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Abstract 

A comparative efficiency analysis of fullerene synthesis methods showed the advantage of the arc method and the output limit 

of arc discharge devices with various geometries: α = 19 ± 4% and 33%. In order to increase the output, working gas flow is 

introduced in the hollow electrode with arc discharge using a ceramic insulator (alundum crucible). Under such conditions, the 

formation time of fullerenes in the high-temperature space is longer and the cluster concentration is higher; therefore, the 

output of heavy fullerenes and product without amorphous component increases. It is planned to use, instead of alundum an 

insulator made of boron carbonitride. 
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1. Introduction 

In the 1970s, the possibility of the existence of hollow C20, 

C60 clusters and their electronic structures were shown 

theoretically [1]. These carbon clusters, which were called 

fullerenes, were obtained experimentally in a supersonic 

helium stream by the action of a laser beam on the graphite 

surface [2]. Investigations showed that fullerenes are 

effective electron acceptors and form compounds with new 

properties with atoms of other elements. The discovered 

peculiarities show fullerenes and their derivatives to be a 

new class of molecules-compounds; the trends in physics, 

chemistry, biology, medicine and technology, which are 

originating on their basis, are also new. Therefore it was 

intended to carry out a technological revolution by 

modernizing the main spheres of activity through the use of 

fullerenes, their derivatives and composites based on them as 

the main material. To realize this idea, a search for and 

development of fullerene synthesis methods were initiated. In 

the past decades, the most important discovery was the 

Kratschmer arc method [3]. The relatively high efficiency of 

the method ensured successes in investigations of fullerenes 

[4], which extend to a marked degree the range of possible 

use of fullerenes with due regard for the works done in recent 

years (e.g. hydrolyzed fullerenes [5] can be used in liquids 

and salt solutions). To implement numerous projects, it is 

necessary to drastically increase the production of fullerenes 

[6-9]. However, with the existing synthesis methods, the cost 

of C60 fullerenes (in 1997-1999, a fall of 25-35% was 

observed) has been 20-40 times higher than the competitive 

cost of fullerenes for the beginning of their use at least in the 

most expensive spheres: pharmaceutics, diamonds, catalysts 

for over 20 years [6]. The cost of fullerenes as a product of 

the manufacturing chain includes, independent of synthesis 

method, the cost of the main stages: (1) making fullerene 

carbon black, (2) extracting fullerenes from carbon black 

(separating from the amorphous constituent) using solvents, 

(3) removing the solvent from the product [10]. Calculation 

shows that the cost of the first stage is under 1%. The main 

expenditures in terms of time, energy and the cost of 

expendables are associated with the use of environmentally 

harmful and expensive organic solvents. 

The aim of this work is to survey literature on the existing 
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fullerene synthesis methods, to choose an advantageous 

synthesis method and to show the development of an 

economical synthesis method. In the final part on the basis of 

preliminary trials is given a recommendation for the use of a 

ceramic insulator made of boron carbonitride. 

2. Comparative Analysis of 
Fullerene Synthesis Methods 

At the present time, the most commonly used fullerene 

synthesis methods are: laser, chemical and arc discharge 

methods. The common peculiarity of the methods is that 

fullerene synthesis takes place in an inert gaseous medium at 

the temperature 1500 < T < 7000 K [11] (low-temperature 

plasma conditions). The formation of nanostructures in a 

space with high temperature takes place by collision of 

carbon clusters. The process is affected by the Coulomb 

interaction of particles with opposite sign. The synthesis 

methods differ in fullerene formation mechanism. 

2.1. Laser Method 

The most efficient CO2 laser [12] has a relatively low 

efficiency; to use the laser widely, the cost of beam energy 

must be decreased by several fold [6]. A problem of the 

method is also the introduction of radiation into the reactor. 

Moreover, as was pointed out in [2], the vapor screening the 

portion treated with beam must be withdrawn during 

fullerene synthesis. However, the laser method, which is 

most convenient in controlling the beam energy, is used for 

the synthesis of pilot samples of nanostructures [8]. 

2.2. Chemical Method 

This method of fullerene synthesis started with experiments 

on synthesis in torch flame. The method is based on the 

process of incomplete burnout of a mixture containing 

hydrocarbon, oxygen and ballast gas (He, Ar, N2). In the 

perfect form it is now FCC method [4, 13]. The cost of the 

product is affected by the difficulty of singling out 

preassigned structures from the big range of synthesis 

products. They are hydrogenated and oxidized fullerenes, 

nanotubes and amorphous carbon black [10]. Detailed 

analysis of the mechanism shows that the formation of 

fullerenes takes place in reactions of polycyclic aromatic 

hydrocarbons (PAHs). In this case, the small fraction of 

coagulations of PAH molecules results in fullerene structures 

since during the transformation of PAH molecules, 

transformations of the intermediate product into carbon black 

at the point where a considerable curvature appears in 

growing molecule on the formation of internal pentagon take 

place with higher probability [6]. The synthesis temperature 

is about 2000 K, the yield is up to 20%, the velocity of the 

mixture over the torch is up to 0.5 m/s [13]. 

2.3. Arc Discharge Method 

The method has the following parameters: 6000 ≥ T > 1500 

K, velocity of gas-plasma jet in the reaction zone: over 10 

m/s, small volume of the reaction space (interelectrode space 

and adjacent space: not over 0.2 L). It is similar in this to the 

laser method and has advantage over the chemical method. In 

contrast to the laser method, however, the carbon vapor 

formed at high temperature during synthesis is a plasma-

forming element, which is necessary to maintain discharge. 

The mechanism of fullerene formation in arc discharge is 

similar to the laser method: it is coagulation in the gas phase 

on the collision of atoms and Cn clusters. The excess kinetic 

energy of the formed fullerene is removed, and the excess 

carbon atoms are annealed away on collision with the wall 

and buffer gas atoms. The yield is 15-23%. Secondary 

characteristics of the method: the ready availability and 

compactness of the advanced equipment give an additional 

advantage over other methods.  Thus, the highest yield has 

been achieved at present by using electric arc, which has 

better prospects for increasing the efficiency of fullerene 

synthesis. 

3. Varieties of Arc Discharge 
Devices for Fullerene 

Synthesis 

The overwhelming majority of arc discharge devices were 

built by analogy with the original discharge device [3], in 

which low-pressure discharge is ignited between electrodes 

in the form of rods. In these devices, the space and duration 

of fullerene formation are determined by the value of the 

working interelectrode gap d and the length of the fullerene 

formation space, L ≈ 2 × d, bound up with it, which is 

covered during discharge within the time interval ∆t ~ 10
-3-4

 s 

according to calculations [14]. In the case of this discharge 

mode, a small fraction of carbon vapor is transformed into 

fullerenes. 

3.1. Known Studies on Arc Discharge 

Synthesis 

The Afanasyev arc synthesis apparatus is known from 

numerous papers on the investigation of arc discharge and 

the properties of fullerenes. The plasma temperature during 

fullerene synthesis had been estimated. The temperature 

reaches T ~ 5 – 7×10
3 
K. The radiation spectrum of fullerene 

plasma had been studied. A yield of ~ 15% was reached on 

the apparatus [11, 1994]. 

On an automated precision apparatus for graphite arc 

evaporation it was shown that arc discharge for fullerene 



168 Кasumov М. М.:  On the Limiting Yield in Fullerene Synthesis   

 

synthesis takes place at a pressure up to 0.11 MPa. Based on 

investigations, a mathematical model of arc reactor had been 

developed. In the model, the effect of atoms and small 

clusters (C1 - C4) on the formation of fullerenes had been 

considered. The limiting yield is 20-25%, and it was found 

that the value of the C70/C60 ratio is equal to 0.2 [15, 1998]. 

In the work [16, 2002], which was carried out on the same 

device at pressures of up to 0.3 MPa at the optimum values 

of interelectrode space and  electrode consuption rate, a yield 

of up to 23% is given. 

In the Churilov plasma apparatus, fullerene synthesis takes 

place in a discharge chamber, a cylider 40 mm in diameter 

and 590 mm in length. The discharge power supply is a 40 – 

400 kHz high-frequency generator of up to 24 kW power. 

The temperature in the plasma medium was measured to be 

2000 < T < 5000 K. When working with HF discharge in a 

working gas flow, it was assumed that fullerene synthesis 

takes place throughout the carbon plasma flow in 

coincidence with the helium flow; the yield is up to 20 % [7, 

2000]. 

On an arc synthesis apparatus [17, 2004], measurements 

were made at discharge current magnitudes of 80 – 800 A 

with electrodes 6 – 20 mm in diameter. In the cathode were 

made five holes, through which a working gas flow was fed 

into the discharge space. The flow created a strong radial 

flow in the interelectrode space. In that case, the residence 

time of formed fullerenes in the interelectrode space and 

deposit formation decreased. Accordingly, the distruction of 

fullerents by the action of UV radiation decreased. The yield 

with electrode of 6 mm diameter at a discharge current of 80 

A reaches ≈ 17%. 

3.2. Results on Arc Discharge 

In the above known papers, the discharge devices differ 

widely in general geometry, but the product yield obtained is: 

α = (19 ± 4) %.                             (1) 

The difference in the limits of yield measurement error for 

arc discharge devices is due to the fact that fullerenes are 

formed in a space with the highest plasma concentration: the 

interelectrode discharge space and the space adjacent (and 

turbulence) to it of approximately the same size are common 

to the above devices. The values in (1) show that the 

synthesis methods now in use have reached their limit. This 

entails the long persistence of high prices for fullerenes and 

retardation of the development of the fields of possible use of 

ullerenes. 

4. Problem Solution Fullerene 
Arc Synthesis with a Hallow 

Cathode 

The basis of the design of the dicharge device is cylindrical 

discharge chamber of stainless steel Fig 1(a). A tubular 

graphite cathode was placed axisymmetrically in the 

discharge chamber Fig 1(b).  

 

Fig. 1. Experimental setup [18]: (a) general view, (b) tubular reactor. 
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To electrically insulate the cathode from the anode, which is 

inserted through an opening in the middle of the tubular 

cathode, a ring of high-temperature ceramic (alundum) is 

used. On the ends of the discharge chamber were inserted 

water-cooled tubes for the feeding of helium and withdrawal 

of the synthesis product on the other end. When discharge is 

ignited, the plasma temperature in the interelectrode space 

settles at the highest value (T > 1500 K). According to the 

schematic in Fig. 1, one can imagine that the fullerene 

formation “line” begins from the middle of the cathode tube, 

where the initial laminar flow of working gas “dashes” 

against the anode. At the point synthesis process in a hollow 

cathode was taken into account in the development of 

processes in a discharge device (described below), in which 

fullerene formation at high temperature takes place along the 

full path length of encounter of the flow with the anode and 

in the near adjacent space. (This is just as in an ordinary 

water flow with small obstacle). A vigorous mixing of the 

working gas flow with small and medium carbon atoms and 

clusters (C2, C3, …), evaporated from  the electrodes, takes 

place. On this portion in gas-plasma flow, a portion with 

turbulence appears, in which the formation process is 

accelerated.  It follows that synthesis takes place in the other 

half of the hollow cathode. However, the temperature (T < 

1500 K) and the rate of formation decrease with increasing 

distance from the interelectrode space. A yield of 33% was 

achieved with this device [18]. 

4.1. On the Fullerene Formation Process in 

Arc Discharge 

Fullerene arc synthesis is a multievent process, the theory of 

which has not been carried to completion. According to 

general concepts, the Cj fullerene formation process takes 

place in the discharge space at 1500 – 5000 K during 

diffusion as a result of collisions followed by coalescence of 

nanoparticles. Fullerene synthesis is conventionally 

represented as series of acts of attachment of small Ck, Ci 

clusters of carbon vapor from the heated portions of the 

electrodes and the subsequent kinetic excess energy 

relaxation of coalescing particles in inverse processes, 

annealing-away of nf ·Cf  clusters. Conventional synthesis 

scheme: 

Сj = Ск+∑|i ni·Ci - ∑|f  nf ·Сf,                     (2) 

where Ck is the initial fullerene cluster formed in the 

interelectrode space, the coefficients ni, nf are integers The 

clusters in the scheme (2) are summed with respect to the 

subscripts i and f. According to the scheme (2), the formation 

parameters of each Cj fullerene also develop on the 

conventional path. The fullerene formation parameters are 

formed from the sum of individual segments: duration of the 

formation process, Тj = ∑|jtСj, and formation path length Hj = 

∑|j hСj. 

In arc discharge, the diffusion nature of spatial motion with 

temperature decrease from radius gives a spread of clusters in 

path parameters, in mass and quality of the product. In arc 

discharge, amorphous carbon black accounts for a larger 

fraction of the product (> 50%). 

From the analysis of the existing concepts it may be assumed 

that the product of other quality can be obtained in a space 

with high temperature, in which longer duration and length 

of fullerene formation path with turbulent portions are 

ensured. The space with such peculiarities has a circular 

symmetry at the minimal energy consumption. 

4.2. Arc Discharge in a Hollow Electrode 

with Working Gas flow (ADHE - WGF) 

To ensure continuous synthesis process, a stock-produced 

TDM-317 as welding power source with dropping current-

voltage characteristic and a pulsed arcing stabilizer (PAS) 

were used jointly. The TDM-317 + PAS circuit continuously 

holds plasma in the interelectrode space, also at the moments 

of passage of current and voltage through zero [19]. 

 

Fig. 2. Projections of parts of the hollow electrode arc discharge device with 

conditional path of fullerenes formation A→B →C → D. 
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In the works [20, 21], fullerene synthesis was caried out in a 

chamber of 68 mm diameter (h = 150 mm) on the discharge 

device shown in Fig. 2: graphite electrode 1 for emission 

spectrum analysis (diameter 6 mm), graphite electrode 2 

(cavity diameter 15 mm, h = 15 mm) with slits through 

which working gas (He) enters the electrode cavity. In the 

design, the part 3 is a graphite cover. Electrical insulation 

between the electrodes 1 and 2 is provided by a high-

temperature ceramic, an alundum crucible 4. An extra 

function of crucible is heating the working gas that enters the 

discharge space. The working gas coming from the free space 

heats on the passage of gas-pasma flow and discharge 

radiation over the surface of the crucible, which heats up on 

thermal contact with the heated electrode portion. The parts 5 

and 6 of common steel apply potential to the electrode 2 and 

fasten the construction together into a whole. The part 7 is 

the chamber wall. 

The electrode holders and chamber walls are water-cooled. 

Fig. 2 does not show the device that aligns the electrode 1, 

which is consumed during discharge, relative to the cavity of 

the electrode 2. It is seen from Fig. 2 that the synthesis 

product leaves the cavity against convection; therefore, the 

fullerene formation process is longer. 

 

Fig. 3. The peak values of Mass spectrum of fullerenes obtained in HEAD-WGF depend on m/z. 

4.3. Synthesis of Fullerenes 

Fullerenes were synthesized with the helium flow rate q = 

0.3 L/min at discharge currents of 60, 80, 70, 70 A. Dischage 

with the current I = 60 A was switched on, but it was 

switched off after 30 – 40 min because no electrode 

consumtion was observed. This condition was taken as the 

lower discharge current limit. At the discharge current I = 80 

A, fullerene carbon black was obtained, which showed an 

amorphous constituent in benzene. The precipitate was 

removed by filtration. This condition for discharge current is 

the upper limit for the device. The other discharge data are 

given below. 

At the optimal current magnitude I = 70 A, discharge was 

switched on for t = 5 and 7 min. The discharge voltage varies 

smoothly during synthesis. As the electrode burns up the 

voltage increases. To retain the optimal discharge conditions, 

the electrode was displaced. For these conditions, the 

measured electrode consumption rate was v ≈ 18×10
-3

g/min, 

and 8×10
-3

 and 12×10
-3

g deposits formed in the hollow 

electrode, the mass of them being 5 – 6 times smaller than 

the usual one. In air, the deposits were easily removed. The 

fullerene carbon black was removed from the chamber walls 

and immersed in benzene. The rapid and complete 

dissolution of carbon black was unexpected. The solution 
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turned red-brown, which is typical of fullerene solution, but 

there was no precipitate in the solution. In the ordinary-

discharge product, filtration takes a longer time because 

fullerenes are extracted in the solvent through a layer of 

amorphous carbon black, the extraction being at a minimum 

in this particular case. With allowance for deposit, the 

synthesis product (fullerenes) accounts for up to 90% of the 

mass of consumed carbon. 

4.4. On the Product of Synthesis by Arc 

Discharge in a ADHE-WGF 

The composition of the product of synthesis by ADHE-WGF 

(fullerite) was determined on an AutoFlex apparatus (Bruker, 

Germany) from a time-of-flight mass spectrum (MS). A MS 

of fullerenes with negative charge for a product obtained in 

HEAD -WGF under optimal conditions (discharge current I~ 

= 70 A, discharge voltage V~ ≈ 20 V; laser beam parameters: 

q = 2,6×10 
-6 

J, f = 10 s
-1

) is shown in Fig. 3. As can be seen, 

the lines in this series follow at the interval ∆ (m/z) = 24 amu 

= 2mc, which is usual for fullerene spectrum. It is seen from 

Fig. 3 that the MS consists of background bands, which 

differ in height and width, bands of medium protonated 

clusters (C26, C27, C28), C60, C70, C72 and a series of C74+2n 

lines, where n = 0-40. In the spectrum, the lines of stable 

nanostructures, which accumulated during discharge on the 

cooled walls of the chamber: C60
-
, C70

-
,…, C78

-
, C84

-
,.., C90

-
, 

C96
-
, C112

-
,…, C150

-
 stand out in the value of the peaks. 

It is easy to notice that the peak values in the MS of 

fullerenes in Fig 3 are in agreement with the formation 

mechanism of cheme (2) and another detailed presentation 

proposed: the peak values of fullerenes decrease with 

increasing mass, but the decrease in peak values in ADHE-

WGF is smaller as compared with ordinary-arc-discharge 

spectrum. An important peculiarity of the spectrum of ADHE 

-WGF, which contradicts the above one, is that the peak 

value of C84 fullerene exceeds that of the C70 fullerene. The 

spectrum of fullerenes with positive charge ends with the 

C84
+ 

fullerene peak, but the background spectrum has an 

extension at m/z > 1800 u. 

4.5. On the Mechanism of Fullerene 

Formation in ADHE-WGF 

As was pointed out above (p. IV, A), fullerenes begin to form 

on collisions of carbon atoms, ions and small C2, …, C4 

clusters by the action of a turbulent evaporation flow from 

the surface of the electrodes. But in a hollow electrode, the 

turbulence under the action of working gas flow is higher, 

and the process occurs with the participation of helium atoms 

via forward and back reactions [23]. As was pointed out, 

another distinction of the MS of ADHE-WGF from ordinary-

discharge MS is background. The structures that create a 

background in the MS of ADHE-WGF don’t affect the 

transparency of the benzene solution of fullerene carbon 

black. The background is created by nanostructures formed 

as a result of “re-formation” of fullerenes and annealing 

away of fragments, which become just a “nanobackground”. 

The nanobackground peaks in the mass spectrum 24 ≤ m/z < 

2000 u have a value of up to 2.0 – 3.5 % of the peak value of 

C60. The MS of the product of ADHE-WGF at the discharge 

current I = 70 A without filtration coincides with the 

spectrum obtained after double filtration. The result is 

confirmed by the MS of fullerene carbon black synthesized 

at I = 80 A. There is a background in the spectrum of positive 

and negative ions, and the background is larger for the 

product obtained at higher discharge current.
 

4.6. Estimation of the Efficiency of 

Fullerene Synthesis in ADHE-WGF 

To estimate the efficiency of the process, the equation: 

Р = 60 · v · Y · r,                             (3) 

Was employed, where the electrode consumption v was 

determined above; Y ≈ 1, and r = t/ (t + t0) is the ratio of 

synthesis process and cycle durations. Calculation from (3) 

gives the value: P ≈ 0.8 g/h. But the mass of the product was 

smaller than the calculated one because of product loss in the 

synthesis space. Therefore, the efficiency estimates given in 

the paper were obtained with allowance for the C-C bond 

energy of the C60 fullerene. A value of the order of ≈ 0.9 % 

was obtained. 

G. Geometrical Factor in Fullerene Formation 

In arc discharge, the length of fullerene formation path is 

estimated from the equation: 

L0 = (1÷3) × ∆,                               (4) 

where ∆ is working interelectrode gap ∆ = 1 – 7 mm [4], and 

the length of fullerene formation path  L0 ≈ 15 mm. 

A common estimation of the length of formation space in the 

device for ADHE-WGF is given on the basis of the size of 

the electrodes: 

L1 = [H + (Ф – ф) • 0.5]• K,                  (5) 

where H is the cavity depth, Ф is the cavity diameter, ф is the 

consumed rod diameter, gas flow turbulence factor K > 

1[24]. The calculations give formation path L1 ≈ 25 mm. 

A more detailed examination of the formation path, which 

takes into account the cavity geometry and gas plasma 

thermodynamics, gives the path: 

L1 
* 
≥ 100 mm.                       (5*) 

In this case the fullerene formation path is a helix, which has 
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2-3 turns. 

Comparison of the values in (4) and (5), (5*) shows an 

advantage of the method with hollow electrode over that with 

ordinary discharge:  the fullerene yield is higher at the longer 

length of nonlaminar formation path. 

5. Conclusion 

� The electric arc method has an advantage over the laser 

and chemical methods. In the 1990s, the maximum 

fullerene yield (19 ± 4) % was achieved by arc synthesis, 

and the major part of the synthesis product is amorphous 

carbon black. 

� In 2005 [18], a fullerene yield of 33% in a hollow graphite 

tubular reactor was attained. 

In 2007 [20], to increase the efficiency of fullerene synthesis, 

arc discharge in a hollow electrode with working gas flow 

(ADHE – WGF) from a space with  high-temperature  

insulator was used for the first time; it was shown that in this  

discharge, carbon vapor is transformed into fullerenes 

without amorphous carbon black formation. 

Remarks 

The results presented in the paper have been obtained in 

successful series of measurements on an ADHE-WGF device 

with high-temperature alundum insulator. But in most cases 

of unsuccessful switch-ons, the alundum crucible crackled 

after one or three switch-ons at a discharge current of up to 

100 A for several minutes. To complete the technology, an 

insulator had to be selected which can sustain multiple 

heating-cooling cycles at an operating temperature of the 

process of 1500-2300 K during 30-60 minutes. The search 

led us to a high-temperature boron carbonitride insulator 

[25–27]. It is a material of light grey to dark color. The 

material is similar to graphite or chalk in mechanical 

properties. Blanks of this material can be machined by 

turning to a wall thickness of 3 mm, which was required for 

reducing the thermal inertia of the part. When the discharge 

device was assembled, any mechanical loads on the crucible 

were excluded. The crucible with the parts of the device as 

an assembly was placed in the discharge chamber. After 

several switch-ons under discharge conditions the crucible 

retained its dimensions and had no cracks. 
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