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In recent years, carbon nanomaterials have been studied for their applications in important areas of engi-
neering and technology due to their unique physical, chemical, and biological properties. The high demand 
for developing carbon nanomaterials through environmentally friendly and low-cost synthesis strategies 
has resulted in significant efforts being undertaken worldwide. This study presents the synthesis and char-
acterization of carbon nanomaterials (CNMs) using the electric arc discharge method under conditions of 
75 V and 100 A. A copper substrate was employed to promote material deposition. Structural and morpho-
logical properties were examined using SEM and Raman spectroscopy. The results revealed the formation 
of multilayer carbon nanostructures with a high degree of graphitization (up to 88.98%) and particle sizes 
ranging from 38 to 53.5 nm. Electrophysical measurements demonstrated high dielectric constants and 
semiconducting behavior over the temperature range of 293–483 K, indicating the material’s potential for 
electronic applications. The synthesis method offers a scalable, cost-effective, and environmentally friendly 
approach to producing high-quality carbon nanomaterials.

Key words: сarbon nanotubes (CNTs), graphitization, temperature dependence, nanostructured materials, 
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1 Introduction 

The use of carbon nanomaterials, including 
CNTs and fullerenes, is currently of great impor-
tance in various modern areas of nanotechnology, 
new technological processes, and the creation of new 
high-performance and high-quality materials in bio-
logical engineering [1].

Carbon materials are materials with high strength, 
thermal and electrical conductivity, and chemical sta-
bility. They are widely used in many industries. In re-
cent years, novel carbon nanostructures and so-called 
carbon-carbon nanocomposites have been theoreti-
cally predicted and successfully synthesized. These 
materials exhibit distinct atomic structures, well-de-
fined dimensions, and diverse morphologies, leading 
to a broad spectrum of unique physical and chemical 

properties [2,3]. The electro-discharge technique is 
extensively utilized for synthesizing superior-quality 
carbon nanotubes (CNTs) as it operates at excep-
tionally elevated temperatures [4]. An overview of 
various classes of carbon nanomaterials synthesized 
from coal is presented in Figure 1.

The chemical bonding in carbon nanotubes 
(CNTs) is entirely composed of sp²-hybridized 
bonds, which are significantly stronger than the sp³ 
bonds found in alkanes, thereby imparting exception-
al mechanical strength to CNTs [5]. Notably, CNTs 
exhibit an extraordinarily high length-to-diameter ra-
tio, reaching up to 132,000,000:1, which surpasses 
that of any other known material [6].

Thanks to their distinctive hexagonal carbon 
framework, CNTs exhibit exceptional electrical, 
mechanical, and thermal characteristics, rendering 
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them highly adaptable for numerous applications in 
diverse scientific and industrial domains [7,8]. As 
members of the fullerene family, CNTs derive their 
name from their elongated, hollow, hexagonal cylin-
drical structure, characterized by single-atom-thick 
walls composed of carbon sheets known as graphene. 
These graphene layers are rolled up at specific chiral 
angles, which ultimately determine the electronic and 
mechanical properties of the resulting CNTs. The 
ends of CNTs are typically capped with a fullerene-
like molecular structure [9].

Structurally, CNTs are divided into two primary 
categories: single-walled carbon nanotubes (SW-
CNTs) and multi-walled carbon nanotubes (MW-
CNTs). Each of these structures arranges itself into 
bundles, held together by van der Waals forces, form-
ing rope-like assemblies with enhanced mechanical 
stability [10].

The primary application areas of carbon nano-
tubes (CNTs) include electronics, medicine, chem-
istry, pharmaceuticals, and biology. However, the 
selection of an appropriate CNT synthesis method 
is a critical factor when considering their potential 
for various applications. The assessment of different 
synthesis techniques is typically based on key criteria 
such as cost-effectiveness, raw material conversion 

efficiency, and process controllability [11].
After comparing many international and domes-

tic literature data, the electric arc discharge method 
was selected as one of the most effective methods 
for producing carbon nanomaterials. This method is 
based on connecting two graphite electrodes with a 
high current in an inert gas atmosphere, creating a 
stable arc discharge between them, which ensures the 
evaporation of graphite at high temperatures and the 
formation of carbon nanostructures. These methods 
ensure scalable and effective CNT production while 
allowing precise control over their structural features 
[12].

Currently, there are several common methods 
for synthesizing CNTs, namely thermal plasma [13], 
chemical vapor deposition (CVD) [14], and arc dis-
charge [15] methods. Several researchers, based on 
their research results [16], first developed a thermal 
plasma method for obtaining multi-walled CNTs 
from carbon, and secondly, a method based on the 
thermal decomposition of carbon-containing gases 
(chemical vapor deposition) accompanied by gas-
phase chemical deposition of crystalline nanocarbons 
on metal. Accordingly, the most effective of these 
methods was found to be the electric arc discharge 
method.

Figure 1 – Types of carbon nanomaterials obtained from different types of coal.
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One of the first to synthesize carbon nano-
materials using the electric arc discharge method 
was the Japanese scientist Sumio Iijima [17]. He 
studied and characterized the structure of the an-

ode formed by generating an electric arc discharge 
using a microscope. The electric arc discharge is 
caused by high current and very high temperature 
(fig. 2). 

Figure 2 – Production of carbon nanotubes using the electric arc discharge method.

Summarizing the reviewed literature, the electric 
arc discharge method can be considered as the most 
optimal method for synthesizing carbon nanotubes, 
which uses plasma-chemical and thermodynamic 
processes to generate carbon nanostructures from 
carbon-based plasma. This method is widely recog-
nized for its cost efficiency, high raw material con-
version rate, and controllability of the synthesis pro-
cess, making it highly suitable for large-scale CNT 
production [19].

During the electric discharge process, a high-
current arc is established between graphite electrodes 
in an atmosphere of inert gas, resulting in the evapo-
ration of carbon, which subsequently condenses into 
nanotubular structures. The controlled parameters 
of this method, including arc current, voltage, gas 
composition, and pressure, enable precise tailoring 
of CNT properties, such as diameter, length, and 
defect density. Due to these advantages, the electric 
discharge method remains a promising approach for 
synthesizing high-purity CNTs with well-defined 
structural characteristics, facilitating their integration 
into applications in electronics, medicine, chemistry, 
pharmaceuticals, and biotechnology [20].

The electric arc discharge method remains one 
of the most efficient and scalable techniques for the 

synthesis of various carbon nanomaterials (CNMs), 
including fullerenes, carbon nanotubes (CNTs), gra-
phene, carbon nanohorns, and core–shell nanopar-
ticles. In recent years, significant progress has been 
made in understanding the mechanisms governing 
the formation and structural evolution of these mate-
rials under arc plasma conditions.

Roslan et al. (2018) studied the transformation of 
fullerenes into multi-walled carbon nanotubes (MW-
CNTs) using arc discharge plasma, revealing insights 
into the gradual structural reorganization of carbon 
species during the synthesis process [21]. Comple-
mentarily, Raniszewski (2018) demonstrated that the 
application of an external electromagnetic field dur-
ing arc discharge leads to a noticeable improvement 
in CNT yield and crystallinity, opening new avenues 
for controlled synthesis [22].

Further development in the control of product 
morphology was achieved by Zhang et al. (2019), 
who showed that varying the buffer gas type and pres-
sure enables selective synthesis of different nanocar-
bon structures, including fullerenes, graphene, and 
nanohorns, within the same arc reactor [23]. Another 
noteworthy study by Zaikovskii et al. (2019) reported 
the formation of tin–carbon core–shell nanoparticles 
during arc discharge in helium, providing insight into 
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metal-carbon interaction and encapsulation mecha-
nisms in plasma conditions [24].

In addition to arc systems operating in noble 
gases, the synthesis of carbon nanosheets has been 
successfully conducted in gliding arc reactors. Ma et 
al. (2021) compared chemical vapor dissociation of 
toluene with graphite exfoliation, demonstrating that 
process parameters significantly affect the morphol-
ogy and surface structure of the resulting nanosheets 
[25].

A deeper understanding of nanoparticle forma-
tion dynamics in carbon arc plasma was provided 
by Yatom et al. (2018), who combined experimental 
diagnostics with numerical modeling. Their findings 
revealed that carbon nanoparticles predominantly 
nucleate in the peripheral regions of the arc, where 
temperature and carbon vapor gradients are optimal 
for nucleation and growth [26].

Arc discharge techniques have also been adapted 
for the synthesis of carbon nanomaterials from coal-
derived precursors. A 2021 study reported the fab-
rication of graphene-containing nanostructures using 
electric arc treatment of coke derived from Shubar-
kol brown coal. These materials exhibited promising 
structural characteristics suitable for applications in 
energy storage and catalysis [27].

Overall, the arc discharge technique continues to 
be a powerful and versatile tool for producing high-
quality carbon nanomaterials. The ability to control 
synthesis parameters—such as gas type, pressure, 
electrode composition, and external fields—provides 
wide tunability in nanomaterial structure and func-
tionality. Future work will likely focus on process 
scaling, hybrid nanomaterials, and integration into 
device applications.

Carbon nanomaterials, particularly carbon nano-
tubes (CNTs), have been widely investigated due 
to their exceptional mechanical, thermal, and elec-
trical properties. Numerous synthesis techniques 
have been developed, with the electric arc discharge 
method recognized for its high purity and crystallin-
ity of produced CNTs. However, despite extensive 
research, limited attention has been paid to the use 
of copper substrates in arc discharge synthesis, and 
the resulting structural, morphological, and electro-
physical properties of the synthesized CNMs remain 
insufficiently explored. In this study, we introduce a 
novel approach using a copper substrate in the elec-
tric arc discharge method (100 A, 75 V) to synthesize 
carbon nanomaterials. We characterize the resulting 
nanostructures using SEM and Raman spectroscopy 
and evaluate their electrophysical properties over a 
wide temperature range. This work provides new in-

sights into scalable production of CNMs with high 
dielectric constants and tunable electrical behavior, 
highlighting their potential for advanced electronic 
applications [28].

2 Materials and methods

The electric arc discharge method (100 A, 75 V) 
was employed to obtain nanomaterials. Pyrolysis gas 
acted as the carbon source, while graphite was used 
for the electrode and a copper plate as the substrate. 
The synthesis of carbon nanomaterials was carried 
out using the electric arc discharge method under the 
following conditions: a DC power source provided a 
stable discharge current of 100 A at a voltage of 75 
V between two high-purity graphite electrodes. The 
discharge was conducted in a sealed stainless-steel 
chamber filled with argon gas (99.999% purity) at a 
pressure of 400 Torr (approximately 53 kPa). A con-
tinuous argon flow rate of 1.5 L/min was maintained 
throughout the process to ensure an inert atmosphere 
and remove reaction by-products. The inter-electrode 
gap was set at approximately 2 mm, and the arc dis-
charge was sustained for 10 minutes per synthesis 
run. The copper substrate was positioned below the 
electrode assembly to collect deposited carbon ma-
terial, while additional deposition occurred on the 
reactor wall and electrode surface. The analysis was 
performed using a laboratory carbonization furnace, 
gas chromatograph, scanning electron microscope, 
and Raman spectroscopy 

The chemical analysis and surface morphology of 
the samples were studied using energy dispersive X-
ray spectroscopy on an SEM (Quanta 3D 200i) with 
an EDAX energy dispersive analyzer. SEM images 
were obtained with the Quanta 3D 200i field-emis-
sion gun (FEG) at magnifications of ×2000, ×10000, 
and ×50000. A 5 nm conductive gold coating was ap-
plied to the samples using a Q150T ES sputter coater 
(Quorum Technologies, UK) to prevent charging ef-
fects during imaging.

The SEM system was operated under high-vacu-
um mode, with an accelerating voltage of 5–15 kV, 
depending on the sample’s conductivity and required 
resolution. Energy-dispersive X-ray spectroscopy 
(EDS) was performed using an EDAX Apollo X de-
tector integrated into the SEM system to analyze the 
elemental composition of the samples. 

Raman spectroscopy analysis was performed us-
ing an NT-MDT NTEGRA Spectra system, which 
provides high spatial and spectral resolution for car-
bon nanomaterial characterization. A 532 nm solid-
state laser was used as the excitation source, with an 
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output power of 5 mW to prevent sample degrada-
tion. The spectral range was set from 500 to 3500 
cm⁻¹, with a spectral resolution of 1 cm⁻¹. Measure-
ments were carried out using a 100× objective lens 
(NA = 0.95), providing a spatial resolution of approx-
imately 300 nm. The system was calibrated prior to 
each measurement using the 520.7 cm⁻¹ silicon peak 
as a reference. The acquisition time for each spec-
trum varied between 10 and 30 seconds, depending 
on the fluorescence level of the sample. The intensity 
ratios ID/IG and I2D/IG were calculated to evaluate 
the degree of graphitization, defect density, and mul-
tilayer nature of the synthesized carbon nanomateri-
als. Data processing and spectral deconvolution were 
conducted using Nova PX software, ensuring precise 
background correction and peak fitting.

Measurement of electrical properties (dielectric 
constant ε, electrical resistance R) was carried out by 
measuring the electrical capacitance C of samples on 
a serial LCR-800 device (L, C, R meter) at an oper-
ating frequency of 1, 5, 10 kHz with a base error of 
0.05-0.1%.

Plane-parallel samples were pre-fabricated in the 
form of disks with a diameter of 10 mm and a thick-
ness of 1-6 mm with a binder additive (~1.5%). The 
pressing process was performed under a pressure of 
20 kg/cm². The resulting discs were then fired in a 
silit furnace at 200°C for 6 hours. Afterward, they 
were carefully polished on both sides.

The dielectric constant was determined from the 
electrical capacitance of the sample at known values 
of the sample thickness and the surface area of the 
electrodes. To obtain the relationship between elec-
trical induction D and electric field strength E, the 
Sawyer-Tower circuit was used. Visual observation 
of D (E of the hysteresis loop) was carried out on an 
S1-83 oscilloscope with a voltage divider consisting 
of a resistance of 6 mOhm and 700 kOhm, and a ref-
erence capacitor of 0.15 μF. Generator frequency 300 
Hz. In all temperature studies, samples were placed 
in an oven, the temperature was measured with a 
chromel-alumel thermocouple connected to a B2-34 
voltmeter with an error of ± 0.1 mV. Temperature 
change rate ∼5 K/min. The dielectric constant at each 
temperature was determined by the formula:
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The calculation of the band gap (ΔE) was per-
formed using the formula, where k denotes the 
Boltzmann constant (8.6173303 × 10⁻⁵ eV·K⁻¹), R1 
is the resistance at temperature T1, and R2 is the resis-
tance at temperature T2. 

To confirm the reliability of the results, the di-
electric constant of the standard substance barium ti-
tanate (BaTiO₃) was measured at 1 kHz, 5 kHz, and 
10 kHz frequencies.

To ensure clarity in sample identification 
throughout the study, the synthesized carbon nano-
materials were categorized based on their collec-
tion location and assigned the following labels: 
S1 refers to the sample collected from the reac-
tor wall, S2 corresponds to the material deposited 
on the copper substrate, E1 designates the sample 
obtained from the graphite electrode under gas-
phase deposition conditions, and E2 represents the 
electrode-derived sample formed under solid-state 
conditions without the involvement of gas. These 
designations are consistently used in the subse-
quent sections to distinguish between the different 
sample types.

3 Results

Scanning electron microscopy (SEM) analysis 
of nanomaterials obtained from the reactor wall 
indicates the formation of flakes and finely dis-
persed agglomerates with different particle sizes 
104-116 nm. In the Raman spectra of the sample, 
two typical peaks are observed at 1361 cm-1 and 
1590 cm-1, corresponding to the D and G band. 
They are associated with the disordered structure, 
defects and ordered graphitic carbon structure of 
carbon materials. The material possesses a lim-
ited degree of graphitization (Gf = 36.08%). A 
key indicator of carbon material quality, the ID/
IG intensity ratio, was determined, while the I2D/
IG value of 0.247 (notably lower than the >1.6 
observed in monolayer graphene) and the IG/I2D 
ratio of 4.04 support the presence of a multilayer 
CNT structure. The ID/IG ratio of 1.05 suggests a 
considerable number of defects within the mate-
rial. (Fig. 3,4).
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a b c

Figure 3 – SEM images of sample S1 (100 A, 75 V). a – x2000, b – x10000, c – x50000.

Gf=36.08%, I(D)/I(G)=1.05, I(G)/I(D)=0.95, I(G)/I(2D)=4.04 (Lorentz) I(2D)/I(G)=0.247
D = 1361 cm-1; G = 1590 cm-1; 2D = 2693 cm-1

Figure 4 – Raman spectrum of sample S1 (100 A, 75 V).

The SEM images of the sample obtained from 
the substrate exhibit a graphite-like signal with vis-
ible flake-shaped particles measuring between 43 
nm and 51 nm. Raman spectroscopy shows charac-
teristic peaks at D (1354; 1341 cm⁻¹) and G (1579; 
1588 cm⁻¹). The ID/IG intensity ratio, commonly 
used to assess carbon material quality, suggests a 

graphitization degree of 38.08%. The measured 
I2D/IG values (0.217 and 0.11) are much lower 
than the typical value for single-layer graphene 
(>1.6), while IG/I2D ratios (4.6 and 8.99) indicate 
a multilayer structure. The ID/IG ratios (0.64 and 
1.025) reveal a significant number of defects in the 
material (Fig. 5,6).



74

Synthesis and characterization of carbon nanomaterials ...                  Phys. Sci. Technol., Vol. 12 (No. 1-2), 2025: 68-83

a b c

Figure 5 – SEM images of sample S2 (100 A, 75 V). a – x2000, b – x10000, c – x50000.

Gf=38.08%, I(D)/I(G)=0.64, I(G)/I(D)=1.56, I(G)/I(2D)=4.6 (Lorentz) I(2D)/I(G)=0.217
D = 1354 cm-1; G = 1579 cm-1; 2D = 2716 cm-1

Figure 6 – Raman spectrum of sample S2 (100 A, 75 V).

Nanomaterials obtained from the electrode, as 
observed in SEM images, consist of flakes and small 
spherical agglomerates with particle sizes of 38–53.5 
nm. Raman analysis confirms the formation of few-
layer graphene or CNM, with characteristic peaks at 
1360 cm⁻¹ (D band) and 1575 cm⁻¹ (G band). The 
graphitization degree was determined to be 88.98%, 

and the ID/IG intensity ratio, which assesses carbon 
material quality, was examined. The I2D/IG ratio 
(0.39) is significantly lower than that of monolayer 
graphene (>1.6), while the IG/I2D ratio (2.54) sup-
ports the presence of a low-layered carbon nanomate-
rial. The ID/IG ratio of 0.86 suggests minimal struc-
tural defects in the analyzed sample (fig. 7,8). 
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a b c

Figure 7 – SEM images of sample Е1 (100 A, 75 V). a – x2000, b – x10000, c – x50000.

Gf=88.98%, I(D)/I(G)=0.085, I(G)/I(D)=11.72, I(G)/I(2D)=2.54 (Lorentz) I(2D)/I(G)=0.39
D = 1360 cm-1; G = 1575 cm-1; 2D = 2716 cm-1

Figure 8 – Raman spectrum of sample Е1 (100 A, 75 V).

SEM analysis of the nanomaterials obtained 
from the electrode shows the presence of flakes 
and large agglomerates, with particle sizes be-
tween 49 and 56 nm. The Raman spectra from the 
sample reveal a graphite structure, marked by the 
D bands at 1346 and 1356 cm⁻¹ and the G band 
at 1580 cm⁻¹. The broad D-peak indicates that the 
sample has a low graphitization degree, with high 
disorder and numerous defects. The sample dis-

plays a heterogeneous nature. The graphitization 
degree is 53.7%, and the ID/IG ratio provides in-
sight into the material’s quality. The I2D/IG ratio 
(0.35 and 0.24) is much lower than the typical 
value for single-layer graphene (>1.6), while the 
IG/I2D ratio values of 2.87 and 4.13 suggest a 
low-layered nanomaterial. The ID/IG ratios of 
0.97 and 0.59 imply a minimal presence of de-
fects in the material (fig. 9,10).
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a b c

Figure 9 – SEM images of sample Е2 (100 A, 75 V). a – x2000, b – x10000, c – x50000.

Gf=53.7%, I(D)/I(G)=0.59, I(G)/I(D)=1.69, I(G)/I(2D)=4.13 (Lorentz) I(2D)/I(G)=0.24
D = 1356 cm-1; G = 1580 cm-1; 2D = 2717 cm-1

Figure 10 – Raman spectrum of sample Е2 (100 A, 75 V).

Among the four samples studied, sample E1 
(electrode-derived material, gas-phase deposition) 
demonstrated the highest degree of graphitization 
(88.98%) and the lowest defect density, as indicated 
by its low ID/IG ratio and prominent 2D peak in the 
Raman spectrum. This superior structural order can 
be attributed to the localized high-temperature plas-
ma environment near the electrode, which promotes 
more complete carbon rearrangement and crystalliza-
tion into graphitic domains. In contrast, sample S1 

(reactor wall deposit) exhibited a lower graphitiza-
tion degree (36.08%) and higher defect density. This 
is likely due to the cooler, less controlled deposition 
environment along the reactor wall, which results in 
rapid quenching and disordered carbon structures. 
Samples S2 and E2 showed intermediate behavior, 
reflecting the influence of both deposition surface and 
gas-phase versus solid-state formation conditions.

These differences highlight the critical role of de-
position location and temperature gradient in deter-
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mining the structural quality of the resulting carbon 
nanomaterials. The electrode surface, being directly 
exposed to the arc core, provides the most favor-
able conditions for forming high-quality, low-defect 
CNTs and graphene-like layers.

The formation of flakes and spherical agglomer-
ates observed in SEM images may result from two 
competing mechanisms: (1) layered growth from car-
bon atoms adsorbed on a substrate surface, and (2) 
volumetric nucleation in the gas phase, followed by 
aggregation during cooling. Overall, the nanostructure 
formation is primarily governed by carbon vapor con-
centration, local temperature, deposition rate, and sur-
face properties of the collection zones – all of which 

vary significantly across the different sample types.
The study focused on the electrophysical proper-

ties of carbon materials formed by the electric arc dis-
charge method at 100 A, where a high graphitization 
degree was noted. Electrophysical measurements of 
carbon nanomaterials synthesized by the electric arc 
discharge method were carried out at a temperature 
of 293-483 K in the frequency ranges of 1, 5, and 10 
kHz. Figure 11 shows how the dielectric constant (a) 
and electrical resistivity (b) of a carbon nanomaterial 
vary with temperature at frequencies of 1 kHz (I), 5 
kHz (II), and 10 kHz (III).

Comparative data on the electrical properties of 
the resulting carbon materials are shown in Table 1.

а)

b)
I
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а)

b)

II
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а)

b)

III

Figure 11 – Variation of dielectric constant (a) and electrical resistivity (b) of carbon nanomaterial  
at different temperatures at frequencies of 1 kHz (I), 5 kHz (II) and 10 kHz (III).
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Table 1 – Temperature dependence of electrical resistance (R), capacitance (C), and dielectric constant (ε)

Name of material
Dielectric constant (ε)

at 1 kHz at 5 kHz at 10 kHz
293 К 483 К 293 К 483 К 293 К 483 К

BaTiO3 1296 2159 1220 2102 561 2100
Nanomaterial 525877 287880816< 51819 37393213 24336 11181691

Electrical resistance (lgR)

BaTiO3 4.13 3.67 4.47 3.58 5.18 3.37

Nanomaterial 3.98 2.35 3.92 2.35 3.85 2.34

The findings from investigations into the tem-
perature dependence of the dielectric constant (ε) of 
a nanomaterial obtained at 100 A, 75 V show high ε 
values at all frequencies and in the range of 293-483 
K. Thus, the ε values of this material at 293 K exceed 
ε of the reference BaTiO3 by 406 times at 1 kHz, 42 
times at 5 kHz and 43 times at 10 kHz. This mate-

rial holds promise for microcapacitor technology. The 
temperature dependence of its electrical resistance (R) 
reveals semiconductor conductivity from 293-363 K, 
metallic conductivity between 363-393 K, and again 
semiconductor conductivity from 393-483 K (at 10 
kHz). According to the research, the band gap of this 
material is 0.72 eV within the 293-363 K range:

E 0,72eV
24,3
85,3lg

)293363(43,0
363293000086173,02





                                         (3)

In the temperature range of 493-483 K, 
the band gap of the material is 1.2 eV, which 

classifies it as a narrow-bandgap semicon-
ductor.

E 1,2eV
34,2
33,3lg

)393483(43,0
483393000086173,02





                                      (4)

It is important to highlight that the dielectric con-
stant of the carbon materials produced is competi-
tive with that of the new La15/8Sr1/8NiO4, which has 
a remarkably high dielectric constant in the range of 
105-106. 

During the experiment, carbon materials contain-
ing graphene were synthesized using the electric arc 
discharge method, which is considered one of the 
most promising methods for producing nanomateri-
als, allowing for the production of products of rela-
tively high purity and with few defects.

The nanomaterials synthesized, particularly sam-
ple E1, exhibited extremely high dielectric constants 
(ε), reaching up to 2.88 × 10⁸ at 1 kHz and 483 K, 
significantly exceeding those of conventional dielec-
trics such as barium titanate (BaTiO₃), which typi-
cally ranges from 10³ to 10⁴ under similar conditions. 

Compared to other carbon-based nanomaterials such 
as reduced graphene oxide or CNT–polymer com-
posites, which generally exhibit ε values in the range 
of 10²–10⁴, the results obtained in this study suggest 
a remarkably high capacity for charge storage. Addi-
tionally, the observed semiconductor-to-metal transi-
tion with temperature and narrow band gap (0.72–1.2 
eV) are comparable to or better than many reported 
CNT-based and graphene-based systems. These 
features suggest strong potential for application in 
microcapacitor technologies, temperature-sensitive 
electronic switches, and semiconducting layers in na-
noelectronic devices, especially where high dielectric 
response and thermal stability are required.

The temperature range of 293–483 K selected 
for measuring the electrophysical properties refers 
to the post-synthesis characterization phase, not the 
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synthesis plasma itself. However, water cooling was 
implemented to control the local temperature of the 
sample collection surfaces (e.g., electrode and sub-
strate) during and immediately after discharge, mini-
mizing thermal damage and improving measurement 
repeatability.

Regarding plasma temperature control, water 
cooling does not significantly reduce the central arc 
plasma temperature (typically several thousand K), 
but it plays a crucial role in moderating the surround-
ing reactor wall and electrode temperatures, which 
directly affect deposition morphology, particle ag-
glomeration, and cooling rates of the carbon nano-
materials. This indirectly influences crystallinity and 
defect formation.

A direct comparative analysis of synthesis out-
comes with and without cooling was not the primary 
focus of this study, but will be considered in future 
work. 

4 Conclusion 

In this study, carbon nanomaterials were suc-
cessfully synthesized using an electric arc discharge 
method with a copper substrate and characterized 
through SEM, Raman spectroscopy, and electrical 
measurements. A key novelty lies in the use of a cop-
per substrate and controlled collection zones (elec-
trode, substrate, wall), which revealed strong spatial 

effects on graphitization quality, defect density, and 
morphology. Among the four samples, the elec-
trode-derived nanomaterial (E1) showed the highest 
graphitization degree (88.98%) and the lowest defect 
content, highlighting the importance of deposition 
environment and thermal gradients in tailoring nano-
material properties.

Importantly, the synthesized materials exhibited 
ultra-high dielectric constants and a tunable semi-
conducting-to-metallic transition, positioning them 
as promising candidates for next-generation micro-
capacitors, sensors, and thermally responsive nano-
electronic devices.

Future work should explore scaling the pro-
cess for industrial production, optimizing substrate 
materials, and integrating these nanomaterials into 
functional electronic or energy storage systems. Ad-
ditionally, a deeper investigation into long-term sta-
bility, conductivity under varying environments, and 
mechanical properties will be valuable for broaden-
ing application potential.
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