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Summary 

 

After a short introduction to and brief review of the relation between fullerenes, 

graphite, carbon nanotubes, diamond-like carbon and other nanostructured 

modifications of carbon or their derivatives, the synthesis methods of various carbon 

nanostructures, growth mechanisms for carbon nanostructured materials (CNMs) are 

described. This chapter provides a survey of separation, isolation, purification, 

characterization and energy storage of CNMs.  

 

The developed methods of synthesis of polymers and composites based on carbon 

nanostructures have been considered in this general review. It has been shown that 

different physical, physico-chemical methods, and methods of analytical chemistry are 

used for evaluation and identification of CNMs. Recent results on growth and study of 

CNMs arrays are also presented and discussed in this overview. It has been shown that 

apparently small changes in experimental conditions can result in dramatic changes in 

the structure of grown CNMs.  

 

The chapter further deals with consideration of the properties of mainly important low-

dimensional CNMs as well as important applications of these advanced nanomaterials. 
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The most conspicuous features of these purified CNMs structures are their extraordinary 

electronic, mechanical, optical, thermal and chemical properties and characteristics, 

which pave way to future applications. CNMs have been of great interest both from a 

fundamental point of view and for future application in the field of nanotechnology and 

nanoscience. 

 

This review is written to give a consolidated view of the synthesis and properties of 

carbon-based nanomaterials, with aim of drawing attention to useful available 

information and to enhancing interest in this new highly advanced technological field 

for researchers and manufacturing engineers. 

 

1. Introduction 

 

Carbon nanostructured materials (CNM) are nanomaterials including the 

nanostructured modifications of carbon (NMC) with different degree of disorder 

(Balandin, 2011) or their derivatives and having qualitatively new properties, 

operational and functional characteristics. CNM belong to the construction and 

functional materials. 

 

The related products (or co-products) such as amorphous carbon, soot, fibers and others 

are formed during the synthesis of nanostructural modifications of carbon and these 

products cannot be attributed to NMC by their geometric, structural, physical and 

chemical parameters. They are called quasi-nanostructured modifications of carbon 

(QNMC). 

 

The amorphous carbon or free, reactive carbon, according to IUPAC Compendium of 

Chemical Terminology (International Union of Pure and Applied Chemistry) informally 

known as the Gold Book, is an allotrope of carbon with the structure that does not have 

long-range crystalline order; some short-range order can be observed (Fitzer et al, 

1995). Its structure is characterized by a large number of defects and has an increased 

chemical activity. One of the most common ways to characterize amorphous carbon is 

through the ratio of sp
2
- to sp

3
-hybridized bonds present in the material. 

 

The soot is botryoidal aggregates consisting of spherical particles (Figure 1) formed by 

carbon polymeric layers with different degree of ordering (from the two-dimensional 

polycyclic compounds small in size graphite crystals). The density of the substance is 

1.76-1.95 g/cm
3
.  

 

According to its chemical composition this product consists of mainly carbon, its part is 

not less than 90 %, and contains up to 5 % of chemisorbed oxygen in the form of 

carbon-oxygen complexes, up to 1.1 % of sulfur S, up to 0.8 % of molecular hydrogen 

H2 and up to 3 % of mineral impurities. The oxygen is predominantly on the surface of 

the particles and incorporates into the functional groups (COOH, C = O, etc.) connected 

with the soot carbonic skeleton. Other mixtures are evenly distributed in the carbon 

black particles. 

 

The QNMC products also include the graphite-like filamentary structures such as gas-

phase carbon fibers, graphite whiskers, carbon fibers, etc. 
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Figure 1. The photomicrographs of soot (transmission electron microscopy) (Schur et al, 

2007a). 

 

Gas-phase carbon fibers are synthesized by pyrolysis of hydrocarbons with a volatile 

catalyst. Their structure resembles the multilayer carbon nanotubes 1-15 μm in diameter 

(Figure 2). Even a small amount of various additives introduced into the reaction zone 

of catalytic pyrolysis exerts a substantial effect on the yield, structure and properties of 

the carbon nanofibers formed. 

 

Graphite whiskers represent the graphene sheet rolled up into a roll with a small angle 

of taper (with diameters of 5÷20 μm and up to 3 cm in length). Figure 3 shows the 

Transmission electron microscope (TEM) image of a graphite whisker whose surface is 

coated with amorphous carbon and soot particles. 

 

Carbon fibers (carbon filaments) are materials of pyrolysis of natural and synthetic 

fibers consisting of fibers about 5-10 μm in diameter. The carbon atoms are bonded 

together in crystals that are more or less aligned parallel to the long axis of the fiber. 

Figure 4 shows the tubular carbon fibers. 

 

Two materials should be mentioned in this contextdiamond-like carbon and glassy 

carbon, synthesized by technology similar to that described above but which by virtue 

of their chemical and geometrical parameters can not be attributed to the NMC. 

 

  
 

Figure 2. TEM images of the scroll-like gas-phase carbon fibers (Schur et al, 2007a) . 



UNESCO-E
OLS

S

SAMPLE
 C

HAPTERS

NANOSCIENCE AND NANOTECHNOLOGIES – Carbon Nanostructured Materials – II- Dmitry V. Schur and Svetlana Yu. 
Zaginaichenko 

©Encyclopedia of Life Support Systems (EOLSS)  

  
 

Figure 3. TEM images of the graphite whisker (Schur et al, 2007a)  

 

  
 

Figure 4. TEM images of tubular carbon fibers (Schur et al, 2007a)  

 

  
 

Figure 5. The nano- and microcrystals of diamond in the diamond-like carbon (Schur et 

al, 2007a)  

 

Diamond-like carbon (DLC) is a metastable amorphous carbon material produced in the 

form of films by the rapid quenching of the decomposition products of hydrocarbons 

(CH4, C2H2, C6H6) in plasma or under the action of ion beams. The product is 

amorphous but contains embedded diamond nanocrystals (Figure 5). In general, various 

forms of DLC can be divided into two broad categories: DLC containing carbon only is 

called amorphous carbon or amorphous diamond (a-C); DLC containing a mixture of 
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hydrogen and carbon is called hydrogenated amorphous carbon (a-C:H). The DLC 

material consists of a network of sp
3
 and sp

2
 co-ordinations and mainly is composed of 

sp
3
-bonded carbon atoms (up to 88%). 

 

Glassy (vitreous) carbon is the product of pyrolysis of polymer-derived carbons 

(phenol-formaldehyde and furfural resins are used most commonly) consisting of 

highly, disordered, tightly curled sheets of carbon atoms (graphene layers). Glassy-like 

carbon has a closed porosity, it is graphitized after 3200 K poorly permeable to liquids 

and gases and resistant chemically,  and its density is 1.45÷1.55 g/cm
3
. It is also highly 

resistant to attack by acids. It is hard and brittle, unlike the soft graphitic forms of 

carbon and does not revert to these forms at high temperatures (Jenkins and Kawamura, 

1971; Cowlard and Lewis, 1967) Recent research (Harris, 2004 has shown that the sp
2
-

bonded carbon atoms are arranged in planes with a hexagonal symmetry. Non-six-

membered rings (pentagons, heptagons) bend the hexagonal carbon planes. As a result 

of these observations, a model has been proposed for the structure of glassy carbon 

which consisted of discrete fragments of curved carbon planes, in which pentagons and 

heptagons have been dispersed randomly throughout networks of hexagons. Such 

structure model would explain the many interesting properties glassy carbon like low 

reactivity, high strength and hardness, low density and impermeability. 

 

A similar product is synthesized by pyrolysis of gaseous hydrocarbons. It is made up of 

randomly tangled fibrous nanostructures, compacted by amorphous carbon; both the 

sp
2
- and sp

3
-bonded atoms are present. It is chemically stable and produced in 

macroscopic quantities. The bulk of the product, heated above the temperature of 2800 

K, is graphitized and is a machinable material, polished product and it has density of 

1.8÷1.9 g/cm
3
. In order to obtain a porous material with a developed surface the 

amorphous carbon is removed from the semi-finished carbon through ultrasonic 

treatment in liquid hydrocarbons (Figure 6). Thereafter annealing in an inert medium is 

carried out at a temperature of 2000÷2500 K. 

 

 
 

Figure 6. The fiber-based glassy carbon after the ultrasonic removal of amorphous 

carbon in toluene throughout 1 hour (Schur et al, 2007a). 
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2. Features of Carbon Nanostructures Formation 

 

Carbon nanostructures have been synthesized with various techniques and these 

methods produce CNMs with different structures and characteristics. The current 

general interest is in the development of new techniques for the efficient and selective 

synthesis of different carbon nanostructures. 

 

In deciding on the method of synthesis of carbon nanomaterials it is necessary to 

consider the formation features and structure of the synthesizing materials. Carbon 

nanostructures, including fullerenic materials, are formed in the vapor phase by the 

interaction of carbon atoms between themselves or with a third body. For the synthesis 

of a new structure the reagents are obtained by disintegration of carbon or carbon-

containing precursor. As this takes place, the interaction of atoms or groups of carbon 

atoms between each other under certain thermodynamic conditions leads to the 

formation of nuclei of a prearranged carbon nanostructure (carbyne, graphite, diamond, 

fullerene and others). Based on experimental data, obtained by research group from 

laboratory No.67 of the Institute for Problems of Materials Science of National 

Academy of Sciences of Ukraine (IPMS of NASU) (Schur et al, 2007b&c), on 

investigation of processes of CNM synthesis by different methods (arc in the liquid and 

gas, different methods of pyrolysis) using classification of dispersed nanoparticles 

(Gubin et al, 2005) made by Gubin(Institute of General and Inorganic Chemistry of 

RAS, Moscow) the sequence of processes of structure formation in carbon 

nanomaterials has been shown when the system moves from individual atoms through 

clusters to nanoparticles and further to the bulk samples. 

 

One point appears clearly established – all micro- and macro-amounts of CNM are 

formed at the stage of nuclei formation, i.e. the product consists of nuclei of various 

structures. This is the main and essential conclusion drawn from these experimental 

observations. 

 

The duration of CNM synthesis determines their geometric size, but not the physical-

chemical nature which is due to the process thermodynamics at the stage of nucleation. 

If interaction at the atomic level (nucleation) occurs relatively quickly during a fraction 

of a second, so minutes and hours are required for the production of macro-size product. 

To obtain a product of a given degree of dispersion, i.e. material consisting of particles 

of certain geometrical dimensions and structure, which has certain properties, the 

technological process of synthesis must be brought to a stop at the definite stage of 

CNM formation. The term “dispersion” in this case is not quite suited, because it 

assumes a process of disintegration, i.e. changing from larger to smaller size. In the case 

of synthesis of carbon nanostructures the process of product formation is aimed in the 

opposite direction – from the smallest to largest. The nanostructures are produced of the 

same size, but obtained by different methods (synthesis by precursor and dispersion of 

macro-size particles of the same synthesis) will have different structures, the surface 

morphology and hence the properties with the same chemical composition. 

 

The nucleus can be constructed from the chains of varying length and branching, cycles 

and polyhedrons. Its skeleton can be the carcass, as well as a combination of the 

enumerated-represented structural element. When the number of atoms in the cluster 
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skeleton (nuclearity) increases the number of ways of their connection increases. At the 

nuclearity of 20 and above the spherical spatial structure is the most beneficial 

thermodynamically and geometrically, as observed in the case of fullerene clusters of 

carbon. 

 

Based on the experimental data and the theoretical calculations we have attempted to 

formulate the basic rules of stability of polyhedral cluster structures of carbon. Among 

these are the following postulates: 1) the stable carbon clusters have the form of 

polyhedra in which each carbon atom has a coordination number 3; 2) 

carbopolyhedrons, containing only five- and six-membered cycles, are the most stable; 

3) the stable carbon clusters are more symmetric; 4) the five-membered cycles in 

polyhedra must be isolated; 5) the carbo-polyhedron form is to be close to spherical. 

 

In the papers devoted to the theoretical examination of the mechanism of fullerenes 

growth, it has been assumed that the process goes through the combination of particles 

from two or three carbon atoms. It has been assumed also that the fullerenes formation 

occurs at the connection of excited clusters with subsequent separation into two 

fragments of different masses. 

 

3. Methods of Synthesis, Extraction and Separation of Carbon Nanostructures 

 

The methods of synthesis, extraction and separation of carbon nanostructured materials 

have been described adequately in literature and therefore in this section we shall only 

clarify the fundamental moments.  

 

Although the physical chemistry of each fullerene modification in the detailed 

consideration has its own significant differences, but in the first approximation in 

generalizing view of this class of materials many common points can be found in all of 

the fullerene molecules. These points include the formation features of fullerene 

molecules, solubility in liquids, electrical neutrality of fullerene molecules and the 

donor-acceptor reactions, their exo- and endoability properties and much more. 

 

- 

- 

- 
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to 4 % by weight and the isolation of solid C76, C84, C90 samples by repeated chromatography on neutral 

alumina]. 

39. Ajie H., Alvarez M., Anz S.J., Beck R.D., Diederich F., Fostiorpoulous K., (1990). Characterization 

of the soluble all-carbon molecules C60 and C70. J. Phys. Chem. 94 (24), 8630-8633. [This paper 

demonstrates results with high yield of production of new forms of molecular carbon (C60 and C70) and 

their complete separation by column chromatography on alumina]. 

40. Bhyrappa P., Penicaud A., Kawamoto M., Reed C.A. (1992). Improved chromatographic separation 

and purification of C60 and C70 fullerenes. J. Chem. Soc., Chem. Commun., 936-938. [This work presents 

procedures for the chromatographic separation of fullerenes on alumina]. 

41. Lieber C.M., Chen C.C. (1994). Preparation of fullerenes and fullerene−based materials. Solid State 

Phys. 48, 109-148. [This chapter is a review on the preparation, isolation and characterization of fullerene 

clusters, including the purity of C60, the properties of solid C60 and methods for preparing metal-dopes C60 

solids]. 

42. Аnikina N.S., Krivuschenko O.Ya., Schur D.V., Zaginaichenko S.Yu., Kamenetskaia E.A. (2011). 

Special features and regularities of interaction between fullerene molecules and aromatic solvents. In: 

Carbon Nanomaterials in Clean Energy Hydrogen Systems – II, of NATO ARW on Carbon Nanomaterials, 

Dordrecht, Netherlands: Springer, 53-74. [This paper demonstrates the results of an investigation into 

fullerene C60 solubilities with the physicochemical parameters of the solvents molecules]. 

43. Schur D.V., Chernogorenko V.B., Dubovoi A.G., Anikina N.S., Zaginaichenko S.Yu., Tarasov 

B.P. (2001). The production of ultrafine powders of fullerites by the salting out method. Book of abstracts 

of VIII International conference “Hydrogen Materials Science and Chemistry of Carbon Nanomaterials”, 

Sudak, Crimea, Ukraine, September 16-22, 478-484. [This work presents the peculiarities of the used 

method for salting out fullerenes with ethanol from solutions in hydrocarbon]. 
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44. Van der Biest O.O., Vandeperre L.J. (1999). Electrophoretic deposition of materials. Annu. Rev. 

Mater. Sci. 29, 327-352. [This review describes numerous applications of electrophoretic deposition of 

materials including coating production, free-standing objects, laminated or graded materials, infiltration 

of porous materials, preparation of electrophoretic suspension, etc.]. 

45. Dickerson J.H., Boccaccini A.R. (eds.) (2011). Electrophoretic Deposition of Nanomaterials. New 

York, USA: Springer, 376 p.  [This book is a first book providing a comprehensive overview of basic 

research, technology and applications associated with the electrophoretic deposition of nanomaterials]. 

46. Schur D.V., Khotynenko N.G., Scherbakova L.G. (2004). Electrochemical method for synthesis of 

fullerene-containing compounds and coatings. Abstracts of Int. conference on Carbon “Carbon’04”, 

Providence, Rhode Island, USA, 198 p. [The paper presents investigation into production of coatings of 

fullerites and fullerene-containing products from their solutions by electrochemical technique]. 

47. Schur D.V., Khotynenko N.G., Golovko E.I., Pishuk V.K., Zaginainchenko S.Yu., Milto O.V. 

(2005a). Some properties of electro-deposited fullerene coatings. Book of Abstracts of IX Int. conference 

“Hydrogen Materials Science and Chemistry of Carbon Nanomaterials”, Sevastopol, Crimea, Ukraine, 

838-841. [The paper shows results of study of thermal oxidation of electro-deposited fullerene-containing 

anodic coatings and electrolysis products by IR spectroscopic and X-ray phase methods]. 

48. Schur D.V., Khotynenko N.G., Zaginainchenko S. Yu., Savenko A.F., Adeev V.M., Firstov S.A. (2005b). 

To the problem of electrodeposition of fullerenes and their compounds from solutions. Nanosystems, 

Nanomaterials, Nanotechnologies Vol.3 (1), 215-225. [This paper demonstrates principle possibility to 

produce the fullerene films and fullerene-containing products from their solutions by the electrochemical 

method, presents investigation of electrical properties of fullerene solutions]. 

49. Shinohara H. (2000). Endohedral metallofullerenes. Rep. Prog. Phys. 63, 843-892. [This paper presents 

advances in the production, separation and various spectroscopic characterizations of endohedral 

metallofullerenes in an attempt to clarify their structural, electronic and solid state properties]. 

50. Liu S., Sun S. (2000). Recent progress in the studies of endohedral metallofullerenes. Organomet. 

Chem., 599 (1), 74-86. [This overview presents the recent progress in area of endohedral 

metallofullerenes in the past years, metals encapsulation into fullerene cage to form mono-, di- and 

trimetallofullerenes by arc-evaporation technique]. 

51. Kikuchi K., Suzuki S., Nakao Y., Nakahara N., Wakayabashi T., Shiromaru H. (1993). Isolation and 

characterization of a new metallofullerene La@C82. Chem. Phys. Lett. 216 (1-2), 67-71. [This paper gives 

description of isolation of metallofullerene LaC82 from the carbon soot by two-step liquid 

chromatographic method and comparison of IR absorption spectra between LaC82 and C82 empty 

fullerene]. 

52. Maeda Y., Matsunaga Y., Wakahara T., Takahashi S., Tsuchiya T., Ishitsuka M.O., Hasegawa T., 

Akasaka T., Liu M.T., Kokura K., Horn E., Yoza K., Kato T., Okubo S., Kobayashi K., Nagase S., 

Yamamoto K. (2004). Isolation and characterization of a carbene derivative of La@C82. J. Am. Chem. 

Soc. 126, 6858-6859. [This work shows the structure of La@C82(Ad) by ESR, MS and UV-vis-NIR 

spectroscopies and reports X-ray crystallographic characterization of endohedral monometallofullerene 

derivative]. 

53. Bolskar R.D., Alford J.M. (2002). Purification of endohedral and other fullerenes by chemical 

methods, US Pat. 7208132, TDA Research Inc. [The invention provides a method of separating a first and 

a second set of fullerenes in a fullerene mixture]. 

54. Shinohara H., Yamaguchi H., Hayashi N., Sato H., Ohkohchi M., Ando Y., Saito Y. (1993). Isolation 

and spectroscopic properties of scandium fullerenes (Sc2@C74, Sc2@C82, and Sc2@C84). 

 J. Phys. Chem. 97 (17), 4259-4261. [This paper shows the results of separation and isolation of 

discandium fullerenes from various hollow fullerenes using a two-stage high-performance liquid 

chromatography]. 

55. Stevenson S., Rice G., Glass T., Harich K., Cromer F., Jordan M.R., Craft J., Hadju E.,Bible R., 

Olmstead M.M., Maitra K., Fisher A.J., Balch A.L., Dorn H.C. (1991). Small-bandgap endohedral 

metallofullerenes in high yield and purity. Nature 401, 55-57. [This paper shows efficient production of 

stable endohedral fullerenes encapsulating trimetallic nitride clusters ErxSc3-xN@C80(x=0-3), its crystal 

structure, optical and electronic properties]. 
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56. Yamamoto K., Funasaka H., Takahashi T., Akasaka T. (1994). Isolation of an ESR-active 

metallofullerene of La@C82. J. Phys. Chem. 98 (8), 2008-2011. [This paper demonstrates separation of 

La@C82 isomer by an efficient single-stage chromatographic process]. 

57. Xiao J., Savina M.R., Martin G.B., Francis A.H., Meyerhoff M.E. (1994). Efficient HPLC 

purification of endohedral metallofullerenes. J. Am. Chem. Soc. 116, 9341-9342. [This paper presents the 

results of high-yield single-state HPLC separation of endohedral metallofullerenes from crude soot 

extract using tetraphenylporphyrin-silica material]. 

58. Meier M.S., Selegue J.P. (1992). Efficient preparative separation of C60 and C70-gel permeation 

chromatography of fullerenes using 100% toluene as mobile phase. J. Org. Chem. 57, 1924-1926. [This 

paper shows the method of purifying fullerenes to obtain a preparation enriched in a fullerene of selected 

molecular weight]. 

59. Klute R.C., Dom H.C., McNair H.M. (1992). HPLC separation of higher (C84+) fullerenes. 

 J. Chromatogr. Sci. 30, 438-442. [This paper presents the isolations of higher fullerenes above C84 (in 

addition to C60, C70, C76, C78, C84) using high performance liquid chromatography procedure]. 

60. Stevenson S., Dorn H.C., Burbank P., Harich K., Haynes J., Kiang C.H., Salem J.R (1994). 

Automated HPLC separation of endohedral metallofullerene Sc@C2n and Y@C2n fractions. Anal. Chem 

66 (17), 2675-2679. [This paper decribes an automated rapid separation of metallofullerenes from empty-

cage fullerenes utilizing two polystyrene chromatographic columns 500 and 1000Å in series]. 

61. Chai Y., Guo T., Jin C., Haufler R.E., Chibante L.P.F., Fure J., Wang L., Alford J.M., Smalley R.E. 

(1991). Fullerenes with metals inside. J. Phys. Chem. 95 (20), 7564-7568. [This paper presents the 

production of fullerenes (LaC60, LaC70, LaC74, LaC82) with a single lanthanum atom trapped on the inside 

of the carbon by laser vaporization of La oxide/graphide rod in argon flow at 1200°C]. 

62. Yeretzian C., Wiley J.B., Holczer K., Su T., Nguyen S., Kaner R.B., Whetten R.L. (1993). 

Partial separation of fullerenes by gradient sublimation. J. Phys. Chem. 97, 10097-10101. [This paper 

demonstrates the study of an experimental technique to separate/enrich fullerenes or metallofullerenes, 

exploiting differences in sublimation temperatures without the solvents use]. 

63. Diener M.D., Smith C.A., Veirs D.K. (1997). Anaerobic preparation and solvent free separation of 

uranium endohedral metallofullerenes. Chem. Mater. 9 (8), 1773-1777. [This paper demonstrates the 

production of films of C60, C70 and M@C60 by subliming fullerenes from arc-produced soot onto a mass 

spectrometry target]. 

64. Taylor R., Hare J.P., Abdula-Sada A.K., Kroto H.W. (1990). Isolation, separation and characterization 

of the fullerenes C60 and C70 : the third form of carbon. J.Chem. Soc., Chem. Commun. 20, 1423-1425. 

[This paper presents techniques for nanoscale generation and isolation of fullerenes C60 ,C70]. 

65. Krätschmer W., Huffman D.R. (1992). Fullerites: new form of crystalline carbon. Carbon 30 (8), 

1143-1147. [This is one of the earliest papers on the structure of solid fullerene and fullerite and some 

their properties]. 

66. Talyzin A.V., Dubrovinsky L.S., Le Bihan T., Jansson U. (2002a). In situ Raman study of C60 

polymerization at high pressure high temperature conditions. J. Chem. Phys.116 (5), 2166-2174. [This 

work presents study of C60 polymerization in the pressure range 10-27 GPa and temperatures up to 830 

K]. 

67. Talyzin A.V., Dubrovinsky L.S., Le Bihan T., Jansson U. (2002b). Pressure-induced polymerization 

of C60 at high temperatures: an in situ Raman study. Phys. Rev. B 65 (24), 245413-1-10. [The paper 

discusses structures of one- and two-dimensional polymeric phases of C60 and presents comparison of in 

situ Raman spectroscopy data of C60 polymerization with ex situ studies data]. 

68. Bennington S.M., Kitamura N., Cain M.G., Lewis M.H., Wood R.A., Fukumi K., Funakoshi K. (2000). In 

situ diffraction measurement of the polymerization of C60 at high temperatures and pressures. 

 J. Phys.: Condens. Matter. 12 (28), L451-L456. [This is a paper on study of polymerization process of 

fullerene C60 and dynamics of phase transformations at temperatures 300-1100 K]. 

69. Sundqvist B. (2004) Polymeric fullerene phases under pressure // In: Fullerene-Based Materials: 

Structure & Bonding, Prassides K. (ed.), Berlin, Heidelberg, Germany: Springer, 284 p.;  

P. 85-126. [The paper has it main emphasis on structures of one-, two- and three-dimensional polymeric 
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phases of C60 created in the range 1-9 GPa and up to 1100K and polymeric forms of C70 and their physical 

properties under high pressure and presents pressure-temperature phase diagrams of C60 and C70]. 

70. Blank V.D., Buga S.G., Dubitsky G.A., Serebryanaya N.R., Popov M.Yu., Sundqvist B. (1998). High 

–pressure polymerized phases of C60. Carbon 36 (4), 319-343. [This is overview of phase transformations 

and structures of polymeric phases of C60 in the pressure range up to 20 GPa and at temperatures up to 

2300K; paper presents pressure-temperature diagram and discusses physical properties of various phases]. 

71. Rao A.M., Eklund P.C., Hodeau J.L., Marques L., Nunez-Regueiro M. (1997). Infrared and Raman 

studies of pressure-polymerized C60. Phys. Rev. B 55 (7), 4766-4773. [The paper discusses the room-

temperature infrared and Raman spectra for pressure-induced rhombohedral, tetragonal, orthorhombic C60 

polymers and presents comparison of experimental spectra with the vibrational spectra from a first-

principles molecular calculation for C60 dimer and infinite chain of polymerized C60]. 

72. Blank V.D., Dubitsky G.A., Serebryanaya N.R., Mavrin B.N., DenisovV.N., Buga S.G., 

Chernozatonskii L.A. (2003). Structure and properties of C60 and C70 phases produced under 15 GPa 

pressure and high temperature. Physica B 339 (1), 39-44. [This work discusses the high-temperature high-

pressure treatment of fullerites C60, C70 and production of three-dimensional polymerized C60 and C70 

phases, analyzes formation of superhard phases with high elastic properties]. 

73. Szwarc
 
H., Davydov V.A., Plotianskaya S.A., Kashevarova L.S., Agafonov V., Céolin R. (1996). 

Chemical modifications of C60 under the influence of pressure and temperature: from cubic C60 to 

diamond. Synth. Metals 77 (1-3), 265-272. [This paper presents transformations of solid C60 as a function 

of temperature and pressure]. 

74. Blank V.D., Buga S.G., Dubitsky G.A., Gogolinsky K.V., Prokhorov V.M., Serebryanaya N.R.,  

Popov V.A. (2007). High –pressure synthesis of carbon nanostructured superhard materials. Topics Appl. 

Phys. 109, 393-418. [Provides an analysis of structure of polymerized phases of fullerites and order in 

them, presents their physicomechanical and electrical properties]. 

75. Horikawa T., Suito K., Kobayashi M., Oshima R. (2005). High-pressure synthesis of superhard 

material from C60. Jpn. J. Appl. Phys. 44 (5 A), 3141-3146. [This paper gives information on properties 

(hardness) of fullerene C60 in the temperature range 165-800 
0
C and the pressure range 10-15 GPa]. 

76. Dai L. (1999). Advanced synthesis and microfabrications of conjugated polymers, C60−containing 

polymers and carbon nanotubes for optoelectronic applications. Polym. Adv. Technol. 10 (7), 357-420. [A 

review on advanced synthesis of processable conjugated polymers, fullerene C60–containing polymers 

and carbon nanotubes and their use in non-linear optical, organic light-emitting and electron-emitting 

devices]. 

77. Zgonnik V.N., Vinogradova L.V., Melenevskaya E.Yu., Amsharov K.Yu., Ratnikova O.V., Biryulin 

Yu.F., Novoselova A.V., Lavrenko P.N. (2002). Synthesis of fullerene-containing polymer composites 

and investigation of interactions in these systems. Phys. Solid State 44 (4), 615-616. [A brief description 

of methods of synthesizing fullerene-containing polymer composites and the influence of the synthesis 

procedure on the fullerene content]. 

78. Eklund P.C., Rao A.M. (2000). Fullerene Polymers and Fullerene Polymer Composites, Berlin, 

London: Springer, 394 p. [This book is a collection of both theoretical and experimental review-studies of 

fullerene polymer composites including crystallography, photochemistry, photophysics, conductivity and 

superconductivity, physicochemical synthetic methods, etc., and presenting the variety of structures]. 

79. Wang C., Guo Z.X., Fu S., Wu W., Zhu D. (2004). Polymers containing fullerene or carbon nanotube 

structures. Prog. Polym. Sci. 29, 1079-1141. [This is a review paper on many living polymerization 

methods introduced into the preparation of the polymer fullerenes and synthesis of polymeric CNTs, their 

unusual mechanical, electrical, magnetic and optical properties and a broad range of potential 

applications]. 

80. Martín N., Giacalone F. (eds.) (2009). Fullerene Polymers: Synthesis, Properties and Applications. 

Wiley – VCH, Weinheim, 314 p. [This book includes a new classification of the different types of 

fullerene polymers according to their chemical structures, covers all aspects to their synthesis and 

properties and a wide range of uses in material science]. 

81. Dai L., Mau A.W.H. (2001). Controlled synthesis and modification of carbon nanotubes and C60: 

carbon nanostructures for advanced polymeric composite materials. Adv. Mater. 13, 899-913. [This paper 
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presents various synthetic approaches to making polymeric composites with novel methods of 

microstructuring these materials into aligned or patterned forms]. 

82. Chen Y., Huang Z.E., Cai R.F., Yu B.C., Ma W.W., Chen S.M., Shao Q.F., Yan X.M.,  

Huang Y.F. (1998). Polymeric modification and functionalization of [60] fullerene. Eur. Polym. J. 34 (2), 

137-151. [This article reviews the developments in the polymerization and functionalization of C60, shows 

four ways in preparation of fullerene-containing polymeric materials]. 

83. Schur D.V., Dubovoy A.G., Zaginaichenko S.Yu., Savenko A.F. (2004a). Method for synthesis of 

carbon nanotubes in the liquid phase. Extended Abstracts of International conference on carbon, 

Providence, Rhode Island, USA: American Carbon Society, 196-198. [This work discusses the 

development of the method of arc synthesis of carbon nanostructures in the liquid phase and its positive 

features]. 

84. Schur D.V., Dubovoy A.G., Zaginaichenko S.Yu., Adejev V.M., Kotko A.V., Bogolepov V.A., 

Zolotarenko A.D. (2007). Production of carbon nanostructures by arc synthesis in the liquid phase. 

Carbon 45, P. 1322-1329. [This paper presents investigation of arc synthesis of carbon nanostructures in 

liquid medium, effect of chemical composition of reagents, medium temperature and pressure, cooling 

rate on their properties]. 

85. Tang C.C., Fan S.S., Li P., Liu Y.M., Dang H.Y. (2001). Synthesis of boron nitride in tubular form. 

Mater. Lett. 51 (4), 315-319. [This paper provides an analysis of method for synthesizing boron nitride in 

tubular form (BN nanotubes with diameters ranging from 7 to 30 nm)]. 

86. Ivanovskii A.L. (2002). Non-carbon nanotubes: synthesis and simulation. Russ. Chem. Reviews, 71 

(3), 175-194. [This review discusses the main methods for synthesis of non-carbon nanotubes and some 

their properties, analyses the electronic structures of these objects and compares the results of 

experimental and theoretical studies along these lines]. 

87. Zhang L., Fang X., Ye C. (2007). Synthesis of inorganic non-carbon nanotubes. In: Controlled 

Growth of Nanomaterials, 329-366, 480p. // In: Controlled Growth of Nanomaterials, Zhang L. (ed.), 

Singapore; Hackensack: World Scientific Pub., 2007, 480 p.; P. 327-366. [This chapter gives a review of 

two- and three-dimensional structures of inorganic nanotubes of different compositions]. 

88. Golberg D., Bando Y., Tang C.C., Zhi C.Y. (2007). Boron nitride nanotubes. Adv. Mater. 19 (18), 

2413-2432. [A review on current knowledge on the synthesis, morphology, atomic structure of BN 

nanotubes as well as their physical, chemical and functional properties]. 

89. Han W.Q., Mickelson W., Cumings J., Zettl A. (2002). Transformation of BxCyNz nanotubes to pure 

BN nanotubes. Appl. Phys. Lett. 81 (6), 1110-1112. [This paper demonstrates conversion process of 

multiwalled BxCyNz nanotubes into BN multiwalled nanotubes and thermal stability of pure BN 

nanotubes]. 

90. Zettl A. (1996). Non-carbon nanotubes. Adv. Mater. 8 (5), 443-445. . [The paper discusses the 

possibility of synthesis of single- and multiwalled boron-nitride-containing nanotubes and these 

nanotubes together with carbon (BC2N–type)]. 

91. Tenne R., Margulis L., Genut M., Hodes G. (1992). Polyhedral and cylindrical structures of tungsten 

disulphide. Nature 360 (6403), 444-446. [This is paper reporting the formation of stable structures in the 

layered semiconductor tungsten disulphide]. 

92. Rubio A., Corkill J.L., Cohen M.L. (1994). Theory of graphitic boron nitride nanotubes. Phys. Rev. 

B49 (7), 5081-5084. [This theoretical paper presents a study of electronic structure of BN nanotubes 

using Slater-Koster tight-binding method and comparison of ionicity of these nanotubes and similar 

carbon nanotubes]. 

93. Blasé X., Rubio A., Louie S.G., Cohen M.L. (1994). Stability and band gap constancy of boron nitride 

nanotubes. Europhys. Lett.28 (5), 335-340. [This is a theoretical paper with extensive local-density-

functional and quasi-particle calculations to study the structural stability of single-wall and multi-wall BN 

nanotubes]. 

94. Miyamoto Y., Rubio A., Cohen M.L., Louie S.G. (1994). Chiral tubules of hexagonal BC2N. Phys. 

Rev. B50 (24), 4976-4979. [This work proposes the band-structure calculations to produce chiral 

structures by rolling BC2N sheets into tubules and predicts their semiconducting properties]. 
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95. Schur D.V., Kaverina S.N., Khotynenko N.G., Zaginaichenko S.Yu., Kopylova L.I. (2003). Synthesis 

of silicon nitride nanotubes using nanostructural carbon. Book of abstracts of VIII International 

conference “Hydrogen Materials Science and Chemistry of Carbon Nanomaterials”, Sudak, Crimea, 

Ukraine, September 14-20, 844-847. [This work proposes method for the production of pure Si3N4 

nanotubes of α or β phases using nanostructural carbon]. 

96. Tenne R., Zettl A. (2001). Nanotubes from inorganic materials, In: Dresselhaus M.S., Dresselhause 

G., Avouris P. (eds.): Carbon Nanotubes: Synthesis, Structure, Properties and Applications, Berlin, 

Germany: Springer-Verlag, 2001, 80, 81-112. [This chapter gives review of synthesis of BN, WS2 and 

V2O5 nanotubes and of their electronic, optical and mechanical properties and presents some potential 

applications of these nanomaterials]. 

97. Harris P.J.F. (1999). Carbon Nanotubes and Related Structures: New Materials for the Twenty-First 

Century, Cambridge: Cambridge University Press, 293p. [This monograph covers most aspects of carbon 

nanotube research as well as discussing related structures such as fullerenes in 9 chapters and provides an 

excellent bibliography at the end of each chapter]. 

98. Saito R., Dresselhaus G., Dresselhaus M.S. (1998). Physical Properties of Carbon Nanotubes, 

London: Imperial College Press, 259p. [This book covers most aspects of structure of carbon nanotubes 

including their electronic properties and focuses on the basic principles behind their physical properties]. 

99. Rakov E.G. (2000). Methods for preparation of carbon nanotubes. Russ. Chem. Rev. 69 (1), 35-52. 

[This paper presents the main methods of synthesis and purification of carbon nanotubes and proposes the 

directions of their applications]. 

100. Han W., Bando Y., Kurashima K., Sato.T. (1998). Synthesis of boron nitride nanotubes from carbon 

nanotubes by a substitution reaction. Appl. Phys. Lett. 73 (21), 3085-3087. [This work proposes the 

synthesis methodology to produce the mass quantities of BN nanotubes]. 

101. Yu J., Chen Y., Elliman R.G., Petravic M. (2006). Isotopically enriched 
10

BN nanotubes. Adv. 

Mater. 18 (16), 2157-2160. [This work is on the mechanical properties of 
10

BN nanotubes with their 

comparison with carbon nanotubes]. 

102. Chen Y.J., Fu L., Chen Y., Zou J., Li J., Duan W.H. (2007). Tunable electric conductivities of Au-

doped BN nanotubes. Nano 2 (6), 367-372. [This paper covers both experimental and computing studies 

of the production of BN nanotube films with Au atoms in nanotube walls]. 

103. Garbuz V.V., Zakharov V.V., Kuzmenko L.N., Nuzhda S.V. (2005). Regularities of nanoforms 

oxidation in carbon matrix. Book of abstracts of IX International conference “Hydrogen Materials 

Science and Chemistry of Carbon Nanomaterials”, Sevastopol, Ukraine, September 22-28, 702-705. 

[This work shows the regularities of oxidation of Co-carbon nanostructure materials obtained by 

disproportionation CO]. 

104. Zolotarenko A.D., Lavrenko V.A., Zaginaichenko S.Yu., Perecos A.E., Nadutov V.M. et.al. 

(2011aEncapsulated ferromagnetic nanoparticles in carbon shells. In: Carbon Nanomaterials in Clean 

Energy Hydrogen System–II, Proc. of NATO ARW on Carbon Nanomaterials, Dordrecht, Netherlands: 

Springer, 127-135. [This paper discusses micro- and nanostructures of produced Me-C nanocomposites 

(Me=Fe, Ni, Fe + Ni) using the transmission electron microscope]. 

105. Zolotarenko A.D., Zaginaichenko S.Yu., Dubovoy A.G., Schur D.V., Lavrenko V.A. (2011b). The 

peculiarities of nanostructures formation in liquid phase. In: Carbon Nanomaterials in Clean Energy 

Hydrogen System–II, Proc. of NATO ARW on Carbon Nanomaterials, Dordrecht, Netherlands: Springer, 

137-150. [This paper presents the model of carbon nanostructures formation by arc discharge in the liquid 

phase, their structure, phase composition and magnetic properties]. 

106. Schur D.V., Zaginaichenko S.Yu., Savenko A.F., Bogolepov V.A., Zolotarenko A.D., Matysina 

Z.A., Veziroglu T.N. (2011). Experimental evaluation of total hydrogen capacity for fullerite C60. Int. J. 

Hydrogen Energy 36 (1), 1143-1151. [This paper presents the optimum regime of fullerene C60 

hydrogenation and mechanism for definition of hydrogenation degree of fullerene]. 

107. Braun T., Schubert A., Kostoff R. (2002). A chemistry field-in search of applications statistical 

analysis of US fullerene patents. J. Chem. Inf. Comput. Sci. 42 (5), 1011-1015. [This paper shows US 

patenting activity on the application of fullerenes]. 
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108. Zeynalov E.B. (2007). Fullerenes: Information collection (1991-2006), Baku: Nurlan, 521 p. 
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150. Lee N.S., Chung D.S., Han I.T., Kang J.H. Choi Y.S., Kim H.Y (2001). Application of carbon 

nanotubes to field emission displays. Diamond Relat. Materials 10 (2), 265-270. [This paper presents 
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