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ELECTRIC ARC METHODS
TO SYNTHESIZE CARBON NANOSTRUCTURES

The (mainly authors’) publications on the problems of electric arc synthesis (EAS) of
different carbon nanostructures (CNS) are reviewed. EAS of CNS can be carried out
in both gas and liquid environments. EAS in a gaseous environment has a number of
advantages such as high productivity and speed of the condensation process as well
as ease of mode control. However, this method of synthesis has also disadvantages;
it requires complex vacuum and cooling systems, which make the installation bulky.
In addition, this method does not solve the problem of agglomeration of synthesized
CNS and has a synthesis by-product in the form of an incrustation (deposit) on the
electrode. EAS in a liquid environment is characterized by a more compact equip-
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ment, since it does not need vacuum (the process proceeds at atmospheric pressure)
and cooling (the liquid environment plays the role of a heat sink) systems. With
this method of synthesis, various types of dielectric liquids are used: from distilled
water and liquid nitrogen to hydrocarbon solvents, which can serve as a source of
carbon in the synthesis zone. By changing the composition of the liquid phase, it is
possible to achieve the synthesis of various types of CNS. In addition, this method
involves the using of metal electrodes, which, in addition to a long service life, can
act as catalysts. In this case, metal particles can be encapsulated with CNS, forming
composites with different magnetic properties. In some works, it was shown that,
when metal electrodes are used in the process of EAS in a liquid environment, the
mixtures of metal carbides could form. The liquid environment after EAS of CNS
is also of scientific interest. Probably, the liquid environment contains new modi-
fications of soluble organic compounds, which are being searched by researchers
all over the world. Thus, scientists found that, after EAS in a liquid environment
using graphite electrodes, the working solution (C;Hg) changed its colour. This indi-
cates the formation of soluble organic compounds in it. In the review, based on the
literature data, a table of modes for the industrial synthesis of single-walled CNS
was created, and a list of modes (regimes) for creating defective CNS as a method of
increasing the adsorption area of nanoparticles is given. The solutions to important
problems of the EAS method are fixed: agglomeration of CNS, problem of deposit
formation, productivity improvement.

Keywords: plasma-chemical synthesis, electric arc discharge, carbon nanostructures
(CNS), carbon nanoclusters (CNC), carbon nanotubes (CNT), cryogenic media, liquid
dielectrics.

1. Introduction

The production of different cheap carbon nanostructures (CNS) is an
important task of the modern scientific world. The basis for the produc-
tion of CNS is the development of various methods for the synthesis of
carbon nanostructures using catalysts. To date, modern soluble [1-16]
and insoluble [17—20] carbon nanostructures are being synthesized,
from which modern materials can be created [21-26]. In some cases,
synthesized CNS are able to store hydrogen [27, 28] and to compete with
existing materials [29-40] for hydrogen storages [41, 42]. Products
made from such materials are technological masterpieces [43—46] of the
modern world.

A lot of time has passed since the discovery of the first multi-walled
carbon nanotube (MWCNT) [47] in the structure of soot obtained by the
thermal decomposition of carbon monoxide on an iron catalyst [48]. At
present, carbon nanotubes (CNT) are produced in an electric arc dischar-
ge as a by-product of fullerene synthesis. In addition to electric arc plas-
ma-chemical synthesis, in which graphite is evaporated in an electric arc
of an inert environment at low pressure [49], there are other methods for
CNT producing. For example, the pyrolysis method [50, 51], laser eva-
poration [52, 53], detonation method [54]. Each technique for obtaining
of nanodispersed substances has both advantages and disadvantages.
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2. CNS Production Methods and Their (Dis)Advantageous

Pyrolysis has previously been widely used as the cheapest method for
the synthesis of various carbon pyrofibres and multiwalled nanotubes,
and for this reason it has been fairly well studied.

Electric arc synthesis (EAS) in a gaseous environment as a method
for obtaining CNT attracted the deserved attention of scientists only
after the work of Iijima in 1991 [49], and today it is one of the most
common methods. In 2016, Ukrainian and American scientists were
nominated for the Nobel Prize in Chemistry for their studies of CNS by
the method of their hydrogenation [55].

The electric arc method of synthesis in a gaseous environment is
considered the one of the most reliable and productive methods with a
number of advantages:

e high productivity;

e high rate of condensation process;

e dispersion of particles is from 1 nm to 100—-200 nm;

e initial raw materials can be purified directly during the reaction;

e the possibility of obtaining of complex substances and composites
at the output by mixing of the initial vapours;

e the zone of the interelectrode space has a temperature of about
12000 K (Fig. 1) [56];

e it is easy to change modes (current strength, precursor supply
rate, etc.) during the experiment.

However, despite the obvious advantages, the method of plasma-
chemical electric arc synthesis is not without disadvantages, which in-
clude the following:

e wide range of particle size distribution;

e high, uncontrollable degree of particle agglomeration;

e bulkiness of equipment;

e necessity of a vacuum system presence;

¢ the need for an efficient cooling system of reactor.

In addition, in this method of synthesis, great number of incompre-
hensible points requires explanation. Uncertainty in understanding the
mechanism of nanotube growth and fullerene formation hinders the
progress in the development of more controlled technologies for the
synthesis of these nanomaterials. However, the first attempts to study
and explain these processes are already being made today [567—61].

For the leading of a metal (Me) catalyst in the electric arc method
of CNS producing, special hollow graphite electrodes are made. The
equipment has a complex system of automatic control of the electric arc
and electrode feed rate.

The need to improve the technique of plasma-chemical synthesis of
nanopowders and create a new plant for the synthesis of nanodispersed
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Ukraine (department of hydrogen materials science and chemistry of
carbon nanostructures). The method of electric arc synthesis in the liq-
uid phase is free from the disadvantages of EAS in the gas phase and
significantly expands the range of synthesized products.

EAS of nanostructures in a liquid phase is no more expensive than
EAS in a gaseous environment and is characterized by much less bulki-
ness of equipment. The arc synthesis of nanostructures in the liquid
phase does not require the presence of vacuum systems, since the proc-
ess is carried out at atmospheric pressure [63—65]. The choice of hydro-
carbon solvents for the liquid phase as carbon sources for the CNT
synthesis ensures the continuity of the process [60]. Metal electrodes,
which have a long service life, can play the role of both catalysts and
sources of reagents during synthesis. At the same time, metal nanopar-
ticles can be encapsulated by carbon nanoparticles, forming nanocom-
posites [66—T72, 75, 83]. Another advantage of EAS in a liquid phase is
the solution of the problem of heat removal from the high-temperature
reaction region of the plasma (>4000 K).

However, the question of the particle agglomeration degree in an
electric arc method in a liquid environment remains unresolved, although
it significantly decreases when a liquid phase replaces the gas one.

Advantages of carbon nanostructures electric arc synthesis in a lig-
uid environment in comparison with EAS in a gaseous environment fol-
low below.

e Possibility to create a continuous electric arc synthesis of nanos-
tructures, which excludes the synthesis stop to replace the electrodes.

e Small conglomeration of nanostructures. Predominantly single-
walled nanostructures are formed due to the short synthesis time and
low concentration of the initial reactants.

e No expensive and difficult to operate vacuum system.
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Fig. 2. Schematic diagram of the device for
arc synthesis with water protection [73]

+ Graphite cover
e For the synthesis of carbon-
H,0 containing nanostructures, it is pos-
sible to use not only electrodes (an-
ode, cathode), but also the liquid
phase. It is permissible to select the
synthesis conditions in such a way
that the electrodes will practically
not be consumed, but the liquid
phase will be used as a source of
synthesis reagents. This will make the process of carbon nanomaterials
synthesis uninterrupted.

e The CNS synthesis process is safer than other methods, such as
arc discharge in the gas phase, pyrolytic method, etc.

e The absence of water-cooled jackets used as a heat-removing ele-
ment of electric arc reactors for the synthesis of carbon nanostructures
in a gaseous environment. The liquid phase in the method of EAS in a
liquid environment plays the role of a heat sink, and the solution tem-
perature decreases due to the evaporation of the liquid dielectric phase.
This is important, considering the fact that the temperature of the elec-
tric arc reaches up to 12000 K [56].

e Synthesis in the liquid phase makes it possible to obtain a wider
range of nanomaterials than a similar process in the gaseous phase, and
most importantly —this method is less laborious.

Currently, the synthesis of nanostructures by the electric arc method
in a liquid environment is widespread all over the world. Various sub-
stances are synthesized by this method [57-60, 73, 63—-65, 74—83]. For
example, Chinese researchers succeeded in creating the synthesis condi-
tions for the growth of CNT in a gaseous environment under a graphite
cap immersed in distilled water [73] (Fig. 2). Synthesis was carried out
with a vertical arrangement of electrodes with a direct current source.
In this case, during the formation of an electric arc, gases are exuded:
carbon and hydrogen monoxides [77, 84]. They, in turn, pushed out the
water from the nanotube growth chamber. To CNT growing, metal
groups (Fe, Co, Ni) were used as a catalyst [78—82]. In this case, the
catalyst for CNT growth is introduced in the form of a mixture of
metal and carbon powder (5:1) into the internal cavity of the evaporated
electrode. The process lasted one minute, while the output of the nano-
product is of 10 g/h. The main product is a solid deposit (300 mg) col-
lected from the cathode electrode. This method, according to the au-
thors, makes it possible to synthesize nanoproducts containing more
than 50% of CNT, while in the case of synthesis by the same method,

— Catalyst
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but without a graphite cap in a liquid environment (H,0), less than 20%
of CNT will be synthesized in the nanoproduct.

Numerous attempts are being made all over the world to develop the
newest inexpensive processes for the synthesis of CNS, and the electric
arc method in deionized water (H,O) is recognized as one of the most
promising [63, 74, 84—90]. Therefore, today, the new methods are being
perfected and developed to improving and reducing the cost of the proc-
ess of carbon nanomaterials (CNM) obtaining by the considered method
in the H,O environment. Chinese scientists who reported on the produc-
tion of fullerenes and carbon nanotubes from Chinese coals [91-94]
made an unusual contribution to this area. Expensive graphite elec-
trodes have been replaced with carbon-based carbon rods [95]. Coal has
been crushed and dried before use. The crushed coal sample was mixed
with nickel powder (=2.5 wt.% ) and coal resin (=20 wt.%), which served
as a binder substance. After that, the mixture was pressed and carbon-
ized in a stream of nitrogen (N,) at a temperature of 1170 K for five
hours. This type of rod was used as a vaporizable anode. Synthesis time
varied from 20 to 40 min depending on the length of the manufactured
carbon consumable electrode. The interelectrode gap was of 2—-3 mm.

The authors of [73] report that the predominant amount of a single-
crystal metal (f.c.c.-Ni) lattice) is encapsulated in a carbon shell. Nickel
nanoparticles coated with carbon retain their magnetic properties.

Carbon electrodes are a cheap alternative source of carbon. One of
the main advantages of carbon electrodes compared with graphite one is
their low cost and eases of introducing of any volume of catalyst (Me)
into the electrode for the synthesis of carbon nanoparticles (CNP).

Graphite electrodes also came under close scrutiny by researchers
from Great Britain [58] and Ukraine [96]. The only difference between
graphite electrodes, which undergo preliminary cleaning in the form of
calcination, is their grades. Grades of graphite rods differ mainly in
maximum grain size, apparent density and final bending strength. To
evaporation of graphite rods of a grade with worse characteristics re-
quires higher current strengths and more time to overcome the inter-
granular space, because of which instability occurs in the electric arc,
leading to crystalline defects in the CNM. This has also been experimen-
tally proven, but UK researchers do not consider structural defects as a
negative phenomenon, since the higher the structural defects of the lat-
tices, the larger the particle adsorption area will be, and this is impor-
tant for storing various gases in the CNS.

Ukrainian researchers also tried to replace the high-quality ‘Fine-
grained dense graphite’ (FGDG-7) graphite grade with a cheaper ‘Special
Impregnated Graphite Electrodes’ (SIGE) grade for electric arc synthe-
sis [96] in an inert gas (He) environment. As a result of the experiment,
carbon nanostructures (CNS) of various types were obtained, and a com-
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parative analysis of their characteristics was performed. The paper de-
fines the optimal technological conditions for the synthesis of CNS from
anode graphite electrodes of comparable grades. Using scanning and
transmission electron microscopy, the structure of the synthesized car-
bon materials was studied and it was shown that during the evaporation
of SIGE graphite grade, single-walled (SWCNT) and multi-walled car-
bon nanotubes (MWNT) are formed even without using of a catalyst
(Me). According to the results of differential thermal, thermogravimet-
ric and differential thermogravimetric analyses, the temperature of the
beginning of the interaction of the formed CNS with oxygen (O,) of the
air was established. According to the data of photospectral analysis of
the synthesis products, calculations were made, and it was shown that
the fullerene component obtained by evaporation of SIGE graphite grade
contains 10-12% of C,, and C,, fullerenes, which is no worse than that
of FGDG-7 graphite [96].

Taking into account the cheapness of graphite of SIGE grade com-
pared to FGDG-7, it can be argued that carbon nanostructures (carbon
nanotubes, fullerenes and fullerene-like structures) synthesized from
SIGE graphite grade have a lower cost. This fact is an important result
of the experiment on the synthesis of carbon fullerene molecules, since
today new modern nanotechnologies are being created on their basis.

Hungarian scientists in the field of studying the synthesis of CNT
[63, 84, 97] decided to combine the synthesis in a liquid environment
using of an alternating current source with computer control [74]. With
this method of synthesis, in the second half of the cycle, the cathode
becomes the anode, and the deposit, accumulated on the cathode, evapo-
rates in the plasma. Thus, the issue of deposition and etching of nano-
tubes on the cathode was solved, since the deposit formed on the cathode
is self-purifying in the next half of the cycle.

For the same reason, the method using alternating current is suit-
able for continuous work and automation. For such synthesis, graphite
electrodes were used, which were evaporated in deionized water under
the action of an alternating current varying within the limits of 85—45
A at a voltage of 40 V. This method makes it possible to obtain 10—5 mg/
min of a carbon nanoproduct and is accompanied by the permanent for-
mation of gas bubbles of carbon monoxide CO and hydrogen (H,) [77, 84].
The experiments were carried out at different values of the current
strength. The results of the tests indicate that, at low values of the cur-
rent strength, oxidative processes are activated, and, at high values,
carbon is formed in elemental and solid forms (soot, graphene packages).

Some of the first experiments on the evaporation of graphite electro-
des (C/C) by the electric arc method in a cryogenic environment were car-
ried out in liquid nitrogen (N,) [98] (Fig. 3), and then it was proved that
deionized water (H,0) can also be an alternative environment [63, 84].
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Fig. 3. Electric arc plant for the synthesis
of CNS with automatic supply of liquid o
nitrogen (N,) and a consumable anode [98] Liquid

Nitrogen Continuously-Fed
Inlet Graphite Rod
The difference between the syn-
theses of CNP in these two environ- v

ments was explained by researchers
from Great Britain [58]. The experi-
ments were carried out in deionized
water and liquid nitrogen with
graphite electrodes of different
grades at the same direct current of
10 A [58]. Deionized water and liq-
uid nitrogen equally well perform
the function of holding and con-
densing the vapour generated dur-
ing the arc discharge process.
However, the surface evaporation
of these liquids is different. This
factor is significant in the analysis
of the influence on the stability and
uniformity of gas bubbles around MWNTs + Liquid Nitrogen

the electric arc space during synthe-

sis process.

During the action of an electric arc, gases are formed in the liquid.
They are exuded in the form of bubbles. In gas bubbles, the process of
CNP quenching takes place in the same way as it occurs at the vapour/
liquid electric arc interface; therefore, the formation of nanoparticles
continues in them. In liquid nitrogen, inside a gas bubble, the values of
pressure and density exceed those of a bubble in water, since nitrogen
is in a boiling state under normal conditions even when the electric arc
breaks, and evaporates faster than water at contact with hot steam.

Therefore, the electric arc in liquid nitrogen will be less stable than
in water. This was proved by British scientists who synthesize in liquid
nitrogen various CNP with numerous structural lattice defects, since
such defects occur mainly in particles obtained under conditions of un-
stable parameters of electric arc synthesis.

In addition, British scientists [568], as well as Ukrainian scientists
[61], suggested a possible mechanism of the CNT formation. The volume
of carbon plasma can be conditionally divided into two areas: the first
one is the core (region 1) that covers the space near the electric arc cord.
In this region, the temperature reaches ~4000 K, coming up to the mel-
ting point (3823 K) and boiling point (4203 K) of graphite. It is as-
sumed that the electrons move in a direction, parallel to the electric

Liquid Nitrogen
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field. As the amount of carbon removed from the anode increases, the
plasma expands, pushing the liquid away, resulting in gas bubbles for-
mation. Region 2 is the volume between the core and the steam/liquid
interface. According to this assumption, the core is the most suitable
region for nanotube growth. On the other hand, the carbon onions are
formed during the condensation of vapour at the steam/liquid interface,
where the movement of carbon particles is less directed.

Ukrainian researchers [61] made a step towards studying the regu-
larities of the carbon nanostructures formation during the electric arc
evaporation of graphite. One of the main conclusions can be considered
the fact that micro- and macroquantities of carbon nanomaterials are
formed at the stage of nucleation, i.e., a nanostructured product con-
sists of nuclei of various structures [61].

The paper also describes the physicochemical processes occurring in
the synthesis reactor at plasma temperatures [56], taking into account
the behaviour of particles in electromagnetic fields at extreme tempera-
ture and pressure gradients. It was proposed a sequence of substance
organization levels during the formation of carbon structures according
to the size level, and the self-organization of systems during electric arc
evaporation of graphite or graphite-containing electrodes was also studied.
The mechanisms of formation of soluble (fullerenes and fullerene-like
structures) and insoluble (nanocomposites, CNT, graphene sheets) car-
bon nanostructures [61] are considered. It is important for understand-
ing the nature of the electric arc method of CNS synthesis and the pos-
sibility of predicting the products obtained by this method in advance.

In 2004, scientists from USA and Japan in a joint work [57] also
asked the question about the role of a liquid phase in EAS process, as
well as the difference in the properties of CNP obtained in liquid nitro-
gen and deionized water. The studies were carried out at direct current
on an electric arc plant in a liquid environment using of graphite cath-
ode and a composite anode containing Ni (~0.7 mol.%). The duration of
one synthesis cycle was 97 s, while the output of CNP powder was
0.57 mg/s, and the deposit output was 4.5 mg/s.

During the analysis of CNP synthesized by the electric arc method
in liquid nitrogen, new particle structures were discovered: carbon nano-
horns (CNH) hybridized with carbon nanoclusters (CNC) containing Ni
(CNH-CNC) [567]. When deionized water was used as a liquid phase,
CNH-CNC particles were not detected, but CNC containing nickel were
found. Therefore, the liquid nitrogen environment can play an impor-
tant role in the formation of carbon horn structures.

The proposed theoretical model for the formation of a complex of
CNH-CNC particles containing nickel (Fig. 4) considers the chemical
inertness of nitrogen (N,). The model under consideration implies a
three-stage process of CNH-CNC formation. At the first (I) stage, car-

536 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 3



Electric Arc Methods to Synthesize Carbon Nanostructures

C CNH
¢ c ¢ /
C C-C
C

C-C c C C y

Dissolution ]

of C to Ni partiele Salting-out growth
of CNC shells
a b c

Fig. 4. Schematic model of the formation of CNH hybrid particles including CNCs
containing Ni [567]: (a) stage I — high temperature zone; dissolution of carbon in a
nickel nanoparticle; carbon steam; (b) stage II — cold gas bubble; the formation of
CNC; the nucleation of the complex; (¢) stage III — rapid quenching of synthesis
products; synthesis of the CNH-CNC complex; stabilized product

bon and nickel evaporate from the anode under the action of high-tem-
perature electric arc plasma. Evaporated carbon and nickel turn into the
gas phase and are spent on the synthesis of carbon nanostructures in the
arc zone (Fig. 4, a). At the second (II) stage, nickel nanoparticles and
formed carbon nanoclusters supersaturated with carbon vapour are
transferred to the cold zone inside the gas bubble. When atomic carbon
or carbon nanoclusters collide, nanohorns (CNH) are formed [99]. At the
moment of catalytic growth of carbon nanostructures, CNC are formed
on the nickel surface in the synthesis zone (Fig. 4, b). At the third (III)
stage, the horns aggregate around the CNC, which serves as the nuclei
(Fig. 4, c) of the CNH-CNC particle.

Thus, each type of liquid environment, at influence of an electric
arc, can stimulate the growth of various hybrid modifications, which
requires scientists to study in detail any suitable environment for CNP
electric arc synthesis.

Japanese researchers raised the question of the effect of the catalyst
vapours concentration during EAS in a liquid environment [100].
Electric arc syntheses were carried out in liquid nitrogen using a graph-
ite cathode and a composite anode containing various amounts of nickel
(0—-28.1 mol.%). At a constant current value, an electrode was fed hor-
izontally into a volume of a liquid environment (300 ml) with an intere-
lectrode gap of 1 mm. After electric arc synthesis in liquid nitrogen for
45 s, a bulk deposit was obtained.

When the anode was evaporated without a catalyst (Ni), high-purity
single-walled carbon nanohorns (SWCNH) were observed in the synthe-
sis products. CNH were encapsulated in several graphite shells. The
concentration of nanotubes and multifaceted wireframe particles was
very low. For the synthesis of SWCNH containing nickel particles, it is
necessary to evaporate an anode, which contains >0.64—-7 mol.% Ni
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(Table 1). Such nickel particles usually have an f.c.c. lattice [57].
However, to detect CNS containing nickel particles, it is necessary to
perform a thorough scanning. During evaporation of an anode with
1.8-4.6 mol.% Ni, most of the synthesized SWCNH contain nickel na-
noparticles. In addition to nickel-containing SWCNH, single-walled car-
bon nanotubes (SWCNT) are also observed in this group of products.
SWCNT form a network between catalyst particles (Me) and in many
cases, they are combined into bundles.

The deposit formed at the end of the cathode during the evaporation
of the anode containing 0.64—4.6 mol.% of the catalyst (Ni) (Table 1) is
the main nanostructured product. The presence of multi-walled carbon
nanotubes (MWCNT) was fixed in its volume. In addition, SWCNH with
inclusions of nickel particles were found in the deposit as a by-product
of synthesis, but the presence of SWCNT was not detected. During
evaporation of the anode with 6.4—28.1 mol.% of the catalyst (Ni), no
SWCNH and SWCNT are observed in the synthesis products (Table 1).
Instead, only agglomerated, almost spherical structures containing
nickel particles are identified. This means that an excessive nickel va-
pour concentration in the electric arc zone inhibits the formation of
single-walled carbon nanostructures.

Japanese scientists carried out similar studies. When performing
the synthesis in deionized water, the SWCNT were not detected [100].
Repeated experiments were carried out with a composite graphite ano-
de containing ~1.8 mol.% Ni, but SWCNT were never found [100]. At
the same time, SWCNT were obtained by the method of synthesis in
liquid nitrogen using a cathode with similar nickel content. Thus, the
researchers concluded that a relatively inert environment in the elec-

Table 1. Synthesis of carbon nanostructures [57]

Synthesis MWCNT, ONH SWCNH, Na‘(loc}‘i“?i’oslites
product SWCNH (10%) SWCNT Spherica
particles)
Anode material Graphite Graphite Graphite Graphite
Cathode material/ Graphite with | Graphite with | Graphite with | Graphite with
catalyst content (Ni) |Ni (0.64-4.6 |Ni (=0.64-7 |Ni (1.8—4.6 Ni (6.4-28.1
mol.%) mol.%) mol.%) mol.%)
Synthesis environ- |Nitrogen Nitrogen Nitrogen Nitrogen
ment
Synthesis time, s 45 45 45 45
Volume of liquid 300 300 300 300
environment, ml
Interelectrode gap, 1 1 1 1
mm
Deposit + + + +
538 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 3
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tric arc region plays a significant role in the formation of single-wal
led structures.

The scientific community of Japan and Ukraine returned to the
analysis of platinum (Pt) catalyst vapours, motivated by the energy pro-
duced by a fuel cell with a polymer electrolyte for hydrogen energy
[101-104]. Carbon nanoparticles are an excellent carrier of a platinum
catalyst. They have a developed surface, which is used to convert hydro-
gen into a proton, oxidize a proton, and produce water, which leads to
the generation of electricity in a fuel cell with polymer membranes [105,
106]. Currently, many tries have been made to obtain carbon nanoparti-
cles with a platinum load [101-108]. Typically, such particles are pro-
duced chemically in two steps. At the first (I) stage, carbon particles
with a developed surface are obtained. At the second (II) stage, a solu-
tion of platinum compounds (H,PtCl) is prepared and the carbon mate-
rial is moistened with it. If the carbon material impregnated with the
solution is treated at high temperature in a hydrogen environment, the
H,PtCl, compound is reduced to metallic platinum (Pt) on the surface of
the carbon particles.

When considering CNP as potential carriers of platinum, it can be
assumed that it is more profitable to obtain single-walled carbon nano-
structures. This will significantly increase the advantage in the mass
production of platinum-containing structures for fuel cells.

The authors of [101] carried out electric arc synthesis in liquid ni-
trogen (3000 ml) using a graphite cathode and composite anodes con-
taining a small amount of platinum (0.4 at.% and 1.3 at.%). The intere-
lectrode gap was 1 mm. At the same time, Ukrainian scientists focused
on the creation of CNS that already contain a platinum catalyst in their
structure [102-104, 106, 109]. To do this, vaporization of graphite of
FGDG-7 grade using a catalyst (Pt) was carried out in a helium environ-
ment. Hollow consumable graphite anode electrodes containing a plati-
num wire catalyst fixed with graphite dust were used in this work.
Thus, carbon nanomaterials containing platinum were created: fullere-
nes, nanocomposites, graphenes, single-walled carbon nanotubes (SWCNT)
and multi-walled carbons. Scientists have conducted investigations at
the micro- and nanolevels of the morphology and structure of materials
formed on the cathode, and also studied the influence of platinum va-
pour on the processes of nanostructures formation. Using x-ray microa-
nalysis method, it was found that most amount of the platinum with the
condensate flow settles on the reactor walls. According to the data of
emission spectral analysis, the largest amount of platinum (>1% wt.%)
is accumulated in wall soot. A part of platinum (less than <1 wt.%) in
the cationic state under the action of a strong electric field, together
with carbon vapour, moves to the cathode, forming a Pt-containing de-
posit. It was found that platinum is present in the deposit despite the
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high temperature of the deposit formation zone (up to 11727 °C) [56],
which significantly exceeds the boiling point of Pt (3800 °C). Platinum
in the synthesis products is distributed as follows: the deposit core —
less than 0.001%, the deposit shell — less than 1%, and the wall soot —
more than 1%.

For Japanese researchers, the main problem of synthesis only in liquid
nitrogen (N,) was the formation of a deposit [100]. Received deposit was
formed at the edge of the cathode with MWCNT and the presence of
SWCNH in the synthesized powder product [100]. It was also found that
with a higher concentration of platinum (Pt), the output of powders and
the volume of the deposit increase. Platinum nanoparticles were ob-
served in the volume of the deposit. In the powder product, particles of
amorphous carbon and SWCNH were found, on the surface of which
platinum was dispersed. It has been shown that the particle size of
platinum depends on the concentration of Pt in the anode. In addition,
it was found that at a concentration of 0.4 at.% Pt in the anode, the
percentage of platinum particles with a diameter of less than 5 nm is
90% . While when the anode with a Pt concentration of 1.4 at.% evapo-
rates, the concentration of the catalyst vapour increases, and the con-
tent of fine platinum particles is about 60% . The particle size of plati-
num in the last evaporation method is slightly larger than the particle
size of platinum received in the first evaporation method. Thus, the
Japanese scientists found that the particle size of platinum could be
controlled by adjusting the concentration of platinum in the anode.
Moreover, in the cited work, MWCNT agglomerates with a platinum
load in the form of a deposit were obtained.

In most cases, the issue of agglomeration of the final product during
EAS in a liquid environment was not considered or was solved by a short
synthesis time (30-97 s) and a reduced consumption of reagents for
deposit formation [73-60, 76, 95, 100, 101]. Ukrainian researchers
went further and created a special plant, with the help of which they
solved the issue of CNS agglomeration during electric arc synthesis. The
solution is to install a special magnetic vibrator with a power of 50 Hz
on the electrode. It allows you to bring and separate the electrodes in a
fraction of a second, thereby creating an interrupted electric arc.
Synthesis time in the modernized setup began to average 1-10°s, and
the temperature of the liquid environment was kept in the range from
4 K to 340 K at a current strength of 200-300 A [67-72, 75, 83, 110].
Upon such conditions, provided by a simple upgrade of the equipment,
during the synthesis, CNS nuclei have time to form and quickly quench
in a liquid environment.

The problem of all researchers of the electric arc synthesis of CNS
is the deposit formed on the cathode. Ukrainian scientists also solved
this issue by increasing the gap between the electrodes, which was
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Fig. 5. Scheme of equipment for obtaining CNP by an arc discharge in water with a
forced convective flow [76]

Fig. 6. Scheme of an electric arc plant for the synthesis of CNS, where a liquid hy-
drocarbon environment is used as a source of carbon (C) in the synthesis zone [59]

>1 mm [67-72, 75, 83, 110]. It led to the absence of a deposit on the
cathode electrode. A similar effect is explained by the fact that the
charged particles formed in the synthesis zone of the electric arc must
now overcome the barrier of the liquid environment, which is extremely
problematic. The elimination of deposit formation is an important
achievement, since the mass of the synthesis deposit often exceeds the
mass of the synthesized nanoproduct.

In a joint work, research scientists from Japan and Thailand at-
tempted to solve the problem of particle agglomeration at EAS in a
liquid environment. They focused their attention on the electric arc pa-
rameters, which control the CNP synthesis process, and used a forced
convective jet in the synthesis process [76]. Electric arc synthesis was
carried out in deionized water using graphite electrodes (C/C) with an
interelectrode distance of about 1 mm. During the synthesis, deionized
water was circulated using a centrifugal pump. Water for the pump was
captured near the reactor wall, and then the flow exited through a noz-
zle 4 mm in diameter at a distance of 15 mm from the arc epicentre
(Fig. 5). The authors report that a massive deposit is formed during the
synthesis, while very little powder product is obtained.

This method significantly reduces the agglomeration of structures,
but increases the number of crystal defects in the walls of MWCNT syn-
thesized at an extremely strong water flow (3.2 dm3/min). In the course
of investigations, it was shown that there is an optimal operating mode
for electric arc synthesis with a forced convective flow (at a stream flow
of 1.86 dm?3/min), where the obtained CNP have a well-ordered graphi-
tized structure, and their output is of 9.32 g/h. In addition, when using
a convective stream, the output of the final nanoproduct increases, and
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the process of quenching CNP in the liquid phase is accelerated with
significantly less agglomeration than when synthesized by an electric
arc in the liquid phase without the use of a convective stream.

Dutch and Japanese scientists proposed an unusual solution to the
problem of nanostructure agglomeration [59]. The authors realized a
number of experimental studies to determine the effect of the number
of carbon atoms and their bonds (C—C and C—H) in a solvent molecule,
as well as the influence of the metal electrodes type (Fe/Fe, Ni/Ni) on
the formation of ordered carbon nanostructures (Fig. 6) under condi-
tions of thirty-second synthesis. The synthesis was carried out in two
solvents: cyclohexane (C;H,,) and toluene (C,H,), having only a single
bond and a benzene ring. The experimental plant consists of a pair of
electrodes (anode and cathode) immersed in 1000 ml of a hydrocarbon
solvent. A pair of iron and nickel rods had purity of 99%, and, during
the evaporation of each pair, they maintained an interelectrode gap of
less than 1 mm. As a result of the research, it was suggested that the
amount of carbon included in the solvent molecule determines the rate
of carbon nanostructures formation. Thus, toluene can be converted to
CNS more efficiently than cyclohexane. It is also believed that the ben-
zene ring in toluene contributes more to the formation of nanocarbon
than the single bond in cyclohexane. The n-electron belongs to the ben-
zene ring and can work efficiently creating nanostructures. In addition,
in a number of experiments, it was shown that toluene more efficiently
turned into graphite compared to cyclohexane.

In the course of experiments using various pairs of iron and nickel
rods, it was found that the synthesis of carbon nanostructures using
iron electrodes produces fewer nanoproducts compared to using nickel
electrodes [59]. Moreover, no layered structure is formed. In the case of
using a nickel electrode, a graphite sheet with a nickel core is obtained
in both toluene and cyclohexane.

Thus, steps have been taken to understand that not only the liquid
environment influences the final product output, but also the material
of the metal electrodes. However, the concluded summaries require
study that is more detailed and give rise to even more questions.

Interest in studying the process of CNP synthesis in low-tempera-
ture liquids [63, 77, 85, 89, 98, 100] smoothly turned into a hunt for
obtaining high-quality CNP with maximum output in various liquid
environments. This method made it possible to synthesize MWCNT [77,
85, 89, 98, 100], SWCNT [100], SWCNHs [100], nanoonions [63], met-
al-filled nanoparticles, CNT [77, 89, 100], and nanocomposites [66—72].
A common feature of the processes covered in these articles is that car-
bon enters to the synthesis region during the evaporation of graphite
electrodes. However, the rate of obtaining CNM is limited by the rate of
graphite electrodes evaporation. When an organic liquid is used as a
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carbon source for synthesis, the process continuity time and the rate of
nanomaterial synthesis increase [60, 67-72, 75, 83, 110]. The process of
carbon nanoparticles quenching does not differ from the process of na-
noparticles quenching in noncarbon containing liquids. However, when
considering nanometallic particles synthesized in noncarbon-containing
dielectric liquids, the possibility of interaction of metal nanoparticles
with oxygen (0O,) was revealed, resulting in the oxides formation. In ad-
dition, when hydrocarbon liquids containing oxygen atoms are used in
the process of CNS synthesis, the oxidation of metals will slow down or
stop altogether, since nanometals will be covered with a thin nanostruc-
tured film.

Ukrainian scientists showed [67—-72, 75, 83, 110] that, in the proc-
ess of electric arc synthesis in a liquid environment using of metal elec-
trodes (Fe, Co, Ni) (Table 2), metal carbides with nanocomposites formed.
To confirm this fact, the authors provided the data of x-ray diffraction
analysis, Raman scattering of light and atomic force microscopy, which
showed that the synthesized samples contain impurities of various mod-
ifications of carbon and metal carbides. As was noted in the works, in
the process of synthesis, a powder electrode of a poured nature increas-
es the productivity of the electric arc method for the synthesis of CNS
[64, 68].

All over the world, research is underway on the process of plasma-
chemical synthesis in a liquid environment and the analysis of the re-
sulting products is being carried out. Only a few pay attentions to the
spent liquid environment after CNP synthesis. We believe that these

Table 2. Phase composition and coherent scattering region (CSR) value
of iron and nickel powders before and after synthesis [68]

Sample Phase composition Content, % D, nm

Fe powder, initial state a-Fe 100 270

Fe powder after synthesis o-Fe 24 -
Fe,C 76 24

Fe powder after heating a-Fe 73 110
Fe,C 11 40
Fe,O, 16 100
FeO

Ni powder, initial state Ni 100 150

Ni powder after synthesis Ni 96 150
Ni-C 4

Ni powder after heating Ni 100 130
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(Fig. 7) [60]. This means that soluble organic compounds were formed
in liquid benzene.

The output of the product of one such synthesis was 9.2 mg/s, and
that of the deposit was 19.2 mg/s. As noted, the mass of the deposit
obtained in liquid benzene is much larger than the mass of the deposit
synthesized in a non-hydrocarbon environment. According to the au-
thors of the work, the atomic interaction in organic solvents is more
active. In addition, it was confirmed that fullerenes are not formed un-
der these synthesis conditions.

An important question about the studying of the mechanism of for-
mation of deposit for its possible subsequent utilization as a by-product
of the electric arc synthesis of CNS was raised in Refs. [102, 103, 109].
As found in the works, in catalytic electric arc synthesis, the deposit

Cooling
water

Fig. 8. Nanotubes produced in liquid helium without a catalyst

Fig. 9. Equipment for the continuous production of carbon nanotubes (CNT) from
graphite electrodes (C/C) using an underwater (H,O) electric arc of alternating cur-
rent [90]
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components (core and shell) can be considered as independent products
of plasma-chemical synthesis. Physicochemical methods of analysis have
shown that the deposit core is filled with CNT, while the shell consists
of graphene packets containing a trace amount of the used catalyst
[102, 103, 109].

In addition, Ukrainian scientists were able to develop a non-catalyt-
ic method for the synthesis of carbon nanotubes by the electric arc plas-
ma-chemical method [111-113]. This is a very valuable achievement, since,
in order to obtain pure CNS, they are treated with acids to remove the
catalyst. This procedure is relatively expensive, and most importantly,
it makes the CNS defective and chemically contaminated. The authors
of the technology carried out non-catalytic electric arc synthesis of CNS
in an environment of liquid helium during the evaporation of two graph-
ite electrodes [113]. The results of the analysis of the synthesis products
showed that the resulting CNS does not require additional purification
and contains up to 90% carbon nanotubes (Fig. 8). Such results are dif-
ficult to achieve using various methods of nanotube purification.

Based on the foregoing, the electric arc synthesis method is of prac-
tical interest for the production of carbon nanostructures on an indus-
trial scale, which was realized by Hungarian researchers in 2003 [90]
(Fig. 9). Many researchers have automated systems for the electric arc
synthesis of CNS, which facilitated the studying of this method [115]
(Fig. 10).
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terials obtained by evapora-

ting graphite electrodes (C/C) in liquid nitrogen and distilled water. The
products of such synthesis upon application of a transverse magnetic
field were MWCNT, carbon onions, metal-encapsulated carbon onions,
and single-walled carbon nanohorns [116] (Fig. 11). During the experi-
ment, it was found that, if a transverse alternating magnetic field ap-
plied to the arc discharge, this would disrupt the stability of the electric
arc column. As was shown in the materials of this literature review, the
instability of the electric arc column can catalyse the process of synthe-
sis of defective carbon nanostructures.

Ukrainian scientists affirm that CNS obtained by the electric arc
method in a liquid environment, due to their high dispersion, are suit-
able for use in CJP 3D printing technology [117] and for creation of new
materials and composites as consumable raw materials for FDM and
SLA 3D printing technologies [21-26, 118, 119].

In investigations on CJP 3D printing technology, work was carried
out on the creation of electrically conductive ceramics from various
CNS (Fig. 12). Based on this composite, electrodes for fuel cells were
created, on which hydrogen (H,) is oxidized with the excretion of elec-
tric current [117]. This is an important result for hydrogen energy today.
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3. Conclusions Followed
from Analysis of the Main Results

Based on the review of the literature, we can conclude that currently
the arc synthesis of carbon nanomaterials in a liquid environment is the
least studied method. The analysis of scientific-research works suggests
that the electric arc synthesis of nanostructures in the liquid phase al-
lows as follows below:

e the synthesis of a wide range of carbon nanostructures such as
carbon nanoclusters [57], carbon nanohorns [57], single-walled carbon
nanohorns [100], single-walled carbon nanotubes [100], multi-walled
carbon nanotubes [76, 77, 85, 89, 98, 100], nanoonions [63], and nano-
composites [66—72];

e to perform experiments in a liquid dielectric environment of var-
ious chemical compositions, which takes part in the synthesis process
[67, 59, 60, 67-72, 75, 83, 99, 110-113];

Table 3. Synthesis of single-walled carbon nanostructures

Synthesis SWCNT, SWCNH, CNT

product | SWCNH (10%) SWCNT SWCNT (85-90%)
Anode Graphite Graphite Graphite Graphite
Cathode Graphite with |Graphite with |Graphite with Ni|Graphite

Ni (0.64-4.6 |Ni (1.8 mol.%) |(1.8—4.6 mol.%)
mol.%)
Synthesis Nitrogen Nitrogen Nitrogen Helium
environment
Synthesis 45 — 45 30 min
time, s
Volume of 300 — 300 500
liquid envi-
ronment, ml
Interelect- 1 1 1 1
rode gap,
mm
Catalyst f.c.c.-Ni — f.c.c.-Ni —
states after
synthesis
Deposit + + + — (used a mag-
netic vibrator)

Ref. [67] [100] [67] [113]
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e to influence the products of electric arc synthesis by varying the
chemical composition of the electrodes (anode and cathode) [57, 59] and
the liquid environment [60, 67-72, 75, 83, 110-113];

e to solve the issue of bulkiness of equipment for electric arc plas-
ma-chemical synthesis of nanostructures;

* does not require an expensive and bulkiness vacuum system [47-108];

e to perform the synthesis of CNS in cryogenic liquid environments
[113];

e to provide a continuous process of synthesis of nanoproducts [90,
114, 115];

e the synthesis of nanostructures by this method makes it possible
to create new materials and composites [21-26, 117-136].

The phenomenon of synthesis of defective carbon nanostructures
can be considered as a method for increasing the adsorption area of na-
noparticles. For this reason, a list of conditions was created that lead to
an increase in defective formations in the process of CNS electric arc
synthesis:

e convective stream of the working solution with a speed of 3.2 dm?3/
min in the synthesis zone [76];

e synthesis of CNS in cryogenic liquid environments [58];

e application of low-quality cheap graphite in the synthesis process
[58, 96].

Since one of the most valuable products of the electric arc method
is single-walled carbon nanostructures, Table 3 was created. In this ta-
ble, the conditions for the synthesis of such structures are listed. The
analysis of scientific-research works showed that an excessive concen-
tration of catalyst vapours (Me) in the electric arc zone inhibits the
synthesis of single-walled carbon nanostructures, such as single-walled
carbon nanohorns and single-walled carbon nanotubes. It is also assumed
that a relatively inert environment in the electric arc region plays an
important role in the synthesis of SWCNS [57, 100, 113].

One of the most important results of the analysis is that, in the case
of an electric arc, the chemical composition of the dielectric liquid envi-
ronment and electrodes can stimulate the growth of various hybrid mod-
ifications of CNS [57, 59-61, 67-72, 75, 83, 110-113].

The scientific problem of agglomeration of carbon nanoparticles
during their synthesis by the electric arc method in a liquid environ-
ment was solved by installing a special magnetic vibrator on the elec-
trode. It makes it possible to bring the electrodes together and apart it
in a fraction of a second, thereby creating an intermittent electric arc
[67-72, 75, 83, 110]. This innovation makes it possible to control the
high speed of the synthesis process. The problem of nanostructure ag-
glomeration was raised in almost every article of the electric arc synthe-
sis method [57-60, 73, 76, 95, 100-101].
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The scientific problem of deposit formation, as a by-product of CNS
synthesis by the electric arc method in a liquid environment, is solved
by increasing the interelectrode gap (>1 mm) or by installing a special
magnetic vibrator, which allows bringing the electrodes together and
apart it in a fraction of a second [67-72, 75, 83, 110].

Various modes of industrial synthesis of single-walled carbon nanos-
tructures have been developed (Table 3).

Modes (regimes) for creating defective carbon nanostructures have
been developed as a method for increasing the adsorption area of nano-
particles [58, 76].

The developed method improves the productivity of electric arc syn-
thesis of CNS in a liquid environment, where a poured powder electrode
is used [68].

At present, the following aspects of the electric arc synthesis of
carbon nanostructures still remain poorly understood:

e a model of the process of electric arc evaporation of electrodes
and the mechanism of growth of nanostructures during the synthesis of
CNS in a liquid environment has not been proposed;

the features of the influence of a liquid environment and types of
electrodes on the structure and morphology of CNM formed during syn-
thesis have not been studied; this does not allow considering the effect
of the nature of the environment on the kinetics and thermodynamics of
the processes of synthesis of CNM;

e the process of separating of metal nanoparticles by size fractions
has not been studied;

 the possibility of non-catalytic synthesis of nanotubes by the elec-
tric arc plasma-chemical method has not been studied;

e the possibility of obtaining graphenes and graphene packages by
an electric arc plasma-chemical synthesis method has not been studied.

e compounds, which are formed and dissolved in hydrocarbon liquid
environment after the process of EAS, have not been studied;

e there is no ‘road map’ for the electric arc synthesis of CNS in a
liquid environment, which takes into account various types of electrodes
and liquid phases.
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EJJEKTPOOYTOBI METOIM CMHTE3Y KAPBOHOBUX HAHOCTPYKTYP

OrssapaoThes (IepeBaskHO aBTOPCHhKi) myOsikarii, mpucBsaueHi TUTAHHAM eJIeKTPO-
nyrosoro cuuTedy (EIIC) pisaux kap6onoBux HaHocTpyKTyp (KHC). EIC KHC moxHA
3ifiCHIOBATH K y ra30BOMY, TaK i B pizkomy cepenosutii. EIIC y rasoBomy cepenoBu-
i Mae pAX IepeBar, TAKUX AK BUCOKA IPOAYKTUBHICTH i HMIBUAKICTL IIpOIECy KOH-
meHcallii, a TakoK JIeTKicTh y KepyBaHHI pe:kumamu. OnHaye TaKUUI METOJ CUHTE3Y
Ma€e TaKOYK HeJOJIIKM: BiH BUMAarae HagBHOCTH CKJIAJAHOI BAKYYMHOI #I OXOJIOI:KYBaJb-
HOI cucTeM, AKi HaZaoTh 06JaAHAHHIO TpoMisakocTt. Kpim Toro, manuit MeTon He BU-
pimrye mpobsemy arsmomepartii cuatesoBanux KHC i Mmae mo6GiuHMi MPOAYKT CUHTE3Y
y BUIIAAL HapocTy (memosuty) Ha enektpoxni. EIIC y pinkomy cepemoBuii BinpisHA-
eTbca OiNBIIOI0 KOMIIAKTHICTIO O0JaJHAHHSA, OCKiNBKM He NIOTPedye CHUCTEM BaKy-
yMyBaHHA (mIpoiiec mepebirae 3a arMmocGepHOro THCKY) Ta OXOJIOMKeHHA (PigKe cepe-
IOBUINE Bigirpae poJib TeIJOBiABeNeHHS). 3a TAKOr0 CI0ocOo0y CHUHTEe3y BUKOPUCTO-
BYIOThCA PiBHI TUNM [ieJIeKTPUUYHUX PiAUH — Bif AMCTHIBOBAHOI BOAU Ta PiAKOTO
a30Ty [0 BYTJIEBOJHEBUX PO3UYMHHUKIB, AKi MOKYTh CIYyTyBaTHU AKEPEJIOM BYIJIEIIO B
30HI cUHTEe3y. 3MiHIOIOYM CKJIaJ piaKoi )asu, MOMKHA HOCATTA CUHTE3Yy PiBHUX TUIIB
KHC. Tako:x 1meii mMeTon mnependavyae BUKOPUCTAHHSA MeTaJeBUX €JEKTPOXAiB, AKi,
OKpiM TpMBaJIOTO TepMiHY eKcILyarallii, MOKyTbh BimirpaBaTu poJb KaTajis3aTopis.
IIpu 1bOMy YACTHMHKM MeTasly MOXKYTh OyTu inkamcyasoBani KHC, dpopmyrooun Kom-
TIO3UTH 3 PIBHUMU MATHITHUMU BJIACTHUBOCTAMU. ¥ OeAKUX poborax OyJio mMoKasaHo,
110 i3 3acToCyBaHHAM MeTajeBuX eyeKTponiB y mporeci EIC y pizkomy cepenoBuiii
MOKYTh YTBOPIOBaTUCA cyMirri KapbiniB merainis. Pinke cepenosuie micia EIIC BHC
TAKOXK IIpeJCTaB/IAE HAYKOBUil iHTepec. VIMOBIpHO, yV PiIKOMY CepeLoOBHUINi MicCTATHCS
HOBI Mopudikalii po3UMHHUX OPraHiuHUX CIOJIYK, IIOIIYKOM SAKHUX 3aliMaioThCA IO-
crigauku Bchboro cBiTy. Tak, BueHi BuaBmim, mo micas EIC y pigkomy cepemoBHIIi
3 BUKOPHUCTAaHHAM I'padiToBuX ejeKTpoAiB pobounii posunn (C;H,) sMiHuB cBiit KoJIip.
ITle cBimuuTh IPO YyTBOPEHHA Yy HHOMY POSUMHHUX OPraHiYHUX CIOJYK. B ormaxi Ha
OCHOBI JIiTepaTypHUX JaHUX CTBOPEHO TAOJIUIIIO PEXXUMIB JIA IPOMUCJIOBOTO CUHTE3Y
opuoctirHux KHC, a Takox HaBeIeHO IePeJIiK PEKUMIB [JIA CTBOPEHHA Ae(eKTHUX
KHC sk merony 36iJblIeHHA IJIOINIL afcopOIrii HaHOUYacTUHOK. 3adiKCcoOBaHO BUPIilIIEH-
HA BasKkauBuUX mpobsem meroxny EJIIC: armomeparrii KHC, npob6iemMu dopMmyBaHHS 1e-
TO3UTY, MiJBUIIEHHA IPOAYKTUBHOCTHU.

KarouoBi coroBa: myrasmo-ximMiuHuil CUHTES, €JIEKTPOAYTOBUII PO3PAL, KapOOHOBi Ha-
HOCTPYKTYPH, KapOOHOBI HaHOKJIacTepu, KapOOHOBI HaHOTPYOKM, KpioreHHi cepeno-
BUIIA, PiAKi JieleKTpUKH.
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