among all modes and is most 
likely to be activated at low temperature.

Given the relationship ω = cq2 for the ZA mode, 
vibration density of  states can be written as,
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Fig. S1. Snapshots of  atomic configurations of  penta-graphene 
at the end of  AIMD simulations. The simulated supercells are 
marked by purple squares, and their corresponding size and 

temperature are denoted below the each panel.
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here θD = ћωD/kB and x = ћω/kBT.
The heat capacity contributed by the ZA mode 

can then be written as,
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Here we see that the ZA mode contributed heat 
capacity CV

ZA ~ T/c at low temperature. The calculated 
unit cell area for graphene and penta-graphene are 
5.27 Å2 and 13.25 Å2, respectively, and with the fitted 
c values in hand, the ratio of  CV

ZA(penta-graphene)/
CV

ZA(graphene) is calculated to be 2.3. This indicates 
that the ZA branch of  penta-graphene contributes 
more to the heat capacity as compared to that of  
graphene.

Text S2. Stability of  penta-graphene in the 
presence of  defects
The defected penta-graphene is simulated by using 
a 4×4 supercell containing 96 atoms. The studied 
defects include monovacancies at the 4- and 
3-coordinated C sites, respectively, the divacancy as 
missing a pair of  the 3-coordinated C2 atoms, the 

Stone–Wales-like defect by rotating a pair of  the 
3-coordinated C2 atoms with an angle of  90 degrees, 
and the adatom by adding a C dimer at the two C2 
sites crossing above another pair of  C2 atoms, as 
shown in Fig. S2. The simulated STM images (under 
-1.0 V bias voltages) for the perfect as well as the 
divacancy defected penta-graphene are presented 
in Fig. S2C. We note that in such a supercell, defect 
concentration reaches 4.7×1017 cm-2, significantly 
exceeding the experimentally observed vacancy 
concentration (~3×1011 cm-2) in graphene [4]. It is 
found, after full geometry optimization, that atomic 
structures of  all the defected penta-graphenes are 
well sustained with almost the same buckling height 
(see the side views in Fig. S2). Ab initio molecular 
dynamics simulations at 300 K are also carried out to 
confirm their thermal stability. The simulated results 
are given in Fig. S3 which shows that the integrity 
of  the defected structures is still maintained after 
the systems are heated for five picoseconds (ps). 
No Domino effect appears and the total potential 
energies remain almost invariant. Therefore, the 
effect of  the defects on the geometry of  penta-
graphene is “local”. The structural stability as well as 
the thermal stability of  the defected penta-graphene 
sheet suggests that penta-graphene is robust against 
defects as they can either partially release the stress 
or form more sp3 hybridized C atoms.

The effect of  edge atoms on the structural 
stability of  penta-graphene is also considered by 
studying a penta-graphene nanoribbon. Our AIMD 

Fig. S2. Typical local defects in penta-graphene: (A) a 
monovacancy at the 4-coordinated C1 site; (B) a monovacancy at 
the 3-coordinated C2 site; (C) a divacancy by removing a pair of  
3-coordinated C2 atoms and the simulated STM images before and 
after the defect is formed; (D) the Stone–Wales-like defect; and (E) 
an added C dimer. Both the initial and optimized atomic structures 
are displayed in the top and side views, with the atoms involved in 

local distortion marked in orange.

Fig. S3. Total potential energy fluctuation during AIMD 
simulations of  penta-graphene with the defects: (A) a monovacancy 
at the C1 site; (B) a monovacancy at the C2 site; (C) a divacancy by 
removing a pair of  C2 atoms; (D) the Stone–Wales-like defect. The 

insets show the snapshot at 5 ps for each simulation.
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simulations (Fig. S4) indicate that the nanoribbon 
can withstand mild thermal perturbation at room 
temperature, which may be important for the 
synthesis.
Text S3. Discussion on the origin of  finite band 
gap in penta-graphene
In graphene, all C atoms are sp2-hybridized, thus 
each atom has an intact pz orbital. These parallelly 
aligned pz orbitals form delocalized states throughout 
the whole sheet, leading to two dispersive π and π* 
bands crossing at the Fermi level. The interactions 
of  pz orbitals, which is responsible for the gapless 
feature of  graphene, can be described by a simple 
tight-binding Hamiltonian †

,

ˆ ˆ( . .),i j
i j

H t c c H c= − +∑  
with a constant hopping integral t. Introduction of  
sp3-hybridized C atoms destroys the homogenously 

delocalized π and π* states and opens a band gap, as 
seen in graphane [5].

Our computed orbital-resolved PDOS and band 
decomposed charge density show that the frontier 
bands of  penta-graphene are dominated by the pz 
states of  sp2-hybridized C2 atoms. However, these 
orbitals are spatially separated by the sp3-hybridized 
C1 atoms and full delocalization is hindered, 
resembling the case of  graphane. We construct a 
modified tight-binding Hamiltonian to describe the 
interaction of  these orbitals (Fig. S6A):

† †

, , , { 2} , , { 2}, { 1}

ˆ ˆˆ ˆ ˆ( . .) ' ( . .),i j i j
i j i j C i j i C j C

H t c c H c t d d H c
∈ ∈ ∈

= − + − +∑ ∑
where the parameter t denotes the hopping integral 
between the two C2-pz orbital, t’ is the hopping 

Fig. S4. Total potential energy fluctuation of  a penta-graphene 
nanoribbon during AIMD simulations at 300 K. The inset shows 
the snapshot at the end of  simulation, with purple dashed lines 

denoting the unit cell in the periodic direction.

Fig. S5. Strain energy of  penta-graphene under different kinds 
of  in-plane strain. Note that the uniaxial strain curve is calculated 
by intentionally fixing the lateral lattice constant so that the strain 

energy can be simplified into the form U(ε)=(1/2)C11εxx
2.

Fig. S6. (A) Illustration of  hopping in the tight binding model 
and the corresponding bands with t’=0.4t and t’=t. (B) Contours 
of  MLWFs of  penta-graphene with the C2-2pz characteristics. 
(C) Contours of  MLWFs of  flat penta-graphene with the 2pz 

characteristics.

Fig. S7. Evolution of  potential energy of  (3, 3) penta-tube during 
AIMD simulations at 1000 K. 1×1×4 supercell is constructed for 
simulation to reduce the constraint of  periodic condition in the axial 
direction. The insets show snapshots of  atomic configuration at the 

end of  the simulation.
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integral between a C2-pz orbital and a C1-sp3 orbital. 
ci

†(di
†) is the creation operator on the site i, and cj(dj) 

is the corresponding annihilation operator at site j.
We alter the t’/t ratio to examine the band 

evolution. Two typical cases are observed: when 
t’ = 0.4t, the gapped feature is observed in tight 
binding bands and the basic features of  the DFT 
bands are qualitatively reproduced, whereas setting 
t’ = t leads to closing of  the band gap (Fig. S6A). 
The former case can be easily understood as the 
overlap between two C2-pz orbitals is obviously 
larger than that between a C2-pz orbital and a C1-sp3 
orbital, considering their orientations. The calculated 

maximally localized Wannier Functions (MLWF) [6, 
7] of  penta-graphene projected onto certain atomic 
orbitals (Fig. S6B) shows an “asymmetric lobe” 
feature indicating that these orbitals are perturbed 
due to the imperfect sp2 hybridization. To understand 
the underlying physics of  the band gap closing in 
the t’ = t case, we need to alter the penta-graphene 
structure to enhance the C1-C2 hopping, to this end 
a hypothetical “flat penta-graphene (FPG)” model is 
constructed by compressing penta-graphene into a 
planar sheet. In this circumstance each planar tetra-
coordinated C1 atom possesses an unhybridized pz 
orbital [8], which is also confirmed by our calculated 
MLWFs (Fig. S6C). DFT calculation indicates FPG 
is metallic, consistent with the tight binding result 
with t = t’.

Based on the above mentioned results and 
analyses, we can conclude that it is the existence 
of  sp3-hybridized C1 atoms that hinders the full 
delocalization of  C2 pz orbitals, and the resultant 
localized states lead to less dispersive bands with a 
gap near the Fermi level.
Text S4. Illustration of  the origin of  NPR effect 
in penta-graphene
To illustrate the origin of  NPR effect in penta-
graphene we begin with a simple model, namely that 
of  a methane molecule with Td symmetry, plotted in 
the left panel of  Fig. S10A. The 4  axis as well as the 
two mirror planes m1 and m2 are also displayed. We 
performed simple DFT calculations to study how the 

Fig. S8. Phonon spectra of  penta-graphene-based nanotubes in 
different sizes: The high symmetric q point path is along the Γ 
(0, 0, 0) →Z (0, 0, 1/2) corresponding to the axial direction 
of  nanotubes in the real space. The chiral vector number of  each 

nanotube is denoted below the corresponding phonon spectra.

Fig. S9. 3D ABAA-T24 carbon phase derived from Penta-
graphene. (A) Crystal structure and (B) phonon spectrum.

Fig. S10. Schematic illustration of  the origin of  auxetic behavior 
of  penta-graphene. (A) The symmetric response in a CH4 molecule. 
(B) Schematic illustration of  the response of  sp2-hybridized C 
atoms in the penta-graphene unit cell when the lattice is uniaxially 
stretched. Arrows indicate the motion of  atoms and rotation of  the 

corresponding planes.
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H atoms in the m2 plane respond when the atoms 
in the m1 plane suffer a distortion. If  the m1 plane 
rotates along the 4  axis, H atoms in the m2 plane 
rotate adaptively to minimize Coulomb repulsion 
and damp the system from deviation from the Td 
symmetry, as shown in the right panel of  Fig. S10A. 
In penta-graphene, when the lattice endures uniaxial 
tension, the sp2-hybridized C2 atoms evolve in a 
similar way. We assume that the central sp3-hybridized 
C1 atom is fixed. When stretching the lattice, the C2 
atoms, colored orange in Fig. S10B, move outward 
along the tensile direction, leading to a clockwise 
rotation of  the m1 plane. Consequently, the m2 
plane rotates in the same direction, resulting in an 
expansive lateral response to the lattice. Therefore, 
NPR effect is exhibited in penta-graphene.
Text S5. A possible pathway to synthesize a 
monolayer penta-graphene
It has been demonstrated experimentally and 
theoretically that a graphene layer grown on SiC 
(0001) surface can be decoupled from the outermost 
Si layer by selectively breaking the covalent Si-C 
bonds using hydrogen intercalation [9, 10]. Following 
this idea, we have simulated the effect of  hydrogen 
intercalation in T12-carbon for obtaining a penta-
graphene sheet.

To mimic the chemical exfoliation procedure in 
T12-carbon, we first computationally cleaved a (001) 
thin film from T12-carbon and carefully confirmed its 
structural stability via phonon calculation (Fig. S11A) 
and AIMD simulations. No surface reconstructions 
were found at 300 K, implying that the film can 
serve as a suitable precursor for chemical exfoliation. 
At the initial point, all hydrogen atoms existed in 

molecular form with nearly-uniform distribution and 
random orientation with the minimum C-H distance 
larger than 1.5 Å. When the system reached new 
equilibrium, a penta-graphene monolayer with partial 
hydrogenation is separated and lifted from the thin 
film surface (Fig. S11B). This process is quite similar 
to what happened in graphene-SiC [9, 10]. Our 
simulations indicate that hydrogen intercalation may 
be a viable way to selectively break the interlayer C-C 
bonds in T12-carbon and to chemically exfoliate a 
penta-graphene monolayer. Penetration of  hydrogen 
directly through the thin film surface may encounter 
high energy barriers like that in the case of  graphene, 
but we note that such penetration may occur in the 
vicinity of  local defects or grain boundaries [9]. In a 
realistic situation the topmost carbon layers may also 
be hydrogenated by exposing to hydrogen atmosphere 
which may help to prevent the quasi freestanding 
sheet from folding. Subsequent dehydrogenation of  
penta-graphene may be achieved through annealing 
approach demonstrated in Ref  [5].
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Table S1.
Summary of the topological signatures and electronic properties of 
some currently identified two dimensional (2D) carbon allotropes, 
showing that hexagons are the primary building blocks of many of 
these materials, while carbon 2D structures made exclusively of 

pentagons are not known.

2D carbon structures Carbon rings Latticea Electronic propertyb

graphene [1]
Spirographite [2]

6
6

H
O

D
M

α-graphyne [3] 18 H D

graphyne [4]
6,6,12-graphyne [3]

6+12
6+12

H
O

S
D

δ-graphyne [5] 6+15 H D

β-graphyne [3] 12+18 H D

Planar C4 [6, 7] or
T-graphene [8]

4+8 T M

Pentaheptite [6, 9, 10] 5+7 M or Oc M

OPZ-L [6, 11]
OPZ-Z [6, 11]

5+8
5+8

M
O

M
G

Fused-pentagon network [12] 5+12 H M

C31-sheet [6, 13] 3+9 H M

C41-sheet [13] 4+7 T M

C63-sheet [13] 3+6+8 H M

biphenylene [6, 14] or
net-C [15]
H-net [16]
net-W [15, 17]

4+6+8

4+6+8
4+6+8

O

T
O

M

S
M

S-graphene [17] 4+6+10 O D

BPC [13, 18] graphenylene 
[19]

4+6+12 H S

pza-C10 [20]
Heackelite [21]
Dimerite [22]

5+6+7
5+6+7
5+6+7

M
H or M
H

S
M
M

Octite [23]
HOPG [24]

5+6+8
5+6+8

O
O

S
M

C65-sheet [13] 5+6+9 H M

aConsidering the finite-thickness of some 2D carbon allotropes, we use 3D lattices wherein 
the c axis is perpendicular to the basal plane of the carbon sheets. The “H”, “T”, “O”, and “M” 
represent hexagonal, tetragonal, orthogonal, and monoclinic, respectively.
bThe “S” , “M”, “G” and “D” represent semiconductor, metal, gapless semimetal, and Dirac 
semimetal, respectively. Dirac semimetal means that there exist Dirac cones near the Fermi 
level in the electronic band structure of the carbon sheet.
cSymmetry depends on the topological arrangements.
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In particular, Kadyrzhanov K.K. studied thermodynamics of  
boiling fluids the experiments with liquid helium. The result of  
this work was the PhD thesis on a specialty "Thermophysics" 
"Study of  the nucleation of  the vapor phase at boiling liquids," 
which Kairat Kamalovich successfully defended in 1976 at the 
Specialized Council of  the Physics Department of  the Kazakh 
State University S.M. Kirov. Herewith he was from 1975 a 
senior lecturer at the Almaty Kazakh Polytechnic Institute V.I. 
Lenin.

Since 1978, Kairat Kamalovich - senior researcher at the 
Institute of  Nuclear Physics of  the Academy of  Sciences of  
the Kazakh SSR in Alma-Ata. Here, under his leadership, 
successfully developed a new scientific direction of  the 
institute - ion implantation of  metals and in 1985, with the 
active assistance of  the director of  the Institute of  Nuclear 
Physics of  the Kazakh SSR academician Sh.Sh. Ibragimov, he 
organized the Laboratory of  ion implantation of  metals. An 
important role in the development of  this area has played a 
successful completion of  construction and commissioning of  
a heavy ion accelerator with an energy up to 2 MeV.  Thanks to 
the active work of  the K.K. Kadyrzhanov with employees were 
obtained record parameters of  the beam at energetic stability 
and range of  accelerated ions.

The presence of  unique equipment and new approaches 
in radiation physics of  solids allowed laboratory staff  under 
the direction of  K.K. Kadyrzhanov together with the Dr Sci. 
Phys&Math A.L. Udovsky (Institute of  Metallurgy, Academy 
of  Sciences of  the USSR), Dr Sci. Phys&Math V.S. Rusakov 
(Lomonosov MSU) and a Corresponding Member of  the 
Kazakh SSR, director of  the Institute of  Nuclear Physics NNC 
A.K. Zhetbaev solve a number of  urgent problems of  solid state 
physics, in particular, create the physical basis of  manufacturing 
technology of  multilayer metallic materials; justify the basic 
design principles of  radiation and thermal stability of  layered 
metallic systems; experimentally confirm the thermodynamic 
approach to the obtaining of  chemically compatible coatings 
on alloys; investigate the nature of  the phase formation and 
thermodynamic equilibrium of  alloys implant of  introduction 
on ferriferous matrix; discover the phenomenon of  the aging 
of  nitrogenous implant alloys; discover the hysteresis effect 
of  embryos sizes in the first phase at the first order phase 
transition.

K.K. Kadyrzhanov led also a number of  applications, 
in particular, he has developed the ion-plasma installation 
"Argamak", on the basis of  which created: a production 
linecreated on the basis of  which: technological line for coating 
of  precious metals (silver, gold) at Ust-Kamenogorsk Metals 
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Plant (implemented in 1996 ); technology for producing coatings 
and beryllium foils on mining and chemical plant "Ulba" 
(Ust-Kamenogorsk, East Kazakhstan region); technology for 
applying decorative and strengthening coatings. The result was 
a new scientific direction of  thermodynamics of  alloys with a 
nonuniform phase-structural state and the fundamental basics 
of  technology multilayer metallic materials.

In 1993, the specialized council of  the Physics Department 
of  the Belarusian State University K.K. Kadyrzhanov defended 
his thesis for the degree of  Doctor of  physical and mathematical 
sciences on a specialty "Solid State Physics" on the theme 
"Physical fundamentals of  ion technologies to improve the 
heat resistance of  superalloys" and in 1995 he was appointed 
Deputy Director for Science Institute of  Nuclear Physics of  
the National Nuclear Center of  the Republic of  Kazakhstan 
(NNC). In 1997 he was awarded the title of  professor in the 
specialty "Physics" and from 1997 to 2006, Kairat Kadyrzhanov 
- Director of  the Institute of  Nuclear Physics.

Since 1997 K.K. Kadyrzhanov manages radio-ecological 
researches areas of  the former nuclear firing fields, as well as 
technogenic objects in western Kazakhstan. He has published 
more than 40 papers on topical radioecological problems. 
According to studies at the Semipalatinsk test site described 
the most radiation-hazardous areas. Under the leadership of  
K.K. Kadyrzhanov were conducted the scaled researches to 
assess the radio-ecological status of  the territory of  one of  
the world's largest oil and gas condensate field Karachaganak, 
where 80 years of  the twentieth century there have been six 
underground nuclear explosions; are conducted studies the 
object containing the waste of  uranium mining - tailings 
"Koshkar-ata" in Mangistau region of  Kazakhstan.

The INP in 2003 on the initiative and under the direction 
of  K.K. Kadyrzhanov launched a project of  the Center of  
nuclear medicine in Kazakhstan. One of  the important area 
of  high-tech nuclear technologies, developed under the 
leadership of  K.K. Kadyrzhanov in recent years, is to organize 
the production of  radioisotope products. INP has qualified 
specialists and technical base for the production of  medical 
radioisotopes and radio-pharmaceuticals. The efforts of  
scientists were focused on getting the four most essential drugs, 
which pan out to achieve significant results - preparations of  
thallium-201, technetium-99m, iodine-131, gallium-67.

Led by Kairat Kadyrzhanov Institute of  Nuclear Physics, 
every two years, starting from 1997, conduct an International 
Conference on "Nuclear and Radiation Physics" under the 
sponsorship of  NATO and the IAEA, which became visible 
and a traditional forum for scientists and physicists from 
Kazakhstan, CIS and foreign countries. On his initiative in 2003 
in the Eurasian National University named after L.N. Gumilyov 
was created (in cooperation with JINR, Russia, Dubna) 
Interdisciplinary Research Complex on the basis of  heavy-ion 
accelerator for solving practical problems of  production and use 
of  nuclear membrane as a unifying factor in the development 
of  technology, science and high-tech business, as well as issues 
of  formation of  scientific environment and education.

Results of  scientific activity of  K.K. Kadyrzhanov are 
published in leading national and international journals, he 
repeatedly presented at international conferences, symposia, 
meetings and received a well-deserved fame and recognition 

among professionals. The list of  his publications has more than 
400 publications, including 12 monographs; he brought up 12 
candidates and 3 doctors of  sciences. Kairat Kadyrzhanov - a 
permanent member of  the Specialized council on protection 
of  master's and doctoral theses in the field of  "nuclear 
physics", "Solid state physics" and "Experimental physics" of  
the Institute of  Nuclear Physics.

In different years Kairat Kadyrzhanov was a member 
of  editorial boards and chief  editor of  the scientific journals 
"Bulletin of  National Academy of  Sciences of  Kazakhstan, 
ser. Phys-Math", "Bulletin of  the NNC RK," "Man. Energy. 
Atom", now - a member of  the editorial board of  the journal 
"Radioelectronics . Nanosystems. Information Technology 
"(Russian Academy of  Natural Sciences).

Kairat Kadyrzhanov is a member of  several academies 
- academician of  the National Engineering Academy of  the 
Republic of  Kazakhstan on specialty "Physical Materials 
Science" (1999); academician of  the International Academy 
of  Engineering (2000), an honorary member of  the National 
Academy of  Sciences of  the Republic of  Kazakhstan (2001), 
the Kazakh National Academy of  Natural Sciences (2001) 
and foreign member of  the Russian Academy of  Natural 
Sciences (2008) in the Department of  the problems of  radio 
electronics, nanoscale physics and information technology. He 
is a member of  the International Council on the application of  
the Mossbauer Effect (IBAME, 1999), Marshal of  the French 
community to promote industry (2002).

Kairat Kadyrzhanov awarded the state, departmental, 
commemorative and foreign orders, medals and honorary 
signs, international and national awards, including RK State 
Prize for Science and Technology (2009), Prize of  JINR (2008, 
Russia, Dubna), the Gold Medal of  the First President of  the 
Republic of  Kazakhstan (2012), Medal of  Napoleon's French 
Community Industry Promotion (2002) and others. He is 
Honored worker of  the nuclear industry of  Kazakhstan (2007 
) and honorary citizen of  the city of  Kurchatov (2010).

Currently Kairat Kadyrzhanov - Advisor to the Rector of  
the Eurasian National University. LN Gumilev, professor of  
nuclear physics, new materials and technologies of  physical and 
technical faculty. Member of  the Commission on State Prizes 
in Science and Technology. Al-Farabi, the chairman of  the 
National Science Council of  the Republic of  Kazakhstan in 
the direction of  "Energy and mechanical engineering."

Professor K.K. Kadyrzhanov, being a well-known 
organizer of  physical science in the country, enjoys great 
prestige and respect among scientists and manufacturers. It is 
deeply devoted to science scholar, which is characterized by 
high decency, principality and caring attitude for colleagues and 
young scientists.

Friends, colleagues and students sincerely congratulate 
Kairat Kamalovich with a glorious jubilee and wish him good 
health, good luck and success in research and teaching.

The editorial staff  of  the journal RENSIT of  Department 
of  problems electronics, nanoscale physics and information 
technology RANS heartly joins to these wishes.

EDITORIAL OFFICE

KAYRAT KAMALOVICH
KADYRZHANOV (to 70 anniversary of  birth)
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RUSSIAN GUBIN’S SEMINAR (MOSCOW)
Elena Yu. Buslaeva
VNIIAlmaz, http://www.vniialmaz.ru/, Ltd. AkKoLab, http://www.akkolab.ru
107996 Moscow, Russian Federation
Kurnakov Institute of  General and Inorganic Chemistry, Russian Academy of  Sciences, http://www.igic.ras.ru
117991 Moscow, Russian Federation
eyubuslaeva@inbox.ru
Russian Seminar "GRAPHENE: MOLECULE AND CRYSTAL (material, physics, chemistry, elec-
tronics, photonics, biomedical applications)" under the direction of  prof. SP Gubin operates from 
November 2011. Seminar sessions are held once a month, mainly in the boardroom VNIIAlmaz in 
Gilyarovskogo str., 65 (metro station “Rizhskaya”). The seminar is supported by LLC "AkKoLab" 
and the VNIIAlmaz. Programms of  seminars are available at http://www.akkolab.ru. The seminar 
organizers see it as a discussion platform to discuss new ideas and concepts, review the results and 
the exchange of  experience of  researchers in the booming grafenika - an interdisciplinary field of  
modern science. Anticipated publication of  an annual compendium of  seminar materials, creating 
Programs of  research in this area with possible access to financing. The seminar was attended 
by officials from various scientific institutions of  Moscow - Kurnakov Institute of  General and 
Inorganic Chemistry RAS, Nesmeyanov Institute of  Organoelement Compounds of  RAS, Semenov 
Institute of  Chemical Physics RAS, Kotel’nikov Institute of  Radio Engineering and Electronics 
RAS, National Research Centre "Kurchatov Institute", Moscow State University Department of  
Chemistry, Moscow Institute of  Physics and Technology, National Research Nuclear University 
“MEPhI”, People's Friendship University of  Russia, LLC "AkKoLab", Open Joint Stock Company 
(JSC) "VNII ALMAZ", LLC "Karbonlayt", JSC NIIgrafit and others, as well as invited members 
of  scientific institutions in Russia, Commonwealth of  Independent States (CIS) and foreign 
countries. The audience for each session - about fifty participants. In the four- hour meeting with a 
break heard and discussed the 3-4 reports, news review and submitted poster presentations.
The journal RENSIT is published semi-annual reports of  this seminar: list of  reports indicating 
affiliated authors and submitted abstracts.

PACS: 01.10 Fv

RENSIT, 2015, 7(2): 210-211        DOI: 10.17725/rensit.2015.07.210
TWENTY-SECOND SEMINAR, 26.11.2015
1. Elena F. Sheka (Dr Sci. Phys&Math, Prof., 
RUDN)Nonlinear spin waves in nanostructures 
based on functionalized graphene.
2. Oleg V. Pavlovsky (Lomonosov MSU, ITEP). 
Critical charge in gapped graphene: is it possible FAIR/
NICA on the table top?

TWENTY-THIRD SEMINAR, 24.12.2015

1. Alexey P. Dement'ev (Dr Sci Phys&Math, 
Kurchatov Institute). Interaction of  graphene in 5 upper 
layers of  pyrographite, an electron population of  π-bands at 
each layer.

N(E) CKVV Auger spectra (V = σsσpπ) were 
used to measure the population of  the π-electron 

bands in 5 upper layers of  graphite sample freshly 
prepared by its cleavage. Depth profiling of  states 
π-bands each with 1-5 layers of  graphene was 
carried out by varying the angle of  collecting the 
electrons in the range of  15°-90°. The population 
of  electrons in the π-bands each with 1-5 layers 
was measured with respect to the electron density 
in σp-zone, it changed ≈ 0 at the upper layer to 
the value it had in the graphite layer 5. Interactions 
set different populations of  π-bands each 1-5 
graphene layers after cleaning. It is assumed the 
following mechanism to explain the observed 
changes in the π-band. 1. Interaction of  graphene 
to balk HOPG performed by pz-electrons of  
neighboring layers. As a result, there are transitions 
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pz → π-band to produce a steady state p1-n
z/πn each 

layer graphenes, where n - part of  the pz-electrons 
passed into the π-band. 2. After splitting HOPG 
is a change in the population πn in 1-4 graphene 
layers by reverse πn → p1-n

z transitions with the 
formation of  new stationary πni each of  5 of  the 
upper layers.

2. Konstantin N. El'tsov (Dr Sci Phys&Math, 
GPI RAS). Synthesis of  graphene single crystals of  large 
size.

Especially the growth of  two-dimensional 
materials - salt crystals with van der Waals forces 
between the layers (eg, a single atomic layer of  
graphite - graphene) on a solid surface - is that 
it is not necessary for them epitaxial (ie, strong) 
bond with the substrate. The sufficient condition 
is often the smoothness of  the substrate, and the 
determining factor is the kinetics of  the reaction 
in which there is a preferential growth of  two-
dimensional embryo. Will be considered: 1. 
Epitaxial growth on a metal catalyst. Systems with 
strong interaction of  graphene with the substrate 
metal (Ni, Ru, Rh, Co, Re). 2. Unepitaxial 
growth over a metal catalyst. Systems with weak 
interaction of  graphene with the substrate metal 
(Cu, Ag, Au, Pt, Ir). 3. Unepitaxial growth on the 
surface of  the semiconductor (Ge).

GRAFENIKA [GRAPHENICS]
RUSSIAN GUBIN'S SEMINAR (MOSCOW)
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A QUARTER-CENTURY OF RUSSIAN ACADEMY OF NATURAL 
SCIENCES (five steps up)
(report on the anniversary of  the Academy of  General Meeting
Moscow, Cathedral of  Christ the Savior, 24.11.2015)

Oleg L. Kuznetsov
Russian Academy of  Natural Sciences, http://www.raen.info
119002 Moscow, Russian Federation
info@raen.ru

Abstract. Summarized the history and formation of  the largest Russian public expert organization - the 
Russian Academy of  Natural Sciences, established a turning point for the country's 90 years of  the 20th 
century. Marked and commented on the five stages of  the development of  the academy: the classic organi-
zation of  sections, sections of  gosprioritetam, thematic sections, regional sections and innovative sections. 
The motto of  the Academy of  Natural Sciences - interdisciplinarity and integration of  diverse knowledge. 
The symbol of  the Academy is the VI Vernadsky, the Academy is actively promoting Russian cosmism 
school. RANS initiate registration of  scientific discoveries, is widely involved in the educational sector of  
the country, is the founder in 1994 of  the University "Dubna", one of  the best universities in the country for 
the recognition of  experts. Publishing RANS - thousands of  titles, the Bulletin of  Natural Sciences, many 
sections and departments have their own magazines, including RENSIT. The Academy is widely recruited 
to participate in international forums (Summits), committees and festivals. As an all-Russian scientific or-
ganization, RANS plays an important role one of  the cells of  civil society, which is consolidating around a 
large domestic intellectual potential of  performing a stabilizing role in the country.
Keywords: expertise, nongovernmental Academy of  Sciences, sections and branches of  Academy, 
interdisciplinary, Russian cosmism, educational sphere, publishing, international forums
PACS: 01.10.Fv
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1. INTRODUCTION
Dear colleagues, comrades!
High academic community!

Passed 25 years since the birth of  intention on 
the creation in the USSR (Russia) the new alternative 
Academy of  Sciences, based on the role of  civil society 
institutions in the development of  the scientific sphere 
of  the country.

Congratulations to all the members of  the Academy 
to the fact that this long and difficult path our Academy 
passed, at highly worthily ministration Russian, science, 
education and upbringing of  the younger generation.

Founders of  Academy came from the fact that 
science - this is an open system,  immersed in society and 
associated with it numerous feedbacks.

International experience has shown that the scientific 
structures, organized and operating beyond principles of  
civil society, are prone to degradation.

Our solemn assembly held in the special period of  
life of  the country and in the special, holy place of  the 
capital - in Christ the Savior Cathedral.

I will express a few thoughts about the combination 
of  the time and place of  our meeting.

Today the whole world, and Russia in particular, 
speaking in the language of  synergy, are living in "a 
regime with peaking." Civilization has gone through 
another bifurcation point, now it is important, on what 
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channel will the global development and the development 
of  Russia.

Every day brings us more and more dramatic events. 
The world is on the "razor's edge" - on the edge of  chaos. 
Our scientific community has an understanding of  the 
causes of  this phenomenon. About it scientists RANS 
wrote not once. World's global crisis was caused, first of  
all, a huge difference between speculative capital, issued 
by the Federal Reserve, and the real GDP.

This crisis will not be overcome unless will not 
happen a change of  values among the billions of  people 
and the transition from a consumer society to a society of  
creation. It is necessary the so called noosphere transition 
- from the clever to the spiritual. And in this regard the 
fundamental importance has the place where we are now 
- the Cathedral of  Christ the Savior.

Perhaps many people have a question: why 
scientific meeting going in the temple? The answer is 
obvious. Russian Academy of  Natural Sciences and 
was established as a scientific organization, in which 
is realized the synthesis of  natural, technological and 
humanitarian knowledge. But the main thing - we are 
today witnessing and participants in a new synthesis - 
"scientific knowledge" and "faith." Science and religion 
- two independent channels, which lead to a more holistic 
understanding of  the world. And here the great role 
played by public institutions.

On the interval 90 and 00-ies. in the world of  science 
has undergone tremendous and important for us changes 
due to penetration into the mass consciousness of  
the achievements of  integrative trends in science, as a 
dynamics of  the open non-linear systems, synergetics - 
the science of  self-organizing complex systems of  any 
nature, and the nonequilibrium thermodynamics, which 
lead to the understanding of  the interaction of  "order" 
and "chaos" in the surrounding world.

Naturally, the new understanding of  the world directly 
affected the philosophy and stages of  development of  
our Academy.

In the article "A quarter century of  RANS" in the 
journal "The honor of  the Fatherland» (№ 11-12 (109-
110), 2015) and in the reports submitted by sections and 
divisions, provides detailed analytical information about 
the activity of  RANS in the intervening period.

Therefore (with considering time-limit), I will outline 
and comment briefly on the most striking stages and 
traits of  life Academy.
2. ORIGINS, MOTIVATIONS AND THE FIRST 
PARTICIPANTS EVENTS
The fact is that a significant part of  the expert community 
in Russia already in the late 80s had an absolutely clear 
picture of  the transition from a planned to a market 
economy. Representatives of  industry and university 
science understanded how easy it can be dissolved in a 
reformist chaos the extremely important and relatively 
thin layer of  professionals, and foresaw the danger 
of  the loss of  leadership of  Russian in scientific and 
technological development. And at this period when the 
science in the country was left to fend for themselves, 
Russian scientists have realized the need for new, more 
viable forms of  scientific associations.

At that time still operated USSR Academy of  
Sciences, which is known worldwide for his outstanding 

work in the field of  mathematics, physics, chemistry, earth 
sciences, biology and others. Yet worked large industrial 
research institutes and university laboratories in a wide 
range of  areas. Even the word "scientist", "Professor" in 
the public and state consciousness sounded weighty.

But just then the Supreme Council of  the Russian 
Federation addressed to the scientific community of  
Russia with a request to give their suggestions on the 
principles of  the creation and organization of  the Russian 
Academy of  Sciences.

The initiative group of  professors of  Moscow and 
Leningrad (Mineev, Kapitsa, Sorokhtin, fursey, Vorontsov 
Tyminsky and others) has put forward the idea of  creation 
of  the Russian Academy of  Natural Sciences as an 
alternate scientific organization. Its base should become 
the authors of  scientific discoveries, published in the 
Great Soviet Encyclopedia (volum "Scientific discoveries 
in the USSR in thirty years").

Academy was formed as a multidisciplinary scientific 
organization under the leadership of  a talented scientist 
and geologist Professor Dmitry Andreyevich Mineeva. 
After his untimely death in 1992 the leadership of  
Academy has been entrusted to me. An important role in 
the fate of  the Academy played its first Chief  Scientific 
Secretary Professor Vladimir G. Tyminsky. He initiated 
the establishment of  a number of  innovative sections and 
departments.

Among the first members of  the Academy - are 
outstanding scientists and organizers of  science as 
Averincev, Ahrens, Basniev, Belyakov, Bestuzhev-Lada, 
Vorontsov, Zeldovich, Kapitsa, Kozlovsky, Lapin, 
Makogon, Monin, Nikolsky, Petrov, Petrovsky, Pirumov, 
Radkevich, Rachmanin, Severin, Senchagov, Sorokhtin, 
Fedorov, Hain, Chelyshev, Chereshkin, Shafranovsky, 
Shevchenko and many others. Their intellectual potential 
allowed for a short time to deploy a multi-faceted activity 
on to revive domestic science.

Idea of  creation of  RANS in the 90s found widespread 
and active support of  the scientific community and 
the leadership of  the country's leading universities: 
Lomonosov MSU, Bauman Moscow State Technical 
University, Russian State Geological Prospecting 
University n. a. Sergo Ordzhonikidzе (MGRI-RSGPU), 
Gubkin Russian State University of  Oil and Gas, Moscow 
Mining and the Leningrad Mining Institute, the University 
of  Leningrad, as well as the largest universities in Saratov, 
Kazan, Novosibirsk, Tomsk, Tyumen, Kemerovo, and 
others.

RANS with first her steps supported the leading 
representatives of  the Academy of  Sciences of  the USSR, 
among them - RAS academicians Likhachev, Sadovnichy, 
Flerov, Kadyshevskii, Sisakyan, Yanshin, Prokhorov, 
Grigoryan Laverov, Dmitriev, Chariton, Trofimuk, Shiloh, 
Fedorov, and others.

The same position occupied by  scientists from 
dozens of  leading industry research institutes, design 
bureau, large industrial associations in Moscow and St. 
Petersburg (SSC Geosystems Research Institute, All-
Russian Research Institute of  Mineral Resources, All-
Russian Research Institute of  oil, Schmidt Institute of  
Physics of  the Earth of  the USSR Academy of  Sciences, 
the Institute of  Oceanology of  the USSR Academy of  
Sciences and many others).

A QUARTER-CENTURY OF RUSSIAN ACADEMY
OF NATURAL SCIENCES (five steps up)
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This support allowed to form a staff  of  RANS from 
the first-class scientists, specialists and experts. In many 
areas of  science and practice they were the key persons.

To successful development of  RANS contributed 
a huge work of  the St. Petersburg branch and its units 
(vice-presidents Fursey, Denisov and Novikov).

3. FORMATION STAGES OF ACADEMY
In the development of  the Academy can distinguish five 
steps (steps up):
• in the first phase (1991-1992) arised sections that 

repeated the classic structure of  natural sciences, 
"Physics", "Chemistry", "Mathematics", "Earth 
Science", "Biomedicine", "Biology and Ecology";

• in the second phase (1992-1993) in connection with 
the emergence of  new research priorities (socially 
important for updating and self-determining 
Russian society) appeared sections "Geopolitics 
and Security", "Mining and Metallurgy", "Russian 
encyclopedia", "Problems of  macroeconomic and 
social market economy", "Problems of  education 
and support of  young scientists", "Economics and 
Sociology ";

• in the third phase (1993-1995) were organized the 
sections "Science of  forest", "Noosphere knowledge 
and technology", thematic divisions "Humanities 
and creativity", "Multi-sectoral ecological and 
economic systems studies", "Oil and Gas", "Applied 
Mathematics", "Science and Theology";

• in the fourth phase (1995-2000) the activity of  
Academy acquired a nationwide character, in its 
structure was organized about 100 regional and 
thematic departments. Originally incorporated 
as the Academy of  Natural Sciences of  Russian 
Federation, in 1996 it received the status of  All-
Russian public organization called "The Russian 
Academy of  Natural Sciences";

• in the fifth stage (2001 - present) further development 
received the directions, associated with the solution 
of  new technological and innovation problems, as 
reflected in the appearance of  departments "Scientific 
basis for regulation of  natural monopolies", 
"Information and communication technologies", 
"Problems of  Communication Economics" and 
others. In these years were created 10 new regional 
departments. The Academy has started publishing 
his journal "Bulletin of  RANS".

4. BASIC PRINCIPLES
In the early 90-ies were formed scientific ideas about the 
evolution of  social and cultural systems (nature - society 
- people). It came the realization that they develop as an 
open, complex, non-linear system by self-organization.

Therefore RANS was built on the understanding 
and use of  the most important principles of  synergetics 
(Haken, Kurdyumov, Malinetskii, Kapitsa, Knyazev):
• the ability of  open natural and social systems to 

self-organization and development on the path of  
increasing complexity and diversity;

• leading (determining) role in the development of  so-
called "order parameters"; Among these parameters, 
we consider the level of  creative activity and 
passionarity of  the team members.

It was clear that the development of  open nonlinear 
systems necessarily connected with the emergence of  
the system of  new degrees of  freedom that allow the 
emergence of  new elements, responsible for the reaction 
to the emergence of  problems and threats in the world.

The large number of  degrees of  freedom provides 
the ability to self-improvement.

5. MOTTO RANS - INTERDISCIPLINARITY 
AND INTEGRATION OF HETEROGENEOUS 
KNOWLEDGE
Precisely at the Academy was founded strategic and 
interdisciplinary direction - sustainable development 
of  socio-natural systems. Already in the early stages 
of  formation it was clear the need for the synthesis of  
natural, human and technological knowledge under 
the supervision of  the general culture of  the scientific 
community.

These ideas have been implemented through the 
creation and successful development of  the sections 
"Man and Creation" and "Russian encyclopedia."

Precisely interdisciplinarity allowed to realize the 
strategic projects:

National Security Concept. Leader - Chairman of  the 
section "Geopolitics and Security" Pirumov. This is the 
first in the history of  Russia concept of  national security. 
Many of  the provisions of  the fundamental scientific 
work are reflected in the key documents of  the Russian 
Federation Security Council.

The concept of  economic security of  Russia. Leader - 
Chairman of  the section "Problems of  macroeconomic 
and social market economy" Senchagov.

The concept of  information security in Russia. Leader - 
Chairman of  the section "Informatics and Cybernetics" 
Chereshkin.

Mineral resources base of  Russia. Leader - Chairman of  
the "Geological Prospecting Department" Kozlovsky.

Drinking water and water resources. Leader - Chairman of  
the section "Biomedicine" Rachmanin.

Prions and prion diseases of  humans and animals. 
Leader - Chairman of  the Department of  the section 
"Biomedicine" Zuev.

Ecological Doctrine of  the Russian Federation - was 
developed in the framework of  the National Ecological 
Forum under the leadership of  academician RAS 
Chereshnev and president of  RANS Kuznetsov.

The last period of  the life of  the Academy has 
been associated with the creation and implementation 
of  a series of  innovative high-end technology for the 
development of  key sectors of  the Russian economy. 
Some of  them are marked with state awards. I unable to 
comment on the whole range of  technologies. I will point 
a vivid example in the field of  geophysical exploration 
carried out together with geophysicists from the US state 
of  Texas - is a technology of  "direct" the search for oil 
and gas.
6. FORUMS AND EVENTS
It is impossible not to note the following important 
international forums:

Earth Summit in Johannesburg, Rio + 10, Rio 
de Janeiro, Geneva, New York (Yakovets, Bolshakov, 
Geikhman, Kuznetsov, Spitsyn, Shcheulin).
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Youth Earth Summit Tunza 1, Tunza 2 (Dubna) - 
UN Avenue (Doronin, Cheremisina, Molodozhentseva).

National committee "Intellectual resources of  
Russia". Forums "Intellectual Russia" - Dubna, Moscow, 
Bryansk, Tambov (Mironov, Kuznetsov, Panov and 
others).

Global education project "Ecomir" (Ecological 
Award) (Ivanitskaya, Petrosyan, Kurdyumov).

International Festival of  popular films "The World of  
Knowledge" (St. Petersburg, Lennauchfilm) (Chereshnev, 
Kapitsa, Kuznetsov).

Astana Economic Forum and energetic-ecological 
projects of  RANS and KazANS (Yakovets, Spitsyn, 
Abykayev, Bekturganov, Kuznetsov, Shcheulin).

7. RANS AND SCIENTIFIC DISCOVERIES
Results of  intellectual work of  scientists and researchers 
– scientific discoveries, hypotheses, scientific ideas – are 
fundamental to the field of  knowledge and have a long-
term, often a revolutionary impact on the development of  
world science, but may not always give a quick economic 
benefit.

In addition to scientific discoveries in the basic 
sciences for the first time in world practice began to 
carried out registration of  non-traditional intellectual 
property among social sciences and humanities, as well as 
scientific ideas and scientific hypotheses. We believe that 
the registration of  the results of  intellectual creative work 
is a powerful incentive for scientists in their work.

There are currently registered 384 scientific discoveries 
in the field of  natural sciences, 41 - in the field of  social 
sciences and humanities, 15 of  the scientific ideas and 26 
of  scientific hypotheses.

I can not mention the problems of  perception and 
discussion in the media of  issues related to the recognition 
of  breakthrough technology solutions that often do 
not fit into traditional notions of  classical physics and 
mathematics.

I recall the statements of  one of  the brightest 
mathematicians of  the XX century Kurt Godel:

"There will always be true statements, proof  of  which 
is not available to us."

"Sophisticated mathematical systems limit themselves 
in what they can prove."

Two famous Gödel axioms:
Any logically consistent system of  equations is 

incomplete.
Any complete system of  equations is logically 

inconsistent.
Historians of  science known well fatal errors ("ban") 

of  outstanding scientists of  the world.
So, Stanislaw Lem in his book "Black and White" 

(AST Publ., Moscow, 2015) in the section "Finger in the 
sky" gave examples of  such predictions.

The great English scientist, President of  the Royal 
Society, William Thomson (Lord Kelvin) stated (1895): 
the creation of  aircraft heavier than air - impossible!

Predicted fast heat death of  Planet Earth (excluding 
domestic energy sources geological processes!).

The famous American physicist Albert Michelson 
(1903) argued that all important laws of  physics are 
already open!

The largest French scientist Antoine Lavoisier died 
during the revolution under the guillotine, without 

accepting biomagnetism and the possibility of  falling 
meteorites.

The list of  such allegations of  prominent scientists 
is quite large.

Scientists RANS, including famous Russian physicists 
Gareyev, Rodionov, Krivitsky put forward some interesting 
ideas and hypotheses, which met strong reaction of  
traditionally thinked of  eminent scientists. Without going 
into a discussion on the so-called pseudo-science, I will 
give only one example of  such pseudoscientific ideas and 
designs.

I want to draw your attention to the very interesting 
(recently appeared on the network), an interview with the 
distinguished professor Malinetskii (Institute of  Applied 
Mathematics Keldysh) "Verified the reactor cold fusion."

It seems that the energy world is on the threshold of  
new global events. And how many intellectual battles and 
criticism passed on this subject on the pages of  our and 
foreign editions.

8. RANS AND EDUCATIONAL FIELD
The most important activity of  the RANS is deeply 
immersion to the educational process of  modern Russia. 
Most departments of  RANS operate within universities. 
We understand that education - is the most important 
state-forming activity of  scientists (teachers) and the 
responsibility of  the state.

Note that much of  the members of  the Academy is 
the leading professors of  the best universities, institutes 
and academies of  Russia, USA, Germany, Canada, 
Kazakhstan, Kyrgyzstan and other countries. Precisely 
these people bring in the youth audience the fundamental 
and applied knowledge.

Equally important is the moral foundation of  the 
higher education system. Many of  us are worried about 
the trend "bolognisation" and a sharp increase in the 
bureaucratization of  the educational process. Speaking 
as a joke, It should not be allowed that "the love of  
education" would replace the education itself. Entering 
the classroom, the professor feels the pulse of  the 
audience, sees students eye, who wait from teacher true 
knowledge and lessons of  citizenship.

A separate and very important for Russia today and 
for international community is the participate of  RANS 
in the creation of  the Network Institute of  money 
laundering and terrorist financing. Work is carried out 
by group of  scientists of  RANS (Magomedov, Glotov, 
Ovchinnikov) in close contact with the Federal Service 
Rosfinmonitoring.

But, of  course, the most important product of  RANS 
activity in the field of  higher education was the creation in 
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1994 together with the Joint Institute for Nuclear Research 
(JINR), City Administration Dubna and the Government 
of  Moscow Region of  the International University of  
Nature, Society and Man "Dubna". According to the 
rector of  Lomonosov MSU Academician Sadovnichy and 
Potanin Foundation experts, university Dubna is one of  
the best higher educational institutions of  Russia.

Especial, intellectual atmosphere of  Dubna, with 
availability of  research teams of  the highest professional 
level, as well as versatile areas of  research in nuclear 
physics, nuclear energy, high-tech engineering, served 
as the basis for the emergence of  a fundamentally new 
for Russia concept university. This concept  is an effort 
to create new generation of  specialists with integrative 
knowledges of  nature, society and man, aware of  the 
close relationship of  processes and phenomena of  the 
world and with search ways of  harmonizing the laws of  
human nature and society. Today, the university runs a 
young team led by the rector - doctor of  physical and 
mathematical sciences Fursaev.
9. PUBLISHING ACTIVITIES RANS
For 25 years, monographs, collections of  papers, 
encyclopedias in various fields of  science, are published 
directly in the publishing center of  RANS, or under the 
heading of  RANS, or with the information about the 
author of  publication - as a member of  RANS, consists 
of  thousands of  titles.

Already 15 years a large circulation is published 
public-scientific journal "Bulletin of  RANS". Many of  
the sections and departments of  RANS have their own 
magazines.
In 2009, the RANS established the journal 
"Radioelectronics. Nanosystems. Information 
technology" (RENSIT). Rubrics journal show a wide 
range of  studies, which are conducted members of  
RANS: multidimensional theories of  physical fields, 
dynamic chaos, radiophysics and radiolocation, fractals 
in physics, physics of  condensed matter, nanosystems, 
information technology, biophysics and medical physics, 
and others.

An unforgettable event was held in 2000 in Brussels 
(Russian Embassy in Belgium): Gold Medal Kapitza was 
awarded to outstanding scientist Ilya Prigogine Nobel 
laureate. Rewarding medal held RANS President Kuznetsov 
as well as full members of  RANS Basniev and Azizov.
10. RUSSIAN COSMISTS. VERNADSKY – A 
SYMBOL OF THE ACADEMY

RANS and University "Dubna" pay great attention 
to the history of  scientific and philosophical school 
of  Russian cosmism. Anniversaries Lomonosov, 
Lobachesky, Fedorov, Podolynsky, Tsiolkovsky were 
noted by conferences, seminars and public lectures.

The symbol of  RANS throughout its activities is 
the Vernadsky. Anniversaries of  the great thinker had 
devoted several conferences "Vernadsky Readings", as 
well as participate in the unveiling of  a monument to 
Vernadsky in Tambov.

11. CONCLUSION
I draw the line under the brief  narration of  history and 
formation of  the largest public (expert) organization of  
Russia on a very difficult, dramatic stage in history of  
country (90 and 00-ies).

Note that the theorems of  "existence" and 
"sustainability" RANS proved. The theorem of  
"uniqueness" to prove it is not meaningful, since must be 
many different network structures supporting scientific 
values and culture of  the country.

As an All-Russian scientific organization, RANS 
plays an important role one of  the cells of  civil society, 
around which is consolidating a large domestic intellectual 
potential of  performing a stabilizing role in the country.

The Academy as the organizational structure could 
not develop without the daily scientific and organizational 
work and networking. Here the special role belongs 
to the first Vice-President, Chief  Scientific Secretary 
of  the Academy of  Ivanitskaya, staff  members of  the 
Presidium in Moscow Shumova, Novitskaya, Strelkova, 
as well as to assistant president of  the Academy in Dubna 
Molodozhentseva.

Dear Colleagues!
Scientists RANS show that the world around us is 

changing faster and faster, in a growing number of  
destinations. These changes obeys to the accelerating 
wave process which accompanied by an increase in free 
capacity of  the system "nature - society - man" and 
reducing the periods between cycles of  evolution of  
geosphere, biosphere, sociosphere and technosphere. 
Now is implemented complex path of  transition to the 
noosphere.

For the public consciousness there are new realities, 
new pictures of  the world, a new life-support technologies 
(including medicine, education, artificial intelligence, 
robotics, technologies travel in space). Scientists RANS 
actively participate in the emergence of  these new realities.

V.I. Vernadsky wrote: "The energy of  the mind 
is inexhaustible". I think that scientists RANS are able 
to direct the flow of  its energy (free capacities) into 
the mainstream of  the sustainable development of  our 
country and the world around us.

PS. In 1941, the eminent English biologist (zoologist) 
Richard Dawkins - the author of  the sensational 
monograph "The Selfish Gene" - suggested a new term 
"MEM" and a new area of  knowledge - memetics. In his 
wording MEM is a unit of  transmission of  an cultural 
image of  one or the other event or structure.

I believe in what the brand of  RANS as a special 
MEM will continue for decades to come.

Oleg Leonidovich Kuznetsov
prof., president of  RANS, USSR State Prize winner, Honored 
Scientist of  the RSFSR
Russian Academy of  Natural Sciences
29/16, Lane Sivtsev Vrazhek, Moscow 119002, Russia
info@raen.ru
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