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Synthesis and electrical properties of the ceramic materials based  

on KxMnyRzTi8–y–zO16 (R = Al, Cr, Fe) hollandite-like solid solutions 
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Abstract: The potassium polytitanates (PPT) modified in the aqueous solutions containing the mixtures of water soluble 

salts of Mn2+ and trivalent metals (R3+ = Fe3+, Cr3+ or Al3+) are used as intermediates to produce ceramic sinters consisting 

of hollandite-like solid solutions corresponding to the chemical composition of K1.3±0.1Mn1.5±0.1R0.2Ti6.3±0.1O16.  

It has been shown that an introduction of various trivalent metals into the salt compositions used to obtain Mn-containing 

powdered potassium polytitanate (PPT-Mn/R3+) makes it possible to produce single-phase ceramics based on the resulting 

products by sintering. The resulting ceramic materials are characterized with a colossal dielectric constant at low 

frequencies and ac-conductivity varied in a wide range of values depending R3+. The mechanism of relaxation processes 

occurring in the resulting ceramic materials and the prospects for their application are considered. The ceramics based on 

PPT-Mn/Cr intermediates are characterized by relatively high ac-conductivity (10–7.5 Smcm–1) and permittivity  

(108 at 10–2 Hz), and can be used in manufacturing of BLC electrode materials, whereas, the ceramics produced with the 

PPT-Mn/Fe intermediate and characterized by relatively low ac-conductivity (10-9.2 Sm/cm) and high permittivity  

(107.3 at 10–2 Hz) can be used as a dielectric material in manufacturing of ceramic capacitors. 
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Синтез и электрические свойства керамических материалов на основе 

голландитоподобных твердых растворов KxMnyRzTi8–y–zO16 (R = Al, Cr, Fe) 
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Аннотация: Полититанаты калия (ППТ), модифицированные в водных растворах, содержащих смеси 

водорастворимых солей Mn2+ и трехвалентных металлов (R3+ = Fe3+, Cr3+ или Al3+), используются в качестве 

полупродуктов для получения керамических агломератов, состоящих из голландитоподобных твердых растворов, 

соответствующих химическому составу K1,3±0,1Mn1,5±0,1R0,2Ti6,3±0,1O16. Показано, что введение различных 

трехвалентных металлов в солевые композиции, используемые для получения Mn-содержащего 

порошкообразного полититаната калия (ППТ-Mn/R3+), позволяет получать однофазную керамику на основе 

полученных продуктов методом спекания. Полученные керамические материалы характеризуются колоссальной 
диэлектрической проницаемостью на низких частотах и проводимостью на переменном токе, варьирующейся  

в широком диапазоне значений в зависимости от типа R3+. Рассмотрен механизм релаксационных процессов, 

происходящих в полученных керамических материалах, и перспективы их применения. Керамика на основе 
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полупродуктов ППТ-Mn/Cr характеризуется относительно высокими значениями электропроводности  

(10–7,5 См/см) и диэлектрической проницаемости (108 при 10–2 Гц) и может быть использована в производстве 

BLC-электродных материалов, тогда как керамика, полученная с использованием интермедиата ППТ-Mn/Fe и 

характеризующаяся относительно низкой электропроводностью (10–9,2 См/см) и высокой диэлектрической 

проницаемостью (107,3 при 10–2 Гц) может быть использована в качестве диэлектрического материала при 

производстве керамических конденсаторов.  
 

Ключевые слова: интермедиаты; кристаллизация; голландитоподобные твердые растворы; функциональная 
керамики; электрические свойства. 
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10.17277/jamt.2024.03.pp.160-166 

 

1. Introduction 
 

Modern electronics needs new functional 

materials characterized by regulated electric properties 

and various combinations of functionalities. Such 

materials can be used in manufacturing of electric 

capacitors, storage devices, thermistors, electric 

filters, etc. [1–3]. Among them, the materials 

exhibiting a colossal dielectric constant (CDC, 

ε > 103) are of great interest for producing high-

density charge storage devices (memory drives) 

including boundary layer capacitors (BLC) and multi-

layer ceramic capacitors (MLCC). 

Ferroelectrics with perovskite-like structure 

(BaTiO3, PbTiO3, PbZrO3, etc.) currently form the 

basis of most ceramics demonstrating CDC values, 

but only within a narrow temperature range close to 

Tc. The best known non-ferroelectric CDC materials 

(CaCu3Ti4O12, Ba(Fe0.5Nb0.5)O3, and NiO based 

ceramics) possess excellent dielectric properties 

(ε ~ 105) [4, 5]. Nevertheless, creating materials 

characterized by higher dielectric constant values, 

regulated frequency dependence of permittivity and 

lower temperature of sintering remains a significant 

problem. 

In this regard, the hollandite-like solid solutions 

could open up new ways in the design and production 

of advanced non-ferroelectric ceramic materials. 

Some solid solutions, synthesized in the system of 

K2O-MxOy-TiO2 (M = Ni, Cu, Co, Cr, Fe) [6–8], 

have shown ε = 103–106 (f = 0.01 Hz) at (23 ± 2) °C. 

The KxMyTi8–yO16 hollandite-like ceramics based on 

the amorphous potassium polytitanates (PPT) 

modified in aqueous solutions of some transition 

metal salts [6] feature submicro-sized crystals 

facilitating the production of layered ceramics. This 

experimental technique enables relatively simple and 

fast production of the hollandite-like materials 

compared to other traditional time-consuming 

experimental methods, such as multistage molten salt 

and solid state synthesis [9], as well as a more 

complex sol-gel technique [8].  

However, the hollandite-like solid solution based 

on modified potassium polytitanates, as well as those 

produced by other methods [6–9], are significantly 

contaminated with secondary crystalline phases 

(TiO2, MeTiO3, Me2O3).  

The goal of this research is to justify a method of 
producing mono-phase hollandite-like ceramics 
characterized by enhanced CDC values. This can be 
achieved by using the potassium polytitanate 
intermediates modified in the aqueous solutions 

containing the combinations of divalent (Mn2+) and 

trivalent (R3+) metals. 

 
2. Materials and Methods 

 

2.1. Materials and preparing methods 
 

The parent potassium polytitanate powder (PPT) 
was synthesized at 500 °C by the molten salt method 
described in [10]. The PPT-based intermediates were 
produced by treating the parent PPT in the aqueous 

solutions containing the mixtures of sulfates of Mn2+ 

and trivalent metals (Al3+, Cr3+, Fe3+). The [Mn]/[R] 

molar ratio (n) in the mixed aqueous solutions was 
selected as n = 2 : 1 to align with the stoichiometry of 
layered double hydroxides (LDH) incrusting the  
PPT flakes by corresponding nanoscale LDH 
particles [11].  

Given that such mixed salt solutions are 

characterized by complicated physicochemical 

processes accompanied with hydrolysis, sedimentation 

of certain products and complexation [12–14], 

depending on pH and nature of the used salts, the 

prepared solutions (0.01 M for each salt, 

pH = 6.4 ± 0.2) were soaked for 6 hours to obtain 

chemically stable systems. Further, the solutions were 

filtered with the Whatman No 40 filters to separate 

the sediments (metal hydroxides), and used to modify 

PPT particles. Finally, the PPT powder was 
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introduced into the resulting aqueous solution  

(1 g per 100 mL) and stirred for 4 hours [6, 7].   
The resulting precipitate was washed with 

distilled water until reaching a pH = 8.5 and dried at 
50 °C for 4 hours. The final products were marked as 

PPT-Mn/R3+ (R =Al, Cr, Fe). 
The powdered intermediates were compacted at 

200 MPa to produce the discs of 12 mm in diameter 
and (2.0 ± 0.1) mm in thickness, and then sintered at 
900 °C for 2 hours to produce the ceramic specimens.  

 
2.2. Testing methods 

 

The resulting ceramics were investigated using  
a scanning electron microscope (SEM) Aspex 
EXplorer (acceleration voltage of 15 kV) and  

X-ray ARL X’TRA diffractometer (CuK source, 
λ = 0.15406 nm, 40 kV). The chemical composition 
was determined through the wavelength dispersive  
X-ray fluorescence analysis (Spectroscan MAX-GV).  

To evaluate the electrical properties, the bases of 
the produced ceramic discs were coated with silver-
palladium adhesive (K13 trade mark), and the 
obtained specimens were investigated using the 
impedance spectroscopy analyzer Novocontrol Alpha 
AN at (23 ± 2) °C. The mechanical strength of the 
discs was measured in accordance with ASTM 
C1424-15. 

The porosity of the ceramic sinters was 
calculated using a ratio of the real and apparent 
densities, determined by the picnometric method 
(Russian Standard 24409-80).   

 
3. Results and Discussion 

 

The XRD patterns of the obtained ceramic 
materials are presented in Fig. 1. All the materials can 

be classified as KxMnyRzTi8–y–zO16 solid solutions. 

Their structure corresponds to the hollandite-like 

phases, specifically KMnTi3O8 (54-1183) or 

K1.46Ti7.2Fe0.8O16 (5-60) (JCPDS-ICDD-2009 base 

of data). 
It can be inferred that during the thermal 

treatment the R3+ additives stabilize structure of the 
titanate polyanions, as represented in the PPT, and 

inhibit crystallization of perovskite-like MnTiO3, 

which intensively forms in the PPT-Mn based 
intermediates [7]. 

The chemical composition of the obtained 
ceramics (Table 1) allows us to classify the  

obtained substances as K1.3Mn1.5Al0.2Ti6.2O16, 

K1.4Mn1.4Cr0.2Ti6.4O16  and K1.3Mn1.6Fe0.2Ti6.2O16 

hollandite-like solid solutions with similar structure 
and composition. This formula corresponds to the 

general stoichiometry KxMe3+
yTi8–yO16 (x ≈ y), 

which is traditionally recognized in the literature for 

such substances and indicates the presence of 

manganese in the Mn3+ state, similar to the 

hollandite-like solid solutions based on PPT-Mn 

intermediates [7].  

The secondary phases observed in the sinters 

correspond to MnTiO3 (PPT-Mn/Al precursor) and 

spinel-like Mn1.5Cr1.5O4 (Mn1.5Al1.5O4); however, 

the total content of these phases in all the investigated 

systems is less than 3 %, allowing to consider them as 
traces.   

The chemical compositions of all the 
intermediates (PPT-Mn/R), as well as the ceramic 

powders obtained by their thermal treatment, are very 
close and facilitate the formation of the same 

crystalline phase (a hollandite-like solid solution 

K1.3±0.1Mn1.5±0.1R0.2Ti6.3±0.1O16) at high temperatures. 

 

       
                                                  (a)                                                                                                    (b) 

 

Fig. 1. XRD patterns of the PPT-Mn/R3+ precursors (a) and ceramic sinters based thereon (b) 
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Table 1. Chemical composition (X-ray fluorescence analysis data), compressive strength (CS),  

porosity (P), electric conductivity (σdc) and electric resistance of the equivalent circuit (R)  

of the obtained ceramic materials (Ме = Fe, Cr or Al) 
 

Precursor material 

Content, at. % (± 0,1) 

CS, MPa P, % 

σdc*, 

108
 

Smcm–1 

R*, 

MΩ K Mn Me Ti O 

PPT-Mn/Al 5.2 6.1 0.8 24.6 63.3 145 ± 10 4 ± 1 0.90 0.67 

PPT-Mn/Cr 5.0 6.0 0.8 25.1 63.0 123 ± 12 7 ± 2 0.42 1.40 

PPT-Mn/Fe 5.1 6.3 0.8 24.5 63.2 111 ± 18 9±2 0.91 1.11 

* calculated from the impedance spectra. 

 
To explain this phenomenon we have to take into 

account that in accordance with the X-ray 

fluorescence and XRD analysis data, the separated 

sediments obtained after soaking the mixed aqueous 

solutions consist of amorphous hydroxides of metals 

(Fe, Cr, Al) characterized by low critical values of pH 

(pHcryt = 2.0; 5.6 and 4.8, respectively [12–14]). 

These critical pH values are lower than pH = 6.4 

obtained in the parent mixed aqueous solutions. 

Consequently, soaking these solutions leads to a 

removal of the main part of Fe, Cr and Al with 

sediments, whereas most of Mn (pHcryt = 8 [12]) 

remains in the solutions. We can also assume that the 

remaining Fe, Cr or Al in the parent solution forms 

any hydroxo-anion aqua-complexes with Mn 

containing ions (Mn2+, and MnOH+) found in the 

solution at pH = 6.4 [13–16]. Most likely, the nature 

of such complexation is similar for various R3+ 

containing ions [16]. As a result, the initial molar 

ratio of [Mn]/[R] ≈ 2 was transformed to 

[Mn]/[R] ≈ 7 in all investigated parent aqueous 

solutions, and this phenomenon was confirmed across 

5 experimental series for each combination of salts. 

Therefore, the PPT-Mn/R products obtained by PPT 

treatment in the mixed aqueous solutions were 

considered as stable intermediates to produce 

ceramics based thereon.  

The resulting ceramic bodies have a dense 

structure (Fig. 2a) significantly low porosity and high 

compressive strength (Table 1).  

The impedance spectra of the ceramic sinters are 

presented in Fig. 2b. The impedance spectra observed 

in the low-frequency region represent the angle close 

to 45o with the Z' axis (high contribution of the 

diffusion process). At the same time, the shape of the 

Cole-Cole plots (semicircles) at high frequencies 

indicates that volume processes related to 

conductivity, taking place in these conditions, 

predominantly influence the impedance. The electrical 

resistance (R) and dc-conductivity of the 

corresponding equivalent circuits can be determined 

from the Z" = f(Z') dependence (Fig. 2b) [17].   

Using the measured Z′ and Z′′ values, the 

following characteristics were calculated: complex 

specific conductivity σ∗, ac – and dc conductivities, 

the real ε′ and imaginary ε′′ components of the 

dielectric constant  

    1*

0

*
1




  Z

s

l
i ; 

1**  Z
s

l
, 

where s is the electrode area and ω is the angular 

frequency. 

The resistance corresponding to ionic 

conductivity was calculated by extrapolating the 

high-frequency region of the hodograph (Fig. 2.b) to 

the axis of real resistances (R). Conductivity σ (ionic 

component or volumetric conductivity) was 

calculated using the relation σ = d/(R·s), where d is 

the thickness of the ceramic sample (disk), R is the 

resistance found by extrapolation. The electronic 

component of conductivity (low-frequency 

conductivity measured at a frequency of 10–2 Hz) was 

determined from Fig. 2d as an extrapolation of the 

frequency dependences of conductivity on the 

log(σac) axis, i.e. determination of conductivity at  

a frequency of 10–2 Hz. 

A simple shape of the semicircles in the Cole-

Cole plots and relatively high values of the electric 

resistance determined by extrapolating the high-

frequency arc to intersect the axis of real resistances 

indicate that the transport of electric charge carriers 

along boundaries of the crystals (2e– + 1/2O2 = O2–) 

reveals principal contribution in the conductivity [18]. 

Thus, the intermediates based on the PPT-Mn/R 

system have allowed for the production of mono-

phase ceramic dielectrics through sintering, whereas 

the PPT-Mn intermediates only facilitated the 
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                                           (a)                                                                                                    (b) 

 
 

                                                  (c)                                                                                                    (d) 
 

Fig. 2. Typical fracture surface of the ceramic sinter (PPT-Mn/Cr) (a), Cole-Cole plots of the impedance data (b)  

and frequency dependences of permittivity (c) and conductivity (d) for the sinters based on varios PPT-Mn/R3+ intermediates 

 

formation of ceramic composites, characterized by 

the presence of various secondary crystalline phases, 

lower permittivity and higher conductivity [7]. The 

permittivity of the obtained ceramics has extremely 

high values (Fig. 2c) and monotonically decreases 

with increased frequencies. The origin of high 

dielectric constant in the obtained non-ferroelectric 

systems at the room temperature can be attributed to 

both intrinsic and extrinsic relaxation processes (such 

as grain boundary, electrode interface) [19, 20]. The 

sources of conductivity and relaxation mechanisms in 

these materials can be discussed in terms of defect 

structures. A movement of the charged point defects 

(Ti3+, typical for the hollandite-like structures [9]), 

free charge carriers (e–, K+) and oxygen vacancies as 

well as accumulation of charge carriers at the grain 

boundaries enhances the dielectric constant in these 

materials. Transition metals with various oxidation 

states (Mn, Fe, Cr) can also act as charged point 

defects and facilitate hopping conductivity.  

Nevertheless, it is interesting that the hollandite-like 

solid solutions of all the investigated compositions 

are characterized by very similar values of 

permittivity and conductivity in a wide range of 

frequencies in spite of different kinds of R3+ metal 

used as a dopant.  

The findings indicate that the mono-phase PPT-

Mn/Fe based ceramic materials are  promising for the 

MLCC manufacturing due to their higher permittivity 

and lower conductivity compare to previously 

investigated hollandite-like materials based on simple 

PPT-Me intermediates [6–8]. 
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4. Conclusion 
 

1. The obtained results indicate that the 

potassium polytitanates modified in the stabilized 

aqueous solutions containing the mixtures of water 

soluble salts of Mn and  trivalent metals (R), such as 

Fe, Cr or Al, can be used as intermediates to produce 

mono-phase ceramic sinters consisting of hollandite-

like solid solutions (purity of 99+) corresponding to 

the formula of K1.3±0.1Mn1.5±0.1R0.2Ti6.3±0.1O16.  

2. The sintered ceramics produced through this 

method have a colossal dielectric constant (106–108) 

at low frequencies and relatively low ac-conductivity 

varying in the range of 10–7.5–10–9.2 depending on the 

R3+ type. 

3. The ceramic materials based on PPT-Mn/R 

intermediates can be used in manufacturing of hybrid 

(electrostatic-electrochemical) electrode materials 

and could be advantageous in manufacturing high-

density charge storage devices, such as ceramic 

capacitors. 
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Abstract: In this paper, a comparative analysis of methods for determining the surface area in relation to electrode 
materials was carried out on the example of commercial carbon felts of various structures. For a more complete analysis, 
scanning electron microscopy and Raman spectroscopy methods were additionally used. It is shown that electrochemical 
methods for determining the surface area are selective with respect to the edge plane of graphite, which can be both an 
advantage and a disadvantage, depending on the objectives of the study. It is revealed that the use of the classical method 
of low-temperature adsorption of gases is not always justified due to the complexity of selecting the correct model 
describing the system under study. Adsorption of dyes from aqueous solutions seems to be the most suitable method for 
determining the wetted surface of the material, however, it requires large amounts of sample and is characterized  
by a significant error. 
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Аннотация: В данной работе проведено сравнение методов определения площади поверхности применительно  
к электродным материалам на примере коммерческих углеродных войлоков различной структуры. Для более 
полного анализа дополнительно привлечена сканирующая электронная микроскопия, позволившая 
охарактеризовать морфологию поверхности материала и спектроскопия комбинационного рассеяния, с помощью 
которой оценивали количество дефектов в кристаллической структуре углерода, а также содержание аморфной 
фазы. Показана селективность электрохимических методов определения площади поверхности по отношению  
к краевой плоскости графита, что может являться как преимуществом, так и недостатком, в зависимости от целей 
исследования. Выявлено, что применение классического метода низкотемпературной адсорбции газов далеко не 
всегда оправдано, ввиду сложности подбора корректной модели, описывающей исследуемую систему. Кроме 
того, при исследовании приведенным методом электродных материалов полученные данные будут сильно 
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завышены из-за лучшей смачиваемости углеродного материала азотом, чем водой. Адсорбция красителей из 
водных растворов, по-видимому, является наиболее подходящим методом для определения смоченной 
поверхности материала, однако требует наличия большого числа образцов, характеризуется значительной 
погрешностью и может давать несколько завышенные результаты, хоть и меньшие, чем низкотемпературная 
адсорбция азота. 
 
Ключевые слова: углеродное волокно; площадь поверхности; скорость переноса электронов; емкость двойного 
электрического слоя; базальная плоскость графита; краевая плоскость графита; адсорбция метиленового голубого. 
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1. Introduction 
 

Specific surface area is one of the key 
parameters of carbon materials. Various methods are 
used to determine it. For example, for quasi-one-
dimensional materials, it is possible to estimate the 
specific surface area based on the average fiber radius 
values [1–3]. However, the geometric estimate cannot 
be considered accurate, since it does not take into 
account the heterogeneity of the fiber surface. Low-
temperature gas adsorption data [2, 4, 5] and dye 
adsorption from aqueous solutions [6, 7] are often 
used. In addition, a number of sources report on 
electrochemical methods for estimating the specific 
surface area [8, 9]. 

The results obtained by the Brunauer–Emmett–
Teller (BET) method are often poorly suited for 
describing the electrochemical behavior of a carbon 
material due to the difference in the mechanisms of 
interaction between gas and electrolyte with carbon. 
Data on dye adsorption from solutions are more 
suitable in this sense, but difficulties with selecting a 
physical model of the process remain. 

Electrochemical methods are free from this 
drawback, but require the use of accurate values of a 
number of constants. Moreover, if the diffusion 
coefficient used in calculations according to the 

Randles-Shevchik equation [8] is known for most 
standard redox systems, then determining the specific 
capacity of the electric double layer (EDL) causes 
difficulties, since this value is made up of the 
capacities of the marginal and basal planes [10–12], 
data on which vary significantly in different sources 
(Table 1). For example, experimentally determined 
values of the capacity of the marginal plane differ by 
orders of magnitude due to the contribution of 
pseudocapacitance [13, 14]. 

Thus, all currently available methods for 
assessing the surface area of carbon materials have 
shortcomings. At the same time, the use of several 
complementary methods can provide reliable useful 
information, for example, the ratio of the areas of the 
basal and edge planes of graphite. This parameter is 
extremely important for characterizing the 
electrochemical properties of carbon materials. Thus, 
in [18], it was shown that materials with a high 
proportion of the edge plane are able to more 
effectively reduce oxygen in the cathode space of fuel 
cells. The rate of electron transfer in redox systems, 
for example, [Fe(CN)6]3–/[Fe(CN)6]4– containing 
ascorbic acid or hydrazine significantly, depend on 
this ratio [19–21]. 

 
Table 1. Specific capacity of the basal and edge plane of graphite 

 

Electrolyte Basal plane capacity, μF⋅cm–2 Edge plane capacity, μF⋅cm–2 Reference 

0,9 Н NaF 3 50–70 [15] 

1 mM HCF in 1М KCl 1–2 70 [11] 

1М KCl 0.81 – [16] 

6 М LiCl 4.72 ± 0.37  430.1 ± 9.9 [13] 

0,1 М Na2HPO4 (рН = 7), 0,1М KCl 4 105 [14] 

6 М LiCl 4.3–6.0 – [10] 

6 М LiCl 1.7 ± 0.2 25 ± 6 [17] 
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Usually, the proportion of the edge plane is 
calculated from the value of the rate constant of 
heterogeneous electron transfer in the [Fe(CN)6]3–/ 
[Fe(CN)6]4– system according to equation (1) [11, 12]. 

 

( )ebee fkfkk −+= 1 ,                     (1) 
 

where k is the rate constant of heterogeneous electron 
transfer, cm⋅s–1; ke is the rate constant of 
heterogeneous electron transfer to the edge plane of 
graphite, cm⋅s–1; kb is the rate constant of 
heterogeneous electron transfer to the basal plane, 
cm⋅s–1; fe is the fraction of the edge plane of graphite. 
This method is not very accurate due to the large 
error in determining the rate constant [22].  

According to [1, 16], the fraction of the edge 
plane is also included in equation (2): 

 

( ) beee CfCfС −+= 1 ,                   (2) 
 

where C is the specific capacitance of the EDL for 
the material, μF⋅cm–2; Ce is the specific capacitance 
of the edge plane of graphite, μF⋅cm–2; Cb is the 
specific capacitance of the basal plane of graphite, 
μF⋅cm–2.  

However, it is not possible to use equation (2) in 
practice due to the complexity of determining the 
exact value of the specific capacitance of the edge 
plane EDL.  

The aim of this work was to compare different 
methods for determining the surface area for 
characterizing carbon materials that can be used in 
electrochemical systems in the future. Carbon felt 
was chosen as a model material, since it is widely 
used in the creation of supercapacitors [23, 24], 
electrochemical [5, 25] and bioelectrochemical  
[4, 26] current sources, as well as electrochemical 
sensors [8]. 

 
2. Materials and Methods 

 
2.1. Initial materials and reagents  

 
In this work, two commercial samples of carbon 

felt obtained by pyrolysis of polyacrylonitrile fiber in 
an inert atmosphere were investigated. Sample No. 1 
was produced by Heibei Huasheng Felt Co Ltd. 
(China), sample No. 2 was produced by Kompozit-
Polymer (Russia). 

The reagents (methylene blue, potassium 
hexacyanoferrate (III), potassium chloride) used in 
the work were of analytical grade. All solutions were 
prepared with deionized water and stored in dark 
glassware at a temperature of 4 °C for no more than a 
week. 

2.2. Analytical methods 
 

Electron images were obtained on a JSM-6510 
LV microscope (JEOL, Japan) in low vacuum mode 
(30 Pa) with secondary electron (SE) registration. 
Raman spectra were recorded on a DXR Raman 
Microscope (Thermo Scientific, USA) using a laser 
with a wavelength of 532 nm.  

The surface area was determined by the 
adsorption of methylene blue (solution concentration 
1 mmol⋅dm–3) according to the procedure [6] using an 
SF-2000 spectrophotometer (OKB-Spectr, Russia). 
The optical density of the dye was measured at a 
wavelength of 616 nm. The surface area was 
determined by nitrogen adsorption using a 
Quantochrome Autosorb IQ Nova 1200e specific 
surface area and porosity analyzer (Quantachrome 
Instruments, USA) at a temperature of 77 K and a 
partial pressure of 0.05 – 0.30. Electrochemical 
measurements were performed on a CORRTEST 
CS1350 potentiostat-galvanostat (Corrtesr, China) in 
a three-electrode cell with a saturated silver chloride 
electrode as the reference electrode and a 0.5x0.5x0.1 
cm platinum foil as the auxiliary electrode. A 0.1 M 
KCl solution was used as the background electrolyte. 
The concentration of potassium hexacyanoferrate 
(III) in the solution was 0.5 mM. Cyclic 
voltammograms were recorded at scan rates of  
10–500 mV⋅s–1 in the range of –0.4–+0.6 V. 

Impedance spectra were recorded in 0.1 M KCl 
in the frequency range from 1 Hz to 0.1 MHz at the 
anodic potentials of cyclic voltammograms (CV) of 
potassium hexacyanoferrate (III) (to determine the 
rate constant of heterogeneous transfer) and at the 
open circuit potential (to determine the specific 
capacitance of the EDL). The voltage amplitude was 
10 mV. 

From the CV data, the rate constant of 
heterogeneous electron transfer was calculated using 
the Nicholson-Lavagnini method [27, 28] based on 
the slope of the dependence of the limiting current on 
1/ψ in accordance with equation (3) obtained by 
combining the Nicholson and Randles-Shevchik 
equations: 

ψ

π
α−= s

p
k

nFSCI 14463.0 ,              (3) 

 

where Ip is limiting anode current; π is a 
mathematical constant, 3,14; 1 – α is an electron 
transfer coefficient for the anode process; ks is a rate 
constant of heterogeneous electron transfer; F is the 
Faraday number; S is the electrode area; n is the 
number of electrons participating in the reaction. 
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The parameter ψ was determined using equation 
(4) [28]: 

E

E

Δ−

Δ+−
−=ψ

017.01

002.06288.0
,                 (4) 

 

where ψ is the Nicholson coefficient, V; ΔE is the 
difference between the potentials of the anodic and 
cathodic peaks, V.  

From the electrochemical impedance 
spectroscopy data, the rate constant of heterogeneous 
electron transfer was calculated using equation (5) [27]: 

 

SXFnR

RT
k

F
s 22
= ,                         (5) 

 

where R is the universal gas constant, J⋅mol⋅K–1;  
T is the temperature, K; RF is the Faraday resistance 
of the reaction, Ohm; X is the concentration of the 
electro-active substance in the solution, mol⋅dm–3.  
To find the Faraday resistance, the Voigt ladder 
diagram was used. To calculate the specific capacity 
of the EDL, the Randles diagram was used [29]. 

Based on the results of the CV with a linear 
potential sweep at a potential sweep rate of  
100 mV⋅s–1 in the range of 0–0.5 V, the specific 
capacitance of the EDL of carbon felt was determined 
using equation (6) [30]: 

( )12

1

2

EEm

dEI

С

E

E

−
=

∫
,                         (6) 

 

where I is the equation for the dependence of current 
on potential, А; Е1 is the initial potential of the cyclic 
voltammogram, V; Е2 is the final potential of the 
voltammogram, V; m is the mass of felt, g. 

Charge-discharge curves were recorded at a 
charge-discharge current of 10 μA in the potential 
range of 0–0.5 V. The specific capacity of the EDL 
was calculated using formula (7) [30]: 

 

Em

tI
C

′Δ

Δ′
= ,                              (7) 

 

where I ′  is the charging (discharging) current, А; Δt 
is the charging (discharging) time, s; E′Δ  is the 
absolute value of the difference between the potential 
at the beginning and end of charging (discharging), V. 

 
3. Results and Discussion 

 

Scanning electron images (SEM) were obtained 
to characterize the morphology of the felt samples  
(Fig. 1). Both samples consist of interwoven carbon 

fibers with a diameter of about 20 μm. On the surface 
of these fibers, longitudinal grooves with a width of 
0.1–0.3 μm are observed, which apparently formed 
during the production of polyacrylonitrile fiber.  
On the surface of sample No. 2, growths with a size 
of 0.5–5.0 μm are observed. The obtained results are 
consistent with the literature data [1]. 

The Raman spectra (Fig. 2) of both samples 
contain the G (1550 cm–1) and D (1350 cm–1) bands, 
which are characteristic of all carbon materials. The 
G band is due to vibrations of sp2-hybridized carbon 
atoms in the crystal structure of graphite, and the D 
band is due to the presence of defects in this 
structure. The degree of defectiveness of a carbon 
material is usually estimated by the intensity ratio of 
these bands (ID/IG) [31]. The Raman spectrum of 
sample No. 1 (Fig. 2a) is characterized by a high 
noise level, which may be a consequence of the 
amorphization of the structure [31]. This is confirmed 
by the presence of the D′′ peak (1400 cm–1) between 
the D and G bands, the intensity of which depends on 
the amount of the bulk amorphous phase in the 
structure [32]. The Raman spectrum of sample No. 2 
(Fig. 2b) additionally contains the 2D (2700 cm–1) 
and D + G (2950 cm–1) bands, characteristic of the 
ordered structure of graphite [33]. Thus, sample No. 1 
is amorphized to a greater extent than sample No. 2. 
To confirm this conclusion, peaks D′ (1600 cm–1) and 
D′′, were additionally identified using mathematical 
processing of the Raman spectra in accordance with 
[34]. The defect density (nD) [35], the distance 
between defects (La) [35] and the crystallite size (LD) 
[36] were also calculated (Table 2). 

The ID/IG ratio for both materials, the distance 
between defects, the density of defects and the sizes 
of crystallites differ slightly, which indicates the 
similarity of the general parameters of the structure 
disorder [31]. At the same time, judging by the value 
of ID/ID′ and the intensity of the D′ band, surface [37, 
38] rather than intracrystalline [31] defects of the 
graphite structure are more characteristic of sample 
No. 2. It is not entirely correct to compare the 
obtained absolute numerical values of the parameters 
given in Table 2 with the literature data due to the 
individual settings of each specific Raman 
spectrometer [39].  

The specific surface area values were measured 
in various ways for the carbon felt samples, which 
were then compared with the literature data for 
analogs (Table 3).   
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Fig. 1. SEM images of carbon felt samples  No. 1 (a, b) and No. 2 (c, d) 
 

 

 
Fig. 2. Raman spectra of sample No. 1 (a) and sample No. 2 (b) 

(а) 

(c) 

(b) 

(d) 



 

Oskin P.V., Lepikash R.V., Dyachkova T.P., Alferov S.V.   

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 3  

172

Table 2. Results of processing the Raman spectra of carbon and graphite felts 
 

Sample ID/IG LD, nm nD·10–10, cm–2 La, nm ID′/IG ID′′/IG ID/ID′ Type of defects 

1 1.6 ± 0.1 33 ± 2 2.7 ± 0.2 10 ± 2 1.8 ± 0.4 0.7 ± 0.1 1.0 ± 0.2 Local 

2 1.8 ± 0.2 32 ± 4 3.1 ± 0.3 9 ± 2 0.3 ± 0.1 – 6.1 ± 0.2 Regional, vacancies 

 
Table 3. Specific surface area of carbon felt determined by various methods 

 

Method 
Specific surface area, m2⋅g–1 

References 
Sample No.1 Sample No. 2 

Nitrogen adsorption (BET) – – 0.4 [2]; 1.69 [4]; 0.5 [5];
0.8 [25]; 1 [24] 

Geometrical evaluation 0.011 0.011 0.028 [1]; 0.022 [3] 

Methylene blue adsorption 4.5 ± 0.7 4.3 ± 0.4 –  

Rendles-Szewczyk equation 0.072 ± 0.006  0.19 ± 0.02 – 

 
It was not possible to determine the surface area 

by low-temperature gas adsorption due to the 
extremely long establishment of equilibrium (more 
than 3 days), which makes it impossible to use the 
BET model and other common models. Similar cases 
have already been encountered previously [1], so for 
comparison with the electrochemical determination it 
was decided to use a geometric estimate and the 
adsorption of methylene blue. The surface area was 
estimated geometrically by calculating the lateral area 
of an ideally smooth cylinder, which was taken to be 
carbon fiber. For this calculation, it is necessary to 
know the density of the felt, which was taken to be 
1.9 g⋅cm–3 based on literary data [1, 2]. The fiber 
diameter (Fig. 1) of both graphite and carbon felt is 
the same and is about 20 μm, which is why the 
geometric estimate gives a similar result. However, it 
should be noted that the use of this approximation for 
sample No. 2 is incorrect due to the presence of a 
large number of growths on the surface of its fibers 
(Fig. 2).  

Methylene blue adsorption also yields similar 
surface area values ((4.5 ± 0.7) and (4.3 ± 0.4) m2⋅g–1), 
which are an order of magnitude higher than the 
literature data on low-temperature nitrogen 
adsorption processed using the BET model (Table 3). 
The fact that surface area values obtained by different 
methods differ for carbon materials is widely known 
[2, 40]. In addition, as mentioned above, low-
temperature nitrogen adsorption may yield incorrect 
results. From the electron microscopy data (Fig. 1), it 
is evident that the felts should have different surface 
areas, which does not correlate with the results of 
determination by methylene blue adsorption. This is 

explained by the higher content of defects in the 
structure of sample No. 1 (from the Raman spectra). 
In [16], it was shown that defects in the structure of 
the carbon material are methylene blue adsorption 
centers. In addition, the use of the methylene blue 
method for determining the specific surface area can 
give strong errors towards overestimation in the case 
of the presence of relatively narrow mesopores in the 
material due to the interaction between molecules and 
their conformations in the pores. 

The electrochemically active surface area 
determined using the Randles-Shevchik equation is 
two orders of magnitude lower than the result 
obtained by adsorption of methylene blue. 
Apparently, this is connected with the high rate 
constant of heterogeneous electron transfer to the 
edge surface of graphite, due to which only the area 
of the edge plane is determined, whereas dye 
adsorption yields the total area.  

 

 
Fig. 3. Voltammograms of an empty wire hook (1), sample 

1 (2) and sample 2 (3), scanning speed 100 mV⋅s–1 
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This is consistent with the data of [2], in which 
the surface area according to BET (total area) and the 
EDL capacitance (edge plane area) are similarly 
different. The ratio of the EDL capacitances of 
different felts can be estimated from the appearance 
of cyclic voltammograms (Fig. 3). In sample No. 2, 
the peaks are broadened, which indicates high EDL 
charging currents, from which one can conclude that 
the EDL capacitance is higher.  

To confirm this conclusion, the specific capacity 
of the EDL of carbon felt was determined using 
cyclic voltammetry, electrochemical impedance 
spectroscopy and charge-discharge curves (Table 4). 

The values of the EDL specific capacity 
determined by different methods are in satisfactory 
agreement with each other. A slight underestimation 
of the value obtained by the cyclic voltammetry 
method may be due to the fact that the potential 
increases faster than the diffusion of ions from the 
solution, so the EDL is not charged to the maximum 
possible value [41]. The specific capacity of the EDL 
for the “Composite-Polymer” felt is higher, which 
agrees with the qualitative assessment of the ratio of 
the EDL capacitances based on the shape of the 
cyclic voltammograms. 

To calculate the rate constants using formulas 
(3) and (5), the surface area determined using the 
Randles-Shevchik equation was used. It is directly 
related to the limiting current, from the dependence 

of which on the parameter ψ the constant is 
calculated.  

The results obtained by the two methods (Table 5) 
are quite close to each other and correspond to the 
literature data, including those obtained using 
mathematical models [5, 42] and on electrodes 
consisting of individual fibers [3]. 

Thus, the data presented in Table 5 shows that 
there is no need to use complex mathematical models 
and single-fiber electrodes [3]. According to the 
literature data, a high error in determination is 
characteristic of the rate constant of heterogeneous 
electron transfer [3, 43]. It can be associated with the 
heterogeneity of the distribution of the marginal and 
basal plane in different parts of the felt [2]. 

An important characteristic of electrochemical 
properties of carbon materials is the ratio of the edge 
and basal planes of graphite. As was said above, in a 
number of redox-active systems, electron transfer 
occurs only on the edge surface. The percentage of 
the edge plane area was calculated from the values of 
the heterogeneous transfer rate constant according to 
equation (2), the capacity of the EDL – according to 
equation (1), and also from the ratio of the specific 
surface areas determined by the adsorption of 
methylene blue and from the Randles-Shevchik 
equation (Table 6).  

 
Table 4. Results of determining the specific capacity of the EDL of carbon felt 

 

Sample 
Specific capacity, F/g 

Cyclic voltammetry Charge-discharge curves Electrochemical impedance 
spectroscopy (EIS) 

1 0.21 ± 0.02 0.26 ± 0.05 0.28 ± 0.02 

2 0.35 ± 0.02 0.42 ± 0.04 0.37 ± 0.02 

 
Table 5. Results of determining the rate constant of heterogeneous electron transfer by various methods 

 

Method Sample No. 1 Sample No. 2 References 

ks⋅103, sm⋅s–1, CV 3 ± 1 3.1 ± 0.9 7.0 ± 0.5 [1]; 7 ± 3 [3]; 10 [5] 

ks⋅103, sm⋅s–1, EIS 3 ± 2 3 ± 2 3 ± 2 [5]; 7.7 ± 0.1 [42] 

 
Table 6. Results of determining the content of the boundary plane by various methods 

 

Sample ks, % CEDL, % Ratio of specific areas, % 

1 3 ± 1 2.7 ± 0.6 1.6 ± 0.4 

2 3.1 ± 0.9 6.4 ± 0.9 4,.4 ± 0.9 
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Fig. 4. Cyclic voltammograms of carbon felt in 0.1 M KCl; 

1 – Sample No. 1, 2 – Sample No. 2 
 
When calculating the capacity of the EDL, the 

specific capacity of the edge plane was taken as  
70 μF⋅cm–2, since in this case the result obtained is in 
good agreement with other methods. From the 
rectangular shape of the cyclic voltammograms of 
carbon felts (Fig. 4), one can conclude that there is no 
pseudocapacitance [41], therefore 70 μF⋅cm–2 is the 
capacity of the EDL in the absence of 
pseudocapacitance. The distortion of the rectangular 
shape can be associated with the diffusion of ions  
to the electrode surface, which limits the charging 
rate [30]. 

Calculation from the values of the rate constant 
of heterogeneous electron transfer does not yield 
significant differences between the percentage 
content of the edge plane for the felts. This can be 
explained by the high error in determining this 
constant for this material [3, 43]. Calculations by 
other methods indicate a higher content of the edge 
plane in sample No. 2 despite the close values of the 
defect densities according to Raman spectroscopy 
data. Thus, the rate of electron transfer to the 
amorphous phase of carbon is low, which may be due 
to its low electrical conductivity. Charge 
accumulation also apparently occurs better on more 
structured graphite defects, which is associated with 
the formation of conjugated bond systems between 
quinoid structures. 

 
4.  Conclusion  

 

It is shown that in order to obtain the most 
complete information on the surface area of a carbon 
material, it is necessary to use several complementary 
methods for its determination. Calculation of this 
value from cyclic voltammetry data with the help of 
the Randles-Shevchik equation, using potassium 
hexacyanoferrate (III) as an electrochemical sensor, 
makes it possible to determine predominantly the area 

of the edge plane. Geometrical assessment of the 
surface area and determination by low-temperature 
gas adsorption should be used with caution. In the 
case of characterization of electrode materials, the 
expediency of using these methods is questionable. 
Comparing the specific surface area obtained by 
various methods with the results of Raman 
spectroscopy, it should be noted that electron transfer 
to amorphized carbon is more difficult than to 
crystalline carbon, while adsorption of methylene 
blue, on the contrary, occurs more easily on the 
amorphous phase. 
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Abstract: The paper deals with the development of a graphene-containing sorbent material based on activated rapeseed 
biochar. The physicochemical properties of the sorbent and features of its morphological structure were determined.  
The nanocomposite was found to have amorphous properties with a graphene-like structure. The morphological analysis 
confirmed the formation of internal carbon framework and external three-dimensional multilayer graphene structure, 
which is excellent for mass transfer between pollutants and adsorbent surface. The research also aimed to determine the 
important parameters of sorption of organic compounds, i.e. synthetic dyes Congo Red (CR) and Malachite Green (MG), 
on the developed material from aqueous solutions in a limited volume. According to the kinetic studies, the experimental 
sorption capacity of the material on MG was 1860 mg⋅g–1 (sorption time – 60 min) and 642 mg⋅g–1 on CR (sorption time –  
15 min). The theoretical maximum adsorption capacity of the sorbent calculated by the Langmuir model reached values of 
769.23 mg⋅g–1 for CR and 3333.33 mg⋅g–1 for MG. It is found that the extraction of dye molecules is controlled by the 
second-order reaction according to the pseudo-second-order model and proceeds mainly by a mixed-diffusion mechanism. 
The activation energy has a value of 0.01 kJ⋅mol–1 for CR molecules and 0.02 kJ⋅mol–1 for MG, confirming the physical 
mechanism of dye adsorption. The high efficiency of adsorption of organic dyes on graphene-containing sorption material 
based on activated rapeseed biochar was demonstrated, indicating the feasibility of its practical application in wastewater 
treatment. 
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Аннотация: В статье разработан графенсодержащий сорбционный материал на основе активированного 
рапсового биоугля, определены физико-химические свойства сорбента и особенности его морфологического 
строения. Установлено, что нанокомпозит имеет аморфные характеристики с графеноподобной структурой. 
Морфологический анализ подтвердил образование внутреннего углеродного каркаса и внешней трехмерной 
многослойной графеновой структуры, которая превосходно подходит для массопереноса между загрязнителями  
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и поверхностью адсорбента. Также целью исследований являлось определение важных параметров сорбции 
органических соединений – синтетических красителей конго красного (КК) и малахитового зеленого (МЗ), на 
разработанном материале из водных растворов в ограниченном объеме. Согласно кинетическим исследованиям, 
экспериментальная сорбционная емкость материала по МЗ составила 1860 мг/г (время сорбции 60 мин)  
и 642 мг/г по КК (время сорбции 15 мин). Теоретическая максимальная адсорбционная емкость сорбента, 
рассчитанная по модели Ленгмюра, достигла значений 769,23 мг/г по КК и 3333,33 мг/г по МЗ. Обнаружено, что 
извлечение молекул красителей контролируется реакцией второго порядка согласно модели псевдо-второго 
порядка и проходит преимущественно по смешанно-диффузионному механизму. Энергия активации имеет 
значение 0,01 кДж/моль по молекулам КК и 0,02 кДж/моль для МЗ, что подтверждает физический механизм 
поглощения красителей. В целом, в работе показана высокая эффективность адсорбции органических красителей 
на графенсодержащем сорбционном материале на основе активированного рапсового биоугля, что позволяет 
говорить о целесообразности его практического применения при очистке сточных вод. 
 
Ключевые слова: оксид графена; активированный уголь; биоуголь; рапс; синтетические красители; конго 
красный; малахитовый зеленый; адсорбция; кинетика; изотермы. 
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Introduction 
 

According to a recent World Health 
Organization (WHO) report, nearly 844 million 
people worldwide do not have access to safe drinking 
water [1]. Dye-containing wastewater from the textile 
industry poses an increasing risk to human life and 
aquatic organisms when discharged into various 
water bodies, as most of the types of dyes found in 
dyeing wastewater are toxic and carcinogenic [2].  
In addition, these dyes interfere with light penetration 
and oxygen transport in water bodies [3]. 

Malachite Green (MG) and Congo Red (CR) 
together account for a significant proportion of the 
organic dyes produced and used annually that pose 
significant health risks. MG is known for its potential 
teratogenic and carcinogenic properties, which can 
cause damage to vital organs such as the liver, kidney 
and heart [4]. CR is classified as an anionic diazo dye 
and is one of the most commonly used dyes [5]. 
Unfortunately, decomposition of CR under anaerobic 
conditions leads to the formation of benzidine,  
a known human carcinogen [6]. It is therefore crucial 
to remove organic dyes that pollute the environment's 
water resources in order to mitigate their harmful 
effects on humans, flora and fauna. 

In their study, Ohemeng-Boahen et al. [6] 
presented a number of approaches for the removal of 
dye molecules, including adsorption, coagulation-
flocculation, co-deposition, membrane separation, ion 
exchange, and photo- and biodegradation. Adsorption 
is regarded as an efficacious method for the 
elimination of dyes from wastewater, due to its 
advantageous characteristics, including flexibility, 
operational simplicity and economic viability [7].  
At present, a variety of adsorbents are employed for 

the removal of dyes, including biochar, activated 
carbon composites, nanoparticles, polymers, resins, 
clays, minerals and biosorbents [8].  

Among the range of available adsorbents, 
activated carbon is undoubtedly considered the most 
versatile for use in studies of dye removal due to its 
low cost, excellent adsorption capacity, environmental 
friendliness and good surface characteristics [7]. 
Biochar is a bioorganic biomass produced by 
carbonization of carbon-rich materials. The modern 
low-temperature biomass processing method is 
hydrothermal carbonization (HTC), which is 
considered a green technology because of the absence 
of harmful gas emissions. The distinctive feature of 
this process is the relatively mild conditions under 
which it is carried out, in comparison with the well-
studied pyrolysis process [8–10]. 

Many scientific teams are engaged in the 
development of new sorbents. They demonstrate 
remarkable efficacy in removing organic dyes from 
liquids (Fig. 1). 

Thus, a number of materials of different 
chemical nature have been used for MG adsorption, 
for example: activated carbon with zinc  
oxide decorated with plantain peel [11];  
magnetic mesoporous core-shell nanostructure 
Ni0.4Fe2.6O4/(Fe, Ni) with carbon [12]; chemically 
activated biochar from Indian bael peel [13]; 
functionalized biochar from banana peel [14]; 
halloysite nanotubes [15]; β-cyclodextrin 
nanocomposite based on polymer with zinc ferrite 
nanofiller [16]. For CR removal the following are 
used: β-cyclodextrin polyurethane insoluble 
nanosponge modified with phosphorylated multi-
walled carbon nanotubes and additionally decorated 
with titanium dioxide and silver nanoparticles [17]; 
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(а)                                                                                      (b) 
 

Fig. 4. FTIR (a) and Raman (b) spectra  of the nanocomposite from rapeseed plant waste 
 

 
 

Fig. 5. X-ray diffraction pattern of the nanocomposite  
from rapeseed plant waste 

 
3.2. Sorption kinetics of organic dyes 

 

Based on the experimental results, the kinetic 
dependencies of the adsorption of CR and MG on the 
developed nanocomposite were plotted (Fig. 6a).  
The experimental values of the adsorption capacity of 
the material with respect to MG were 1860 mg⋅g–1 
and 642 mg⋅g–1 for CR. It should be noted that the 
equilibrium of the adsorption process for CR 
adsorption is reached in 15 min. The extraction of 
MG is slower – saturation of the sorbent is reached in 
60 min. 

The kinetic analysis identifies the mechanism of 
adsorption and the factor determining its rate.  
The experimental data were analyzed using pseudo-
first order, pseudo-second order, Elovich and 

intraparticle diffusion models. The equations of these 
models are given in Table 1. 

The pseudo-first and pseudo-second order 
models allow the determination of the pollutant 
uptake rate – the values of the sorption rate constants 
k1 and k2. The pseudo-first order model characterises 
the processes occurring during the initial period of 
sorption and the pseudo-second order model 
describes the extraction mechanism for the entire 
period. The theoretical equation of intraparticle 
diffusion takes into account the rate of the internal 
mass transfer stage, i.e. the diffusion of sorbate in the 
pores of the sorbent with a spherical particle shape. In 
this case, if the graph of the dependence of Qt on t1/2 
passes through the origin, intraparticle diffusion is the 
rate-controlling stage. The Elovich model suggests 
the presence of chemical heterogeneity of the sorbent 
surface, which favors chemical adsorption. When the 
experimental data are described by this equation, the 
adsorption process is chemical in nature [25]. 

Table 2 summarizes the results of the 
mathematical evaluation of the experimental kinetic 
data. 

It was found (Fig. 6, Table 2) that the adsorption 
of MG and CR dye molecules is satisfactorily 
described by the pseudo-second-order and 
intraparticle diffusion models. The correlation of the 
experimental data according to the pseudo-second-
order model (Fig. 6c) for CR sorption is R2 = 0.9999 
with the value of Qe = 667 mg⋅g–1. For MG 
molecules, Qe = 2000 mg⋅g–1 with R2 = 0.9966.  
The theoretical value of Qe by the pseudo-second-
order model for both dyes is very close to the 
sorption capacity obtained experimentally. 
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Table 2. Kinetic parameters of organic dyes sorption  
 

Dye 
Model parameters 

Pseudo-first order Pseudo-first order 
Qe k1 R2 Qe  k2 R2 

CR 152.4 0.0332 0.9171 667 0.000776 0.9999 
MG 1349.9 0.0502 0.9617 2000 0.000056 0.9966 

 
Elovich equation 

Intraparticle diffusion 
Step 1/Step 2 

 α β R2 kid
 C R2 

CR 71517.1 0.0018 0.891 44.98/5.427 388.71/590.22 0,8957/0.9983 
MG 1129.03 0.0043 0.983 189.77/95.37 454.55/1009.6 0.9972/0.8407 

 
According to Fig. 6b, rather low values of the 

coefficients (R2 = 0.9171; 0.9617) of the pseudo-first 
order model suggest a weak chemical interaction 
between the molecules of the CR and MG dyes and 
the functional groups of the nanocomposite.  
The Elovich model shows a low correlation with the 
experimental data, again suggesting that mainly 
physical adsorption takes place [26].  

The Qt vs. t dependence is not a straight line 
through the origin of the coordinates, indicating that 
internal diffusion is not the limiting stage of 
adsorption. This may be due to the difference in mass 
transfer rate at the initial and final stages of sorption, 
i.e. the adsorption of dye molecules has a mixed-
diffusion character [25]. 

 
3.3. Isotherm study  

 

There are many models that can be used to 
interpret sorption isotherms, but the usefulness and 
accuracy of a particular model depends on the 
 

underlying assumptions, as no model works for all 
adsorption systems. Among these models, the 
Freundlich and Langmuir models are the most widely 
used [26, 27]. The Langmuir isotherm assumes that 
adsorption results in the formation of a monolayer of 
adsorbate on the adsorbent surface. In contrast, the 
Freundlich model describes multilayer adsorption 
with an exponential decrease in the energy 
distribution of the adsorbed centers [28] (Table 3). 

The Temkin isotherm model allows the activity 
of the sorbent surface centers to be estimated, with 
the activity of each of them decreasing as a result of 
the appearance of a number of surface sorption 
complexes. The more such complexes, the more the 
initial activity of that center changes. Thus, the 
activity of each center decreases as the degree of 
surface coverage by adsorbate increases.  

 
Table 3. Equations and parameters of different isotherm models [26–28] 

 

Model Parameters 

The Langmuir model 

eLe CKQQQ

1111

maxmax

+=  
Qe (mg⋅g–1) is the amount of metal ions adsorbed at equilibrium; the Qmax (mg⋅g–1) is 
the maximum adsorption under experimental conditions; Ce (mg⋅L–1) is the equilibrium 
concentration; KL (L⋅mg–1) is a constant related to the adsorption rate 

The Freundlich model 

kC
n

Q ee lglg
1

lg +=  

k (mg·g–1⋅(L⋅mg–1)); 1/n  are constants measuring adsorption capacity and intensity, 
respectively; n indicates how favorable the adsorption process is 

The Temkin model 
( ) ( )ete CBkBQ lnln +=  

kt (L⋅mg–1) is an equilibrium coupling constant corresponding to the maximum binding 
energy; B (J⋅moL–1) is a constant related to the heat of adsorption 

The Dubinin–Radushkevich 
model 

;lnlg 2
max ε−= ade KQQ  

adk
E

2

1

−
=  

kad (moL2⋅kJ–2)  is the constant of Dubinin–Radushkevich isotherm; ε (kJ⋅moL–1) is the 
Polanyi potential reflecting the isothermal work of transfer of one mole of metal from 
the volume of equilibrium solution to the sorbent surface; E (kJ⋅moL–1) is the activation 
energy 
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Table 4. Sorption parameters of CR and MG molecules according  
to the equations of isotherms 

 

Dye Model parameter 

Langmuir 
 KL Qmax R2 

CR 0.0038 769.23 0.9868 
MG 0.0007 3333.33 0.8233 

Freindlich 
 n 1/n k R2 

CR 2.891 0.3459 55.386 0.9868 
MG 1.2596 0.7939 6.073 0.8233 

Dubinin–Radushkevich 
 kad Qmax  E R2 

CR 4053.6 629.34 0,01 0.9994 
MG 2018.5 1438.12 0.02 0.9559 

Temkin 
 kt В R2 

CR 0.0091 116.2 0.8795 
MG 0.0084 652.2 0.9813 

 
4. Conclusion 

 

In this paper, the technique for obtaining  
a highly efficient sorbent material based on activated 
biochar from rapeseed waste modified with graphene 
oxide during hydrothermal carbonization has been 
developed. According to the results of the evaluation 
of the nanocomposite’s properties, it was found that 
the material has a porous carbon framework, the 
surface of which is covered with sheets of graphene. 
X-ray diffraction analysis confirmed the formation of 
a graphene-like carbon structure of the sorbent.  
The authors studied the adsorption of synthetic 
organic dyes from aqueous solutions on the 
developed material. Kinetic and isothermal studies of 
adsorption of CR and MG dye molecules were 
carried out in static mode. It was found that the 
sorption equilibrium is reached in 60 min for MG and 
in 15 min for CR with sorption capacity values of 
1860 mg⋅g–1 for MG and 642 mg⋅g–1 for CR. It was 
found that the sorption is satisfactorily described by 
the pseudo-second-order model and intraparticle 
diffusion, with diffusion into the sorbent pores not 
being a limiting factor. Both external and internal 
diffusion contribute to the total sorption rate of the 
dye molecules. Data from isothermal studies were 
processed using the Langmuir, Freundlich, Dubinin–
Radushkevich and Temkin models. The calculated 
activation energy values confirm the physical 
mechanism of sorption. 
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Abstract: A new approach to carbon membranes fabrication by IR pyrolysis of the hollow fiber (HF) porous membranes 
from a homopolymer (PAN) and acrylonitrile copolymers with methyl acrylate (PAN-MA) and itaconic acid (PAN-IA) 
was developed. The method includes thermal stabilization of membranes at 250 °С, and subsequent IR pyrolysis.  
It was established that the HF membranes made from PAN-IA and PAN were the least susceptible to destruction with 
increasing temperature. However, for samples based on PAN-MA, the significant deformation of hollow fiber membranes 
after IR pyrolysis occurs at temperatures above 200–300 °C. Scanning electron microscopy study showed that the presence 
of glycerol as an impregnating agent in membranes (regardless of the chemical composition of acrylonitrile copolymers) 
leads to a less regular and more defective structure of the resulting carbon membranes. It was found that the thermal 
stabilization at 250 °C preserves structural integrity and contributes to the production of mechanically stable carbon 
membranes. FTIR spectra confirmed that IR radiation catalyzes transformations in the polymer structure. As a result, the 
time of thermal stabilization and pyrolysis was noticeably reduced. It was shown, that 15 min pretreatment and 5 min 
pyrolysis is enough for effective stabilization of membrane structure. 
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Аннотация: Предложен новый подход к получению углеродных мембран при помощи ИК-пиролиза 
половолоконных мембран из полиакрилонитрила (ПАН) и сополимеров акрилонитрила с метилакрилатом  
(ПАН-МА) и итаконовой кислотой (ПАН-ИА). Предложенный способ включает термостабилизацию мембран при 
250 °С и последующий ИК-пиролиз. Установлено, что половолоконные мембраны, изготовленные из ПАН-ИА  
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и ПАН, наименее подвержены разрушению при повышении температуры. Для образцов на основе ПАН-МА 
деформация половолоконных мембран в результате ИК-пиролиза регистрируется при температурах выше  
200…300 °С. Исследование структуры углеродных мембран методом растровой электронной микроскопии 
выявило, что использование глицерина в качестве импрегнирующего агента (независимо от химического состава 
сополимеров акрилонитрила) приводит к менее регулярной и более дефектной структуре получаемых углеродных 
мембран. Установлено, что термостабилизация при 250 °С сохраняет структурную целостность и способствует 
получению механически стабильных углеродных мембран. Методом ИК-спектроскопии доказано, что  
ИК-излучение способствует существенному преобразованию структуры полимера. Показано, что 15-минутной 
предварительной обработки и пятиминутного пиролиза достаточно для эффективной стабилизации структуры 
мембраны. 
 
Ключевые слова: углеродная мембрана; полиакрилонитрил (ПАН); пиролиз; полые волокна; сополимер;  
ИК-обработка. 
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1. Introduction 
 

Carbon membranes are chemical stable materials 
that are resistant to pressure and temperature. They 
are superior to traditional polymer membranes for 
various practical applications in gas separation, 
pervaporation, vapor permeation, and liquid filtration. 
For example, carbon membranes were used as porous 
cathodes for lithium batteries [1]. Carbon membranes 
can also act as adsorbents [2]. Due to the extremely 
high inner surface area (more than 1000 m2⋅g–1), such 
membranes can selectively absorb dissolved 
substances with a size of about 1 nm. The high 
chemical stability of carbon membranes allows for 
their regeneration using acidic solutions. Carbon 
membranes have some advantages over traditional 
polymer membranes for gas and vapor separation 
[3, 4]. Such materials are especially useful for 
separating olefin/paraffin mixtures or for separating 
natural gas (the difference in molecular diameters is 
at the level of 0.5 Å) [4, 5]. Carbon membranes can 
also be used to isolate hydrogen [6, 7] or carbon 
dioxide [8] from gas mixtures. Carbon membranes 
are also suitable for separating liquid solutions [2] 
and for effective separation of water–oil emulsions 
[9, 10]. Thus the oil rejection efficiency being over 
98 % [10].  

Currently, the basis for obtaining carbon 
membranes are polyimides [3, 4, 11], polyacrylonitrile 
(PAN) [2, 12, 13], phenolic resins [6, 14], 
polyfurfuryl alcohol [7], polyvinylidene chloride-
acrylate [5], cellulose [15] and others [16, 17]. 
Several patents focus on the synthesis of carbon 
membranes [18–20]. Carbon membranes are typically 
produced in flat sheet or tubular membrane shapes. 
To obtain defect-free membranes with high 
mechanical strength, a dense layer of polymer was 
deposited on a macroporous support as a base for 
carbon membrane [21, 22]. During the carbonization 

process, the thickness of the selective layer 
decreased. If ceramic support was used for membrane 
preparation, cracking and formation of defects could 
occur in selective layers. Consequently, several layers 
were required to be deposited to eliminate all defects 
and obtain a defect-free membrane [23]. Flat sheet 
membranes can be used in plate-and-frame 
membrane modules, providing the membrane packing 
density of 300–1000  m2⋅m–3. In contrast, self-
supporting membranes (tubular, capillary, hollow 
fiber) can significantly increase the efficiency of 
separation processes due to the high packing density 
of membranes in the module. For instance, hollow 
fiber membranes packing density can reach up to 
30,000 m2⋅m–3 depending on the fiber diameter [22]. 
On the other hand, this might present challenges in 
providing the required mechanical strength. 

At the same time, there are few reviews devoted 
to the production of hollow fiber carbon membranes 
[24–26]. Most reviews on the production of carbon 
fibers highlight PAN as the most common base 
material [27–30]. One of the reasons for this is the 
high degree of molecule orientation [13], due to 
which the pyrolysis of PAN hollow fiber membranes 
results in the formation of a thermally stable, highly 
oriented molecular structure. It provides a high 
mechanical strength of the resulting material. This 
minimizes the problem of the low mechanical 
strength of self-supporting carbon material. At the 
same time, there are also studies on the production of 
carbon membranes from PAN [23, 31–33]. The study 
of heat treatment of PAN hollow fiber membranes at 
500–800 °С showed a significant effect of 
temperature on the pore size of the obtained carbon 
membrane [23]. In [31, 32] PAN-membrane 
modification method via heating with infrared (IR)  
 

radiation was developed. It was noted that the 
mechanism for forming conjugated structures in  
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polyacrylonitrile under the IR radiation was similar to 
that of the thermal transformations [34]. In this case, 
the structural transformations of polyacrylonitrile 
under IR radiation occur faster compared to 
traditional methods of thermal treatment [34, 35].  
The IR treatment reduces the time required for 
insoluble structure formation without using unsafe 
chemicals as cross-linking agents [33, 36]. The use of 
IR radiation not only reduces the treatment time to 
several minutes, but also decreases the temperature 
by 50–100 °С [33]. Fabrication of PAN-membranes 
resistant to aprotic solvents by IR treatment consumes 
6.5 times less energy compare to convective heating 
in a laboratory oven [36]. Carbon membranes 
fabricated by IR irradiation treatment exhibited more 
than 100 times higher productivity, with processing 
time and energy requirements reduced by ~20 and 
~11 times, respectively, compared to a conventional 
electric heating method [33]. Therefore, short 
processing time, low power consumption, and 
absence of hazardous chemicals as cross-linking 
agents make IR-treatment an effective method for 
producing carbon membranes. It should be noted that 
the studies referenced primarily utilizws either 
specially synthesized PAN [31, 32] or PAN-homo-
polymer [33, 36] as a precursor for carbon membrane 
production. While PAN-homopolymer is commonly 
used as a hollow fiber membrane-forming polymer, it 
is not the only commercially available polymer which 
is used for hollow fiber PAN-membranes production 
[37]. The introduction of comonomers (such as 
acrylic acid, itaconic acid, methyl acrylate and etc.) 
can improve certain properties of acrylonitrile 
polymers, such as solubility, hydrophilicity, 
drawability, and fiber spinning stability of hollow 
fibers [38]. Notably, acid comonomers such as 

itaconic acid are often introduced into the 
commercially available polymers to increase 
hydrophilicity; they can also reduce the cyclization 
temperature and improve the stabilization of the 
resulting carbon fiber [39, 40]. Consequently, using 
hollow fiber ultrafiltration membranes made from 
acrylonitrile copolymers as precursors for carbon 
membrane production is highly promising. That is 
why the objective of this research is to use IR 
pyrolysis on hollow fiber ultrafiltration membranes 
made from acrylonitrile polymers of various 
compositions to produce carbon membranes.  
We propose methods for producing carbon membranes 
by IR pyrolysis of hollow fiber ultrafiltration 
membranes from commercially available acrylonitrile 
polymers of various compositions (poly(acrylonitrile-
co-methyl acrylate), poly(acrylonitrile-co-itaconic 
acid), PAN-homopolymer). In the process of forming 
membranes, it is possible to adjust the conditions for 
producing mechanically stable membranes. Further, 
during the IR pyrolysis, one can change the pore sizes 
in the selective layer. Using various acrylonitrile 
copolymers as membrane-forming polymers made it 
possible to study the effect of the chemical 
composition of acrylonitrile copolymers on the 
properties of the resulting carbon membranes. 

 
2. Materials and Methods 

 

2.1. Materials 
 

A commercial homopolymer and two 
acrylonitrile copolymers were used as membrane-
forming materials in this study (Table 1). 
Dimethylsulfoxide (DMSO, chemically pure, 
“Khimmed”) was used as a solvent for casting 
solution preparation. 

 
Table 1. Polymers used in this study for hollow fiber membrane preparation 

 

Sample Polymer Monomer  
unit ratio1, % 

Mw
1, 

kg mol−1 
ηsp

1, 2 Manufacturer 

PAN Polyacrylonitrile > 99.5 200 1.64 Dolan, Germany 

PAN-MA Poly(acrylonitrile-co-methyl acrylate) 92:8 107 1.41 JSC “VNIISV”, Russia 

PAN-IA Poly(acrylonitrile-co-itaconic acid) 99:1 99 1.29 
European Carbon Fibers 

(ECF, former EPG), 
Germany 

1 Data provided by the manufacturer. 
2 ηsp  is the polymer specific viscosity. 
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2.2. Hollow fiber membrane preparation 
 

Casting solutions were prepared by dissolving 
polymers in DMSO, using a laboratory setup that 
included a thermostated stainless steel reactor and an 
overhead stirrer (IKARW 20 Digital, Germany). The 
temperature for preparation of the spinning solution 
was 100 °C, the preparation time was 4 hours, and the 
stirring speed was 800 rpm. The PAN concentration 
in the spinning solution was 16 wt. %.  

The hollow fiber membranes were obtained by a 
non-solvent induced phase separation (NIPS) method 
using a dry-jet wet spinning process on a laboratory 
setup (Fig. 1). The equipment for hollow fiber 
membrane fabrication included a system of 
thermostatically controlled receiving-supply vessels 
and tubing for a spinning dope (1, Fig. 1) and an 
internal coagulant (2, Fig. 1), a stand with a spinneret 
assembly (3, Fig. 1), and a receiving tank with tap 
water at T = 15 °C (4, Fig. 1). The dope and the 
internal coagulant (water) are fed into the spinneret 
by compressed air, the pressure of which is controlled 
by pressures gauges (5, Fig. 1). The hollow fiber 
membranes are formed by gravity without winder in 
the system by the free-fall spinning method [41–43].  

 

 
 

Fig. 1. Setup for the hollow fiber membrane fabrication: 
(1) spinning dope vessel; (2) internal coagulant bath;  

(3) spinneret; (4) receiving bath; (5) pressure gauges; (6) 
bore fluid temperature sensor and (7) thermostat 

The hollow fibers were fabricated using various 
conditions: the polymer solution pressure was 200–
250 kPa, the coagulant pressure was 30 kPa, the bore 
fluid temperature was 30 °C, and the temperature of 
the receiving (external coagulation) bath was 15 °C, 
the temperature of the polymer solutions was  
40–50 °C, the air humidity was 55 %. The air gap 
distance was 80 cm. The outer diameter of the 
spinneret was 1.8 mm, the inner diameter was  
0.8 mm. The spinning modes for forming PAN 
hollow fiber membranes were selected in accordance 
with the rheological behavior and properties of the 
polymer solution, which are given in [38].  

The produced membranes were soaked in 
distilled water rinse bath for 12 hours to remove 
residual solvents and to complete the phase 
separation. Then, one part of the hollow fiber 
membranes was immersed in a 30 % glycerol 
aqueous solution for 24 hours and then dried for  
48 hours. The other part of the membranes was dried 
without treatment with a glycerol solution. 
 

2.3. Permeability of the prepared  
hollow fiber membranes 

 

The permeability of individual fibers was 
measured on a cross-flow setup that included a gear 
pump (type DGS.68PPT, Tuthill Corp.) and a flow-
through cell consisting of inlet and outlet capillaries 
and a fiber sample strung on them. Pure water flux 
was measured at a transmembrane pressure of 1 bar 
for at least 1 hour to obtain a steady-state value.  
The pure water flux of the membranes (J, L⋅m–2⋅h) 
was calculated according to the equation: 

 

lDt

V
J

ninπ
= ,                               (1) 

 

where V is the volume of the filtrate, L; Dinn is the 
inner diameter of the fiber, m; l is the fiber length,  
m; t is the filtration time, h. 

Blue Dextran dye with a molecular weight of  
70 kg⋅mol–1 was used for rejection tests. A new 
membrane sample was used for every rejection 
experiment. Before the rejection test, distilled water 
was filtered through a membrane for 1 hour at 1 bar. 
The separation test was carried out at the 
transmembrane pressure of 1 bar for at least 1 hour to 
achieve steady-state values of the rejection.  
All experiments were prepared with a solute 
concentration of 100 mg⋅L–1. The concentration of 
solute in the feed and permeate was measured with a 
spectrophotometer at the wavelength of 620 nm.  
The rejection R is calculated using the relation: 
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where Cf and Cp denote the solute concentrations in 
the feed and permeate respectively. 
 

2.4. Geometric parameters and structure  
of the prepared membranes 

 

The geometric dimensions of the structures of 
the prepared membranes were investigated by 
scanning electron microscopy (SEM). Two SEM 
microscopes were used for this purpose: Phenom Pro 
scanning electron microscope (Thermo Fisher 
Scientific, USA) with vacuum sputter coater DSR 
(Vaccoat, London, UK) and Phenom XL G2 Desktop 
SEM (Thermo Fisher Scientific, USA) with 
Cressington 108 auto Sputter Coater (Great Britain) 
table magnetron sputtering machine. Membrane 
transverse cleavages were obtained after preliminary 
membranes impregnation in isopropanol and their 
subsequent breaking in liquid nitrogen. A thin  
(5–10 nm) layer of gold was deposited on the 
prepared samples. 
 

2.5. Fourier-transform infrared (FTIR) analysis 
 

The FTIR (Nicolet Is50 spectrometer, Thermo 
Fisher Scientific, USA) spectra of the prepared 
membranes were used to investigate the chemical 
composition of membranes. Before measurements, 
the membranes were rinsed several times with 
distilled water and then dried for about 48 hours at 
room temperature. 

 
2.6. Determination of the membranes pore size 

 

The porosity of the membranes was determined 
using the POROLIQ 1000 mL instrument 
(POROMETER, Belgium). Membrane pore size 
analysis was performed by liquid-liquid displacement 
method [44], using water-saturated isobutanol and 
isobutanol-saturated water as wetting and displacement 
liquids, respectively. Samples of hollow fiber 
membranes were glued with epoxy resin into a special 
holder designed in such a way that both ends of the 
hollow fiber remained open. Three segments cut from 
different parts of the hollow fiber were glued into the 
holder. The length of the working section through 
which the filtration was carried out was 1 cm for each 
fiber. After the epoxy resin hardened, the holder with 
glued fibers was placed in isobutanol for 12 hours. 
Then the sample was placed in a measuring setup 
filled with a displacing liquid (aqueous phase).  
The excess isobutanol was removed from the sample  

surface due to its lower density compared to water 
and was subsequently removed from the setup during 
the measurement without affecting the process. When 
the holder with the membrane was placed in the 
setup, the transmembrane pressure increased step by 
step. At each pressure step, the measurement was 
carried out until the flow stabilized at the same level 
with an accuracy of ± 1 μL⋅min–1 for 180 s.  
The pressure was increased step by step with a step of 
0.2–0.5 bar until the moment of sample breaking, 
which was fixed by a sharp (by 4 orders of 
magnitude) increase in the flow through the 
membrane. When the flow sensor detected such an 
increase in flow, the measurement automatically 
stopped.  

The pore diameter (dp) corresponding to a given 
transmembrane pressure was calculated using the 
Young-Laplace equation: 

 

p
d p

Δ

θγ
=

cos4
,                            (3) 

 

where γ is interfacial tension between two liquids 
used; θ is the contact angle between membrane and 
wetting liquid; Δp is transmembrane pressure. 

In the used membranes, complete wetting with 
an alcohol-rich phase was observed, so the contact 
angle is 0, and cosθ = 1. The interfacial tension 
between the isobutanol and aqueous phases was  
2.0 mN⋅m–1 at 20 °C. The main value determined for 
each sample was the mean flow pore size (MFP), 
which was determined at a pressure at which the 
membrane permeability was 50 % of the maximum. 
This value differs from the number averaged pore 
size upwards because it takes into account that larger 
pores contribute more to the overall membrane 
permeability. 
 

2.7. IR-pyrolysis of hollow fibers 
 

A laboratory IR heating furnace [33] was used 
for thermal stabilization and pyrolysis of hollow fiber 
membranes (Fig. 2). Gas line was plugged into a 
quartz tube with the sample and an external control 
unit was connected to the apparatus. If experiments 
were performed under a nitrogen atmosphere, the 
quartz tube was closed in such a way that a small hole 
remained at one end of the tube, and constant 
nitrogen flow was supplied to the tube from the 
opposite side. In the experiments carried out on air, 
the quartz tube was open from one side and the gas 
line was closed. The tube was surrounded by an 
insulating box containing IR sources. KG-220  
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the solvent through the core wall. As a result, a high 
osmotic pressure is created, acting through the core 
wall, which can deform and destroy the walls of the 
emerging macrovoids [41]. The structure of 
membranes from PAN solutions in DMSO does not 
practically undergoes deformation after drying 
without glycerol (see scanning electron microscopy 
(SEM) results) in contrast to the structure of PAN-MA 
membrane samples (Table 2). In the case of 
membrane samples from the PAN-IA copolymer, the 
formation of a finer porous structure is observed. On 
the other hand, the membranes from the PAN-MA 
copolymer were partially deformed after drying 
without glycerol. 
 

3.2. Change in characteristics  
of hollow fiber membranes after IR pyrolysis 

 

In this section, one-stage pyrolysis without 
thermal stabilization was used for carbon membrane 
preparation. The heating rate was 50 °C⋅min–1, and 
the pyrolysis time at the maximum processing 
temperature was 2 minutes. As studies of the 
prepared carbon membranes showed, shrinkage of 
hollow fibers occurs as a result of IR pyrolysis. The 
degree of shrinkage depends on the chemical nature 
of the membrane-forming polymer and drying 
conditions (with or without glycerol) (Fig. 3). 
Measurement of hollow fiber membranes dimensions 
after pyrolysis showed that in the temperature range 
from 200 to 500 °C there is a significant decrease in 
the linear dimensions (diameter, length) of the 
membranes, reaching 62 % (Fig. 3). Such significant 
decrease in linear dimensions (diameter, length) may 
be associated with shrinkage which stemmed from 
the evolving gases (as a result of membrane burn off) 
[45] With a further increase in temperature, almost no 

changes in the dimensions of the samples were 
observed. All samples was brittle and not flexible but 
their strength was enough for further processing.  

The comparison of different copolymers shows 
that the smallest shrinkage was observed in the case 
of PAN-IA membranes (40–50 %) (Fig. 3c).  
The membranes obtained from PAN slightly 
exceeded them in terms of shrinkage (45–52 %)  
(Fig. 3a), while the samples from PAN-MA lost more 
in size (52–62 %) (Fig. 3b). In addition, samples from 
PAN-IA were more resistant to cracking during the 
pyrolysis. 

Differences were also observed in the structures 
of carbon membranes (Fig. 4). After IR pyrolysis of 
hollow fiber membranes dried without glycerol, the 
structure of the resulting carbon membranes was 
more regular and less defective, with a non-porous 
inner layer compared to hollow fiber membranes 
dries with glycerol. For carbon membranes made 
from PAN-MA (Samples III and IV), a more 
pronounced deformation of the membrane matrix was 
observed, which explains the results obtained on fiber 
shrinkage (Fig. 3b). The structures of carbon 
membranes obtained from PAN hollow fiber 
membranes impregnated with glycerol (Sample I) and 
those without glycerol (Sample II) differ slightly, 
although the shrinkage of the fibers after drying with 
glycerol was higher (Fig. 3a). For carbon membranes 
based on samples of hollow fiber membranes from 
PAN-MA and PAN-IA dried with glycerol, there are 
areas with an inhomogeneous structure and remnants 
of the porous structure of the membranes (Fig. 4, 
Sample III and Simple V, respectively). This may be 
due to several reasons: (1) during the IR pyrolysis 
some of the energy was wasted on glycerol 
evaporation; (2) plasticized polymer chains featured  
 

 

 
                           (a)                                                                    (b)                                                                  (c) 
 

Fig. 3. Shrinkage of hollow fiber membranes depending on the IR pyrolysis temperature:  
a – PAN; b – PAN-MA; c – PAN-IA 
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Sample I 

   
Sample II 

   
Sample III 

   
Sample IV 

   
Sample V 

   
Sample VI 

 
Fig. 4. SEM images of hollow fiber membranes after IR pyrolysis at 700 °C  
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IR-pyrolysis 
temperature Appearance of fiber samples 

300 °С 

400 °С 

500 °С 

700 °С 

 
Fig. 5. PAN hollow fiber membranes (Sample I) after pyrolysis in nitrogen atmosphere at different temperatures 

 
increased mobility and can be rearranged during IR 
pyrolysis; (3) glycerol can impregnate membrane 
pore structure non-uniformly since membrane lumen 
is less accessible for glycerol penetration. 

A study of the structure of membranes prepared 
at different temperatures showed that up to a 
temperature of 400 °C, no noticeable changes were 
observed in the structure of membrane cross-section. 
However, for membranes pyrolyzed at temperatures 
of 400 °C and higher, the structure of the membranes 
turned out to be significantly deformed (Fig. 4 and 5). 
It was found that the changes that occur during 
pyrolysis also depend on the material used and the 
drying method (with or without glycerol). The degree 
of deformation was bigger on the outer surface of the 
samples, while the inner layer as a whole remained 
unchanged. The observed deformations, most likely, 
resulted from the shrinkage of the samples during 
annealing.  

A study of the mechanical strength of hollow 
fiber membranes after IR pyrolysis showed (Table 3) 
that at a treatment temperature of 200 °C, the strength 
of carbon membranes decreased by 20–24 % 
compared to the reference membranes (Table 2). 
With a further increase in temperature to 500 °C, the 

strength of the membranes decreased by more than 
50 %. An increase in temperature above 500 °C did 
not lead to a further decrease in strength. The 
comparison of samples initially dried without 
glycerol (IV) and dried after impregnation with 
glycerin solution (I and V) showed that the strength 
of hollow fibers after IR pyrolysis was practically 
independent of the drying method and polymer 
composition. 

 
Table 3. Strength of membranes at different 

temperature IR pyrolysis in nitrogen atmosphere 
 

IR-pyrolysis 
temperature, °С 

σstr, MPa 

Sample I Sample IV Sample V 

200 2.5 2.3 2.4 

250 2.1 2.0 2.1 

300 1.9 1.8 1.9 

400 1.6 1.4 1.5 

500 1.3 1.1 1.2 

600 1.3 1.0 1.1 

700 1.2 1.1 1.2 
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Table 4. Characteristics of hollow fiber membrane samples after IR pyrolysis  
in nitrogen atmosphere at different temperatures 

 

Sample 
Pore size, nm Rupture pressure, bar 

Initial 200 °C 250 °C Initial 200 °C 250 °C 300 °C 

I 27.5 ~7.5 <5.8 6.0 >11 >14 10.1 

II 11.7 9.9 3.8 7.0 8.3 23.1 14.2 

III 38.1 7.9 4.1 6.9 >10.5 >20 16.4 

IV 10.4 <7.2 <7.2 8.0 >11 >11 14.1 

V 27.6 12.3 7.0 5.5 9.9 13.0 11.0 

VI 13.6 ~7.8 4.1 6.6 15.3 19.7 14.7 
 
Porosimetric studies of membranes before and 

after IR pyrolysis showed that the main decrease in 
membrane pore size was observed in the pyrolysis 
temperature range of 200–300 °С (Table 4).  
For membrane samples impregnated with glycerol  
(I, III, V), the pore sizes were 2–3 times higher than 
the pore sizes of membranes dried without glycerol 
(II, IV, VI). After IR pyrolysis at 200 °C, the pore 
sizes of membrane samples I, III, and V decreased to 
7.5–12 nm and were comparable with the pore sizes 
of membrane samples II, IV, and VI. After IR pyrolysis 
at 250°C, the pore sizes of the samples decreased to 
3.8–7.2 nm. For samples subjected to IR pyrolysis at 
a higher temperature, the pore size could not be 
determined due to the necessity of using high 
pressures that exceed the limiting pressure that the 
membranes were able to withstand. 

A study of the tensile strength of the membrane 
samples showed (Table 4) that the rupture pressure of 
the hollow fibers increased after IR pyrolysis at 
200 °C for all samples. With an increase in 
temperature to 250 °C, the rupture pressure of the 
samples also increased. However, with an increase in 
temperature up to 300 °C, the fiber rupture pressure 
for most samples decreased. 

The obtained results indicate that during the IR 
pyrolysis of samples in a nitrogen atmosphere at 
temperatures of 200–300 °C, membrane shrinkage is 
accompanied by decrease in transport pore size in the 
selective layer of membranes. At the same time, at 
temperatures above 400 °C, although the main 
structure of the membrane remains unchanged, liquid 
porosimetry results indicate that most of the transport 
pores have already collapsed. Further sample 
shrinkage leads to deformation of the membrane 
macrostructure. 

Testing of membranes from various PAN 
copolymers revealed that PAN-IA membranes 
experience less shrinkage during pyrolysis and are 
less susceptible to cracking, which makes this 
polymer optimal for carbon membrane preparation. 

3.3. Influence of preliminary thermal stabilization 
on the membrane characteristics 

 

As it was shown in Fig. 3, the geometric 
parameters of hollow fibers were changed with an 
increase in the temperature of IR pyrolysis. The study 
of the carbon membranes obtained with and without 
thermal stabilization using SEM showed that the 
samples subjected to IR pyrolysis after thermal 
stabilization demonstrated absence of structure 
deformations with an increase in the pyrolysis 
temperature (Table 5). In the absence of thermal 
stabilization, the structure of hollow fiber membranes 
after IR pyrolysis is significantly deformed.  
The destruction of the structure is especially 
noticeable for hollow fiber membranes impregnated 
with glycerol, apparently due to a more significant 
decrease in the pore size during pyrolysis.  

The PAN-IA membranes were least susceptible 
to degradation with increasing temperature after IR 
treatment with thermal stabilization. Membranes 
dried without glycerol (Table 5, Sample VI), even at 
high temperatures of IR pyrolysis, preserved their 
geometrically regular structures. In contrast, glycerol-
impregnated membranes (Table 5, Sample V) 
demonstrated a greater deformation of the structure 
after a one-stage IR pyrolysis. A similar trend was 
observed with the PAN samples (Table 5, Sample II). 
Similar to PAN-IA samples, PAN-membranes 
retained their structure after IR pyrolysis with thermal 
stabilization. However, without thermal stabilization 
membranes impregnated with glycerol experienced  
a significant deformation at a temperature of 500 °C 
and above (Table 5, Sample I). For PAN-MA-based 
samples (Table 5, Samples III and IV) structural 
changes after IR pyrolysis with thermal stabilization 
were comparable to those of PAN-IA and PAN 
samples. However, after IR pyrolysis without thermal 
stabilization, the deformation of hollow fiber 
membranes was notably significant at temperatures 
above 200–300 °C. Such significant deformation of  
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glycerol impregnated membrane structure is likely 
due to an extreme reduction in the pore size resulting 
from the IR treatment. Impregnation of ultrafiltration 
membranes with glycerin solution is carried out to 
prevent pore contraction and is responsible for the 
high membrane flux [46]. This aligns well with the 
data presented in Table 4. Initial membranes 
impregnated with glycerol have pore sizes  
2.0–3.6 times higher  than those of initial membranes 
without glycerol. It is worth noting that other 
alcohols, such as isopropanol, ethanol, etc. can also 
be used as impregnating agents [47]. 

Using FTIR spectroscopy of prepared carbon 
membranes, a change in the chemical composition of 
samples after IR pyrolysis was investigated (Fig. 6). 
As the pyrolysis temperature increased from 200 to 
400 °C, a decrease in the number of methylene 
groups (~2850, 2930, 1450 cm–1) was observed.  
At temperatures of 400 °C and above the nitrile 
(~2250 cm–1) and carbonyl (~1730 cm–1) groups 
disappeared likely due to the initiation of the 
cyclization reaction [48]. At 400–500 °C a sharp peak 
was detected at 1590 cm–1, representing a mix of 
C=N, C=C and C–N bonds [30]. This peak indicates 
the formation of cyclic structure of molecular chains, 
specifically through conversion of CN to C=N by 
cyclization [49]. The appearance of the C=C group 
was due to the dehydrogenation reaction [40].  
The results of FTIR spectroscopy did not reveal 
significant differences in the resulting structures.  
The transformed peak shapes were nearly identical 
for all precursors. Carbonization of the samples 
apparently occurs at temperatures of 600–700 °C.  
At these temperatures FTIR spectra of membranes 
become flatter and the characteristic peaks rather 
diminish. The absence of these peaks indicates that 
PAN is completely converted to the cyclic carbon 
structure. Notably, compared to the FTIR spectrum of 
PAN-membranes, FTIR spectrum of the initial  
PAN-IA membrane had a characteristic band at  
1710 cm–1 corresponding to C=O bond of itaconic 
acid. In the case of PAN-IA, cyclization and 
dehydrogenation were facilitated by itaconic acid 
through an ionic mechanism. Conversely, in the case 
of homopolymer, the cyclization of nitrile groups was 
initiated only through a free radical mechanism.  
The cyclization mechanisms were described in more 
detail in [30, 40].  

In the FTIR spectra of carbon membranes based 
on hollow fibers dried without glycerol, a band 
~1600–1590 cm–1 (C=N) appears after IR pyrolysis  

at 300 °C (Fig. 6). A sharp disappearance of nitrile 
groups and a shift of the C=N bond band to 1570 cm–1 
after pyrolysis at 400 °C was observed. At the same 
time, there were no significant differences in the 
spectra of the samples after IR pyrolysis with and 
without thermal stabilization. The spectra of samples 
obtained by IR pyrolysis with thermal stabilization 
were almost identical to the spectra of carbon 
membranes based on hollow fibers dried without 
glycerol. In the case of IR pyrolysis without thermal 
stabilization at 300–400 °C, a significant increase in 
the intensity of mix of C=N, C=C and C–N bonds at 
1590 cm–1 was noted for PAN-MA and PAN-IA 
copolymers. This is due to the fact that the presence 
of a partially ionic structure eases the cyclization 
process [45]. 
 

3.4. Optimization of thermal stabilization  
conditions 

 

The membranes subjected to thermal stabilization 
at a temperature of 200–240 °С for 15 minutes were 
more prone to deformation and cracking during 
pyrolysis (500°С, 2 minutes) (Fig. 7). According to 
the FTIR spectra in Figs. 4 and 5, the pyrolysis at 
500 °C has not finished the carbonization; therefore, 
higher temperature (600–700 °C) can be used during 
pyrolysis of the hollow fiber membranes. However, 
since the carbon membranes being developed are 
planned to be used for both gas separation and 
nanofiltration, it was decided to limit the pyrolysis 
temperature to 500 °C. This decision aligns with the 
data in [13], since at a very high temperature the pore 
size of membranes starts to decrease, ultimately 
leading to collapse. 

Membranes, which underwent thermal stabilization 
at a temperature of 260–300 °С, retained its integrity. 
Further experiments in narrower temperature interval 
240–260 °С showed that optimal temperature of 
thermal stabilization was 250 °С. At this temperature 
of thermal stabilization, the subsequent pyrolysis did 
not result in undesirable phenomena of cracking or 
deformation of the membranes. This suggests that 
heating of the sample under IR conditions follows 
similar mechanisms to traditional convectional 
heating. Hence, thermal stabilization in an oxygen-
containing atmosphere is important for maintaining 
membrane integrity during further pyrolysis at 
temperatures above 300 °С. At the same time, IR 
irradiation intensifies ongoing reactions, decreasing 
the time needed to achieve the desired conversion. 
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Table 6. Pure water flux and Blue Dextran rejection for hollow fiber membranes  
after different temperatures of IR treatment 

 

IR treatment 
temperature, °С 

Sample I Sample IV Sample V 

J, L⋅(m2·h)–1 R, % J, L⋅(m2·h)–1 R, % J, L⋅(m2·h)–1 R, % 

200 160 38 199 48 187 29 

250 60 >99 68 95 62 68 

300 18.7 >99 19.9 >99 19.0 99 

400 10.5 >99 11.8 >99 11.5 >99 

500 5.2 >99 6.7 >99 5.6 >99 
 
thermal stabilization stage was 10 °С. After the 
thermal stabilization stage, the samples were 
subjected to pyrolysis in nitrogen atmosphere at a 
given temperature for 2 minutes. The heating rate in 
the pyrolysis process was 60 °С. 

The pure water flux through membranes treated 
at a temperature of 200 °С was 10–15 %  lower than 
that for the initial ones (160–199 L⋅(m2·h)–1  
compared to 187–234 L⋅(m2·h)–1) (Table 6).  
At a temperature of 300 °C, the flux dropped by an 
order of magnitude to 18.7–19.9 L⋅(m2·h)–1. A further 
increase in temperature to 500 °C led to a decrease in 
pure water flux to 5.2–6.7 L⋅(m2·h)–1. At the same 
time, the membranes retained more than 99 % of the 
Blue Dextran dye with a molecular weight of  
70 kg⋅mol–1 (Table 6), which indicates that the 
obtained membranes were defect-free. 

The decrease in pure water flux with an 
increasing IR treatment temperature  was due to a 
decrease in pore size. Although the pore radius was 
not measured because of the high pressure needed for 
measuring such small pores, from filtration 
performances and shrinkage data (Fig. 3) it can be 
concluded that further decrease in pore size took 
place with increase of IR pyrolysis temperature.  
At the same time, complete collapse of the pores does 
not occur. From the other hand, high Blue Dextran 
rejection confirms absence of membrane cracking 
and appearance of defects during pyrolysis.  

The obtained results demonstrated that IR 
irradiation can be used for preparation of carbon 
hollow fiber membranes. At the same time, by 
regulating the pyrolysis temperature it is possible to 
control the pore size of the obtained porous 
membranes. 

 
4. Conclusion 

 

A new technique for obtaining carbon 
membranes using IR radiation for heating the hollow 
fiber membranes has been developed. The optimal 
conditions for IR pyrolysis have been determined.  

It was found that in the case of IR heating, samples of 
PAN hollow fiber membranes must be thermally 
stabilized in air at a maximum temperature of 250 °C 
for at least 15 minutes. Thermal stabilization is a 
necessary step in membrane processing, similar to 
convectional heating. It makes it possible to avoid 
undesirable effects of destruction and deformation of 
membranes during pyrolysis. Following the thermal 
stabilization stage, the samples are subjected to 
pyrolysis in an inert atmosphere. An optimal heating 
rate of 60 °C⋅min–1 for duration of 2 minutes was 
chosen for the pyrolysis stage. The short processing 
time and high heating rate is preferable for pyrolysis 
process. This distinguishes IR heating from 
traditional convective heating. In the latter case, the 
lower heating rate is preferable to prevent membrane 
destruction. Faster processes associated with IR 
processing make it possible to obtain membranes 
with reduced processing time.  

It has been established that IR pyrolysis of 
hollow fiber membranes prepared by spinning from 
16 % solutions of PAN, PAN-MA, and PAN-IA in 
DMSO results in shrinkage of hollow fibers with the 
degree of shrinkage depending on the chemical nature 
of the membrane-forming polymer and drying 
conditions. The structure of the  resulting carbon 
membranes was more regular and less defective if the 
porous membrane was not impregnated with glycerol. 
The PAN-MA samples were more prone to shrinkage 
and deformation of the membrane matrix, while 
PAN-IA samples demonstrated less shrinkage.  
The appearance of samples subjected to IR pyrolysis 
after thermal stabilization at 250°C significantly 
improved, practically no deformation of the structure 
was observed at higher pyrolysis temperatures. 
Without thermal stabilization, the structure of hollow 
fiber membranes after IR pyrolysis demonstrated 
significant deformation, particularly noticeable in 
hollow fibers impregnated with glycerol, apparently 
due to a more significant decrease in the pore size 
during pyrolysis. 
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Abstract: The paper examines the control of functional characteristics, particularly electronic transport properties, in 
inhomogeneous surface nanostructures of a topological class on a solid substrate, with a focus on enhancing electrical 
conductivity and controlling its modes in cluster-type metal-carbon composites. From the perspective of general solid-state 
physics, particularly for granular metals, the discussion centers on structural microcrystalline defects, specifically at the 
nanoscale in this case. The study involves the modeling of the formation of such systems with nanocluster structures 
within the context of digital materials science, demonstrating several experimental results. This is done under conditions of 
introducing nanotubes into a non-conductive matrix as additives with an optimal concentration, or conversely, introducing 
metal atoms (typically noble metals) into a nanotube system. A two-stage process is considered, involving laser ablation of 
various targets, including the initial stage of obtaining nanoparticles and nanoclusters with a sufficiently large number of 
atoms in colloidal systems in specific liquids. In the second stage, subsequent deposition onto a solid, usually dielectric, 
surface is implemented to create a matrix with the desired geometry and specified nanocluster topology. The studied 
effects and the possibility of controlling them using laser methods hold great promise for the development of micro- and 
nanoelectronics components and systems based on new physical principles. Trends and tendencies in the synthesis of high-
temperature superconducting states in topological structures of various classes are also discussed. 
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теле вопросы управления функциональными характеристиками, в частности, электронными транспортными 
свойствами для задач повышения электропроводимости и управления ее режимами в металлоуглеродных 
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композитах кластерного типа. В аспекте общих положений физики твердого тела, в частности, для 
гранулированных металлов, речь идет о структурных мелкокристаллических дефектах, в данном случае – 
наномасштабных. В условиях внедрения нанотрубок в непроводящую матрицу как присадки с оптимальной 
концентрацией, или наоборот – атомов металлов (обычно – благородных) в систему из нанотрубок проведено 
моделирование формирования подобных систем с нанокластерными структурами в аспекте цифрового 
материаловедения с демонстрацией ряда экспериментальных результатов. Рассмотрена двухэтапная схема  
с лазерной абляцией различных мишеней, в том числе, и через первый этап получения наночастиц  
и нанокластеров с достаточно большим числом атомов в коллоидных системах в определенных жидкостях.  
На втором этапе реализуется последующее их осаждение на твердотельную, как правило, – диэлектрическую, 
поверхность – с получением матрицы требуемой геометрии с заданной топологией нанокластеров. Исследуемые 
эффекты и возможность управления ими лазерными методами имеют большую перспективу при разработке 
элементов и систем микро- наноэлектроники на новых физических принципах. Обсуждаются тренды и тенденции 
в синтезе высокотемпературных состояний в сверхпроводимости в топологических структурах разного класса.  
 

Ключевые слова: лазерная абляция; модели нанокластеров; углеродные нановолокна; фрактальные структуры; 
электропроводимость; самозарастание трещин; 1-D металлоуглеродные ансамбли разной организации. 
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Introduction 
 

The issue of the sharp increase in electrical 

conductivity of various materials, including 

understanding the physical principles to achieve high-

temperature superconducting states, has long been a 

key topic in many fundamental interdisciplinary 

studies [1]. 
Typically, this involves finding the appropriate 

elemental chemical composition and physicochemical 
properties of synthesized objects and solid solutions 
(see, for example, [2]). However, the structural 
configuration of these materials is also of crucial 
importance, especially for metal-carbon composites 
with various nanocluster forms, sizes, and additives, 
particularly carbon nanotubes (cf. [3]). The focus 
here is on thin-layered/multilayered surface structures 
of solid samples with objects of different 
dimensionalities – from 0D to 3D – and their 
combinations, which in our case are obtained 
experimentally through laser ablation of target 
surfaces with selected compositions [4]. 

When discussing the electronic spectra of 

nanocluster structures on the scale of nanometers for 

metals and semiconductors within the realized matrix, 

they can be considered similarly to conventional solid 

bodies. Despite this, the properties of nanocluster 

structures significantly differ from those of bulk 

samples due to the large surface area in nanocluster 

arrays and potential charge separation at the 

interphase boundary, which leads to shifts in atomic 

levels [3, 5]. Size effects and contact potential 

differences at the interfaces, such as those between 

gold atoms on a graphite substrate of highly oriented 

pyrolytic graphite due to differing Fermi levels, can 

result in an excess number of electrons in gold 

clusters (cf. [6]). The interactions that arise between 

these elements are also important. 

In this regard, the following features of 

electrophysics in such compounds, which contain 

metallic (usually noble metals) and semiconductor 

nanoparticles, can be noted. Their spatial 

configuration and distribution are determined by 

controlled conditions during the selected laser 

experiment, which promote the emergence of 

correlated charge topological states in the system 

with defects/vacancies, leading to a sharp increase in 

electrical conductivity – by many orders of 

magnitude in some cases [7, 8]. This is determined 

both by the individual characteristics of isolated 

nanoclusters and by their interactions with 

neighboring clusters and with substrates of various 

types. We use the term «electrical conductivity» 

rather than the more commonly accepted «electrical 

conductance» to emphasize that we are referring to a 

discrete nanocluster structure. 

Let us list a number of conditions for the 

manifestation of these phenomena. 

Firstly, this concerns the possibility of realizing 

states in topological nanostructures with 

characteristics analogous to those found in topological 

insulators. These states are associated with specific 

boundary conditions, surface areas between 

constituent elements, and the trajectories of charge 

carriers moving through vacant regions (cf. [9]). 

Crucially, the topological parameters function 

similarly to thermodynamic parameters in phase 

transitions, particularly with regard to temperature. 

Thus, in the presence of certain surface state 

configurations within the matrix of nano-objects, they 

influence electronic states, which may become 
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correlated, leading to a significant improvement in 

electrophysical properties (cf. [10]). For instance, in 

such systems, electrical conductivity is realized 

through electron transfer along various trajectories 

within this matrix. However, surface concentration 

and the density of electronic states compared to their 

number in the conduction band, as well as the 

presence and type of various impurities and 

vacancies, are also important factors [11]. 

In our experiments, we observed a reduction in 

electrical resistance by up to 104 times in planar  

thin-film nanocluster structures with a specific 

topology [12, 13]. This suggests potential approaches 

and trends in the study of high-temperature 

superconductivity. A characteristic of this effect is  

a significant decrease in the density of states near the 

Fermi level, known as the pseudogap state, which is 

typical, for example, of disordered semiconductors 

[14]. This could also involve nanoscale disorder 

within the nanocluster structure. Here, we do not 

address effects involving quasiparticles and exciton-

polariton states. Essentially, this pertains to quantum 

size effects. 

Secondly, there is a specific nature of physical 

states in highly heterogeneous nanostructures with 

fractal dimensionality, where significant increases in 

local fields can be realized (for nanometer-scale 

objects, up to 108 Vcm–1 during laser ablation of  

a metal target using standard nanosecond laser 

radiation with pulse energy of around 0.1J) [15].  

In such cases, the macroscopic functional properties, 

including electromagnetic characteristics, of these 

composite samples change dramatically. In metals/ 

steels, this is typically discussed in terms of dendritic 

structures with varying organization [16]. Under 

these conditions, electron hopping processes between 

neighboring dendrite peaks, which are temperature-

dependent, can occur. This thermally activated 

hopping conductivity involves variable hopping 

lengths (cf. [17]). 

Thirdly, considering the generally increasing 

electrical polarizability in systems with carbon 

nanotube additives (with varying diameters and 

lengths, porous structures, and nanofibers) and the 

presence of 1D directions with high aspect ratios 

(length-to-diameter ratio up to tens of thousands), 

electrical resistance in such regular configurations for 

a given direction of charge propagation can 

significantly decrease [18]. However, the effect in a 

nanostructured matrix depends on the specific 

organization of charge distribution and the uniform 

orientation of the 1D structures in the ensemble, 

forming a chain (in the simplest case – a percolation 

chain, essentially with a functional dependence 

similar to metallic conductivity) [19]. This can result 

in high specific electrical conductivity, comparable to 

that of an isolated carbon nanotube, reaching 

approximately 106 Sm–1 [20]. This changes the 

material's classification based on its electrical 

conductivity. Significant experimental results with 

practical applications can be expected in the near 

future. 

Crucially, it is the addition of carbon nanotubes, 

rather than other well-conducting additives, that leads 

to this sharp increase in electrical conductivity. 

However, the possibility of controlled electrical 

resistance at their contact points is also important 

[21]. This is especially significant for the sensitivity 

of sensor systems using carbon nanotubes and 

nanofibers. If there is no direct contact between 

neighboring such objects, charge transfer occurs, for 

example, through a tunneling mechanism, which 

exhibits a specific temperature dependence (cf. [22]). 

Fourthly, even under stochastic processes in 

nanostructured materials, various extreme states can 

occur in the dynamic characteristics of charge 

carriers, particularly during their movement along  

a separatrix, bypassing scattering centers (cf. [15, 23]). 

This also affects the electrical conductivity. 
Another topic worth considering is the twisted 

and intertwined ensembles of nanotubes, such as 
bundles and/or sponge-like structures, as well as the 
shape of individual carbon nanotubes that do not 
conform to the ideal cylindrical form. When dealing 
with an inhomogeneous distribution of carbon 
nanotubes, it is important to account for their 
interactions, such as Van der Waals forces [3, 24]. 
All of this leads to nonlinear effects in electrical 
conductivity, which exhibits a non-ohmic dependence 
and requires quantum analysis for understanding, 
considering a hybrid mechanism of conductivity – 
both within each cluster and within the matrix on 
which they are situated. This also depends on the 
concentration of clusters and the effect of charge 
tunneling between them, modeled as quantum wells 
and barriers under conditions of thermally activated 
hopping processes (cf. [25]). 

In this partially review-based article (largely 
based on our own research), we have examined all of 
these issues to some extent in the context of 
controlling conductivity characteristics. 

 

1. Basic physical principles and methodologies 
 

In all cases involving spatially inhomogeneous 

heterogeneous media at the micro- and nanoscale, it 

is necessary to employ various models with 

numerical simulations and calculations for charge 

carriers (see section 2 below for general principles, 
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and section 3 for carbon nanocomposites). This 

applies both to diffusion processes of their 

propagation and to classical percolation mechanisms 

(where the threshold becomes negligible with the 

high aspect ratio of carbon nanotubes) with 

conductive channels [26, 27]. These channels also 

emerge in contacts between heterogeneous nanocluster 

blocks. These simple models accurately reflect the 

overall trend but sometimes fail to account for 

significant features, particularly the imperfections 

and inhomogeneity of carbon nanotube chains that 

are in contact with each other. Therefore, numerical 

modeling is required, incorporating additional 

physical concepts and using high-level programming 

languages (cf. [28]). 

For quantum electronic states, the well-known 

core-shell model is constructive, allowing for single-

electron states in various types of topologies within 

the created nanostructures [29]. In this case, it 

becomes possible to control the bandgap width, the 

depth of impurity levels, the density of electronic 

states near the Fermi levels, and the emergence of 

various resonances (e.g., plasmonic resonances in 

metallic objects) as a result of changes in topological 

features. These conductivity processes can also be 

threshold-based, demonstrating step-like trigger 

behavior (cf. [4, 7, 30]). Moreover, their charge state 

can be controlled in a specific manner, which is 

important for various practical applications. Sensor 

systems with nanofibers in a distributed double-

cylinder structure model, analogous to the localized 

core-shell model, are particularly promising here [31]. 

The topic of this study is of particular interest in 

the production of artificial diamond crystals, 

especially within metal-carbon nanocomposite 

systems, which we examine in this article under laser 

irradiation. These crystals can crystallize into various 

crystallographic forms with possible different types 

of inclusions. The additives with carbon nanotubes, 

as well as the processes of surface graphitization of 

the diamond itself, are of fundamental importance in 

controlling properties such as the electrical 

conductivity of these structures. 

Universal phenomena of twinning can occur in 

these materials, either with or without changes in the 

shape of crystal fragments. Two mechanisms of 

twinning are distinguished – diffusionless and 

diffusion-based mechanisms, analogous to the 

nonlinear process of mechanical twinning during 

martensitic phase transformations. This topic has 

been studied for nearly 130 years, with particular 

emphasis in the latter half of this period. A modern 

review of the research status in this field is presented, 

for example, in [32], but several unresolved issues 

remain even when considering multifactorial models. 

These issues pertain to the following phenomena. 

The diffusionless mechanism involves the 

formation of oriented regions and/or layers with the 

alignment of the crystal lattices of the new and old 

phases along their boundary of contact, with a specific 

arrangement of atoms. For diamond, such twinning 

along the (111) plane, for example, generally does not 

create defects in the lattice structure. 

The other mechanism – the diffusion-based  

one – is associated with the nucleation of 

crystallization centers followed by the attachment of 

individual atoms or small groups of atoms, whose 

diffusion determines the growth rate of the new phase 

crystals within the original structure and/or in the 

growing crystal. In this process, the modification  

of the crystal structure occurs due to the relative 

movement of atoms over interatomic distances.  

This phenomenon is typically considered to be 

associated with changes in the concentration of the 

original components; however, this does not apply to 

the transformation of graphite into diamond or the 

graphitization of diamond. 

To briefly characterize the difference between 

these two twinning mechanisms, in martensitic 

transformations, the lattice modification involves the 

displacement of atoms relative to each other over 

distances no greater than interatomic distances, 

without an exchange of positions. 

These patterns are generally characteristic of 

diamond-like compounds within this crystallographic 

class, which also includes compounds with varying 

elemental compositions. 

The discussion of this twinning phenomenon is 

important for us because it depends on external 

influences and thermodynamic conditions, and we are 

specifically examining laser methods of such influence. 

In our case, we are dealing with controlled 

mechanisms under different modes of laser irradiation 

of samples, with adjustable and selectable spatial-

temporal characteristics of the laser radiation – such 

as laser pulse duration, laser beam parameters, and 

the duration or scanning time of its impact on the 

object. This specificity of the laser experiment is 

crucial for the development of physical processes. 

These conditions can be considered a type of 

laser ablation from the target surface under certain 

experimental conditions, leading to the formation of 

dislocations and stresses in areas with twinned layers, 

which significantly determine the functional 

characteristics of the samples obtained after this 

treatment. In some cases, this may result in the 

formation of quantum dots, graphene/ribbon 

structures, and diamond-like crystalline micro-objects 
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with variable lattice states (cf. [12]). Such objects are 

analogous to photonic crystals widely used in 

topological photonics, as well as lattice states with 

vacancies in which atoms of various elements can be 

embedded (cf. [3, 12, 33]), enabling different 

twinning mechanisms. This process can be described 

in terms of topological twinning. 

Additionally, the properties of nanocatalysts 

containing metallic nanoparticles, particularly those 

used in the synthesis of nanotubes with record yields 

on an industrial scale, strongly depend on the size and 

shape of the nanoparticles and their associated charge 

effects, which influence the catalytic activity of the 

structures used [34]. 

In this context, laser ablation methods involving 

the agglomeration and/or fragmentation of metallic 

nano-objects appear to be highly promising and 

versatile, particularly due to the correlated 

relationship between the electrical and catalytic 

properties of the synthesized nanostructures and the 

specified optimal parameters. 

Here, we focus on two-stage schemes involving 

laser ablation of various targets, including an initial 

stage where nanoparticles and nanoclusters with a 

relatively large number of atoms are produced in 

colloidal systems within specific liquids. In the 

second stage, these particles are subsequently 

deposited onto a solid, typically dielectric, surface, 

resulting in a matrix with the required geometry and 

topology of nanoclusters on the solid surface [4, 15, 33]. 

Of particular interest is the deposition of 

nanoparticles from the colloid onto conductive 

material substrates, such as highly oriented pyrolytic 

graphite plates (cf. [3, 35]). The difference in the 

experiment between these two types of substrates – 

conductive and non-conductive – lies in the 

characteristics of the charged states of nanostructures 

on the substrates [36]. For non-conductive substrates 

with metallic nanoparticles, they become charged 

only in ensembles with a certain quantity of them. 

For conductive substrates, the charged nanoparticles 

remain isolated (cf. [3]). 

In general, the charge and field states of 

nanoparticles depend on their mutual arrangement. 

We will present various configurations of similar 

structures obtained in our laser experiments as a 

result of several technological stages; one outcome, 

in particular, is the sintering of a prepared nanotube 

ensemble on a plate doped with gold atoms (see 

section 4). Such systems may be of interest in the 

development of sensor films based on the electrical 

conductivity of nanocomposites, which utilize charge 

transfer between the contacting elements of the 

composite with different work functions. Of special 

importance here is the laser-induced graphitization of 

diamond, which is a dielectric but begins to exhibit 

semiconductor properties with tunable characteristics 

in certain induced structures [3, 37]. 

The technology of laser fragmentation used in 

sample production allows, on one hand, the formation 

of ultrathin atomic-scale layers. On the other hand, it 

enables the synthesis of isolated quantum dots, which 

can be the basis for creating laser diode sources in 

desired spectral ranges. This refers to quantum-sized 

nanostructures of different classes. Of particular 

interest are quantum cascade lasers, which involve 

transitions between electronic states within a quantum 

well of a single band, rather than the usual electron-

hole recombination system (with transitions between 

the conduction and valence bands) (cf. [15, 38]). 

However, in this work, we will focus solely on 

the structural and topological aspects of controlling 

electronic transport properties to enhance electrical 

conductivity and manage its modes in such structures. 

In the context of general principles of solid-state 

physics, particularly for granular metals, we can 

discuss structural fine-crystalline defects, which in 

this case are nanoscale. We will also consider (see 

section 3.5) a certain structural helical model for 

electrical conductivity in a specific stable 

configuration. An analogous configuration may be 

achievable in a laser experiment with a specific 

strategy: scanning the laser beam with a selected laser 

pulse duration. 

When it comes to embedding nanotubes into a 

non-conductive matrix as additives with optimal 

concentration, or conversely, embedding metal atoms 

(usually noble metals) into a nanotube system, the 

interactions between them become important.  

In section 4, we will examine the second case of such 

a composite – sintering a nanotube powder with gold 

atoms using graphite-shungite. 

 

2. Modeling of nanocluster complexes using noble 

metals in colloidal systems under laser exposure 
 

We present a universal model for synthesized 

nanoclusters on a solid substrate surface. This model 

can be applied to clusters of any composition, but for 

clarity and further discussion, we will consider  

a system of noble metals (cf. [15]). 

Colloidal systems of noble metal nanoparticles 

(Ag, Au) were formed by exposing bulk targets 

(composition: Au – 99.9 %, Ag – 99.9 %) placed in 

liquid media to laser radiation of moderate intensity 

(up to 106 Wcm–2) at a wavelength of 1.06 m.  

To deposit nanoclusters from the solution onto  

a substrate, we used a method of thermodiffusion  
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Fig. 1. AFM images of bimetallic (Ag/Au) nanocluster systems at a laser beam scanning speed of 1.2 mms–1 after 15 (a) 

and 20 (b) passes. The size distribution (spatial scales are shown on the axes) of the objects in the samples:  

for Fig. 1a – with the histogram (c) and for Fig. 1b – with the histogram (d); the vertical axis indicates the object sizes R, 

and the horizontal axis indicates the numbers of the studied objects 

 

deposition onto glass from a colloidal solution 
obtained by intensively mixing noble metal 
nanoparticles (Ag, Au, and/or Ag/Au mixture,  
with an average particle size of 100 nm) with  
glycerin [39]. After laser exposure, the colloidal 
systems were studied using a Horiba LB-550 particle 
size analyzer based on dynamic light scattering. 
Images of the nanostructures deposited on the 
substrate were captured using a Quanta 200 3D 
scanning electron microscope and an Integra-Aura 
probe nanolaboratory. 

The study of the sample surface (Fig. 1), 
conducted using the MATLAB Image Processing 
Toolbox [40], revealed the clustered nature of the 
nanoparticle system, with well-defined agglomerates 

ranging in size from 1 to 3 m and average heights 
from 10 to 40 nm, as seen in the images obtained 
using atomic force microscopy (AFM) (Fig. 1a, b). 

When deposited from single-component colloids 
(Ag or Au), the synthesized systems consisted of 
isolated fractal nanocluster dendrites with a 
disconnected surface topology (Fig. 2). Objects 
ranging from 10 to 300 nm were clearly visible. Their 
sizes exceeded those of the nanoparticles in the 
original colloidal system (5–20 nm). This observation 
indicates the thermodiffusion nature of the formation 
of nanocluster systems, with a preliminary 
aggregation process of the nano-objects in the 
colloidal solution prior to deposition on the substrate. 

 

 
Fig. 2. AFM images of the Ag (a) and Au (b)  

nanocluster systems 

When forming nanocluster systems from a two-

component colloidal solution (Au/Ag at a 

concentration ratio of 50/50), samples with a more 

heterogeneous and sparse spatial structure of a cluster 

nature were obtained. However, the process resulted 

in the unification of objects into a single structure, 

similar to alloy formation, in this case with a 

connected surface topology. This observation 

suggests the presence of melting in the system with 

nano-objects during the formation of this unified 

cluster.  

However, we did not consider the 

thermodynamic processes for this mechanism, which 

would require calculations of the entropy values for 

such alloys (this is a separate task, which we have 

conducted for diamond-like compounds, specifically 

in [12, 33]). Here, we were only interested in 

classifying them by their fractal dimension values. 

The fractal dimensions of the obtained samples were 

estimated using the box-counting method [41], which 

confirmed their dendritic nature. For example, the 

fractal dimension of the sample in Fig. 2a was 

D = 1.898, and for the sample in Fig. 2b, it was 

D = 1.922. These values are quite consistent with the 

estimates of fractal dimensions of dendritic structures 

known from the literature [42]. The accuracy  

of determining these numerical values of D 

corresponds to the standards accepted in fractal 

mathematics (cf. [23]). 

The modeling of the cluster formation process 

was carried out within the framework of diffusion-

limited aggregation (DLA) [43], which describes 

aggregates both in the colloidal system and in their 

structures deposited on a solid surface. 

In general, the algorithm for forming DLA 

structures is implemented as Brownian motion of  

a particle within a computational domain containing  

a seed structure, followed by aggregation/attachment 

with a given probability. Various modifications of the 

(a) (b) 

(a)                                      (b)                                            (c)                                                 (d)  



 

Bukharov D.N., Tumarkina D.D., Kucherik A.O., Tkachev A.G., Arakelyan S.M., Burakova I.V., Burakov A.E. 

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 3  

213 

general DLA case allow for the consideration of 

thermal processes occurring during aggregation in 

colloidal systems. The DLA model and its 

transformation, taking into account additional factors, 

can be implemented using cellular automata 

techniques with von Neumann and/or Moore 

neighborhoods [44]. For instance, using the von 

Neumann neighborhood allows for the creation of 

samples with a heterogeneous structure, while the 

Moore neighborhood produces well-filled, 

homogeneous samples (see more details in the 

Appendix). 

To describe convective flow in the region heated 

by laser radiation, it is convenient to use the standard 

Rayleigh-Bénard model (in the case of a point heater 

located at the bottom) for planar geometry within the 

Boussinesq approximation [45], accounting for its 

rotation by a certain angle. We employed this model 

to estimate the resulting nanocluster configurations in 

a controlled manner (cf. [15]) with the corresponding 

temperature field [46] on the substrate. 

By varying the probability of agglomeration 

(adhesion) s, it is possible to model dendritic 

structures of various shapes (Fig. 3). For small values 

of the adhesion probability, well-filled, fairly 

homogeneous clusters with a smooth boundary and  

a fractal dimension D of about 1.85–2.02 are formed. 

For large values of the adhesion probability s, 

heterogeneous clusters with a highly jagged boundary 

and a lower fractal dimension D ~ 1.70–1.85 are 

formed. For instance, the model in Fig. 3 can be 

correlated with certain elements of the nanocluster 

system in the samples from Fig. 2a, b. In this case, 

there is a qualitative similarity between the topologies 

of the model and the experimental sample. 

The conducted studies revealed the fractal nature 

(following a diffusion mechanism) of the structures, 

which corresponded to the selected approximation 

during modeling. The initial distribution of seed 

structures within the computational area, as well as 

the adhesion probability s, influences the shape of the 

aggregates. For instance, Fig. 4 shows 3D model 

images of DLA clusters in a.u. based on a cellular 

automaton in the von Neumann neighborhood. The 

cluster systems were formed within a sphere at the 

center of the computational area for the case s < 1 

(Fig. 4a) and s < 0.1 (Fig. 4b), as well as in the case of 

aggregation from a point at the center (Fig. 4c and 4d). 

 

 
 

Fig. 3. A variety of fractal structures on a relative scale, generated by varying the adhesion probability s.  

As an example, starting with three aggregation centers (clearly visible in Fig. 3a):  

with a parameter value of  s = 0.1, we have D = 1.85 (a); with s = 0.5, D = 1.80 (b); and with s = 1, D = 1.79 (c) 

 

 
 

Fig. 4. DLA clusters: A seed within a sphere at the center, where an aggregate is formed with probability s < 1  (a);  

s < 0.1 (b). The seed is at the center, and the aggregate forms across the entire computational domain  

for two values s < 1  (c); s < 0.1 (d) 

(a)                                             (b)                                       (c)                                          (d) 

(a)                                                          (b)                                                           (c) 
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Fig. 5. DLA structure of clusters with varying height h, deposited on a surface: when s = 1 (a);  

when s depends on the current maximum height of the emerging structure (z – axis)  

with a maximum selected dendrite height of H = 240 a. u. (b) 

 

 
 

Fig. 6. Model of the deposited structure with s =1 (a); s = 0.5 (b); and with a continuous decrease over time of s values 

from the initial value of 1 to the final value of 0.001 (c) 

 

Figure 5 shows model qualitative images of a 

system of fractal/dendritic nanoclusters in Cartesian 

coordinates in a.u., deposited from a colloidal 

solution onto a solid substrate. They were formed 

within the framework of the DLA model, where a 

horizontal plane (x, y) was chosen as the seed 

structure, and the value of s was set to 1 (Fig. 5a). 

The case was also considered where the variable 

value of s  depended on the current maximum height 

h  of the forming structure, as shown in the figure 

(Fig. 5b). This value increases to the required 

maximum height h = H (see Fig. 6). In this model, we 

assume that s = h/H, so that over time, the value of s 

increases from 0 (h = 0) to 1 (h = H). 

Figure 6 shows the qualitative dynamics of 

changes in the cluster structure when determining the 

value of the parameter s. 

From Figure 6, it can be concluded that a high 

adhesion probability s allows the formation of 

structures that are not tall but have a wide base. 

Conversely, small values of s lead to cluster systems 

consisting of long, narrow “nanopeaks”. 

The comparison of simulation results (Figs. 4–6) 

with the experiment (see Figs. 1 and 2) showed a 

qualitative agreement, indicating a good level of 

adequacy of the proposed model.   

The computational experiments and their 

statistical analysis demonstrated that the DLA model 

allows the creation of fractal clusters with dimensions 

ranging from 1.67 to (2.02 ± 0.03) when varying the 

adhesion probability s  within the interval [1; 0.01] 

(Fig. 7). Values exceeding a dimension of 2 suggest 

the formation of 3D structures. 

In turn, the temperature dependence of the 

fractal dimension D can be represented as (compare 

with [25, 45]): 

 TD  
TA0 , 

 

where 0A  and  are some empirical proportionality 

coefficients. 
 

 
 

Fig. 7. The dependence of fractal dimension D on the 

adhesion probability s: points represent the calculated 

values, and the line represents the approximation, taking 

into account cubic spline interpolation in MATLAB [40] 

(a)                                                        (b)                                                             (c) 

(a) (b) 
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                      (a)                                            (b) 
 

Fig. 8. SEM images of nanofibrous carbon structures 

subjected to the same laser beam but with different values 

of external electric voltage applied to the sample:  

1 kV (a), 0.8 kV (b) [48] 

 

The anisotropy of the computational domain can 

be defined through the temperature field in the laser 

beam (see [4]). Then, with the temperature 

distribution in the plane case on the substrate surface 

in the form of a system of isothermal regions, it 

becomes possible to estimate the adhesion probability 

for a wandering particle upon entering a given 

isothermal region (compare with [39]). In this case, 

the random displacements of the particle during its 

wandering are not equally probable. This method of 

accounting for anisotropy allows consideration of the 

direction of particle diffusion into the laser heating 

area as an increased probability of random 

displacements (see [46]). 

 

3. Modeling the carbon nanofiber system 
 

In this section, we will examine in detail models 

involving carbon materials based on nanofibers, 

which are promising, for example, in the 

development of nano-microelectronics components 

and systems [3, 15, 47]. 

One convenient method for synthesizing carbon 

nanofibers is by exposing the medium to laser 

radiation in the presence of an external electric field. 

Using this method, as described in [48], we obtained 

carbon nanofibers deposited on a metal plate (Fig. 8). 

The structure of the synthesized samples indicates the 

controllability of the topological characteristics of 

nano-objects by selecting appropriate experimental 

parameters: laser radiation characteristics and the 

intensity of the externally applied electric field. For 

instance, Figure 8 shows a sample nanofiber structure 

at various specified external voltages. 

 

3.1. General principles 
 

The obtained samples, under different values of 

control parameters, were studied using scanning 

probe microscopy (SPM) and Raman spectroscopy. 

The morphological properties were investigated 

through fractal analysis of the dimensions of the 

nanofiber images obtained with a scanning electron 

microscope; this analysis was conducted using the 

box-counting method [49]. Depending on the 

deposition time and the power of the laser radiation 

source, it is possible to control the fractal dimension 

value. For example, it gradually increased from 1.45 

to 1.9 with laser radiation power of 30 W; from 1.6 to 

1.96 with a power of 50 W; and from 1.75 to 1.98 

with a power of 100 W, while the deposition time 

under laser radiation remained constant in all cases. 

As mentioned above, a convenient model that 

allows for generating structures with fractal 

dimensions and accounting for thermal processes is the 

DLA model [49, 50]. The nanofiber model in the 

DLA approximation was implemented as a cellular 

automaton with a Moore neighborhood [51] (see 

Appendix P.1). The influence of the medium's 

thermodynamic characteristics was accounted for  

in the aggregation/adhesion probability coefficient s, 

which was represented as a normalized diffusion 

coefficient within the interval (0; 1]. 

Figure 9 shows model images of nanowires 

(filamentary objects) with nanofragments (though in 

a. u., they depend on the control parameter – 

adhesion probability s and branches on their 

predominantly linear structure in the DLA 

approximation within a computational domain of 

300  300 a. u. for 30,000 particles. In Figure 9a, the 

case of equal-probability displacement of diffusing 

nanoparticles with a constant s = 1 is shown.  

Figure 9b presents a model of the nanowire system 

with small lateral displacements of the diffusing 

particles and a uniform decrease in the adhesion 

probability from 1 to 0.01. Figure 9c depicts a 

nanowire system with small lateral displacements of 

diffusing particles and a uniform decrease in the 

adhesion probability s, from 0.5 to 0.01. The case of 

small lateral displacements of diffusing particles 

allows for qualitatively accounting for the effect of 

the applied external electric field, where the structure 

growth occurs predominantly along the lines of the 

field's intensity. The above-mentioned change in 

adhesion probability corresponds to the cooling of the 

system after laser exposure, analogous to 

experimental conditions. In both cases, the generation 

process stopped when the nanowire reached the upper 

boundary of the computational domain. Comparing 

Figures 9a, 9b, and 9c, it can be concluded that the 

probability of random lateral displacements affects 

the shape of the nanowire. In the case of low lateral 

displacement probabilities, the nanowires generated 

are more vertically elongated with smaller and fewer 

lateral branches. 
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Fig. 9. Models of nanowire systems in the DLA approximation:  

(a) equal-probability displacements of diffusing particles with a constant value of s = 1;  

(b) small lateral displacements of diffusing particles with a uniform decrease in s from 1 to 0.01;  

(c) uniform decrease in s from 0.5 to 0.01 

 

Switching to absolute units allowed for a 

comparison between the model and experimental 

results in terms of assessing the local lengths of the 

simulated fractal nanostructures. By setting the side 

length of the computational cell in the model to  

10 nm, the maximum length of the nanowires was 

found to be between 3000 and 3900 nm in the case of 

equal-probability displacements. This may correspond 

to the generation of nanowires in the presence of  

a weak external electric field. The range of maximum 

lengths, from 3000 to 3400 nm, in the case of small 

lateral displacements is characteristic of nanowires 

generated under a stronger electric field. 

These values qualitatively match the results of 

experimental measurements, and the models used can 

be useful for predicting and evaluating the geometric 

properties of nanowires (cf. [48]). 

 
3.2. Laser-induced 1D carbon filamentary fractal 

structures on solid surfaces: models and 

experimental implementation 
 

The electrophysics of systems with different 

spatial dimensionalities (from 0D to 3D) is related to 

symmetry factors and their modification under 

conditions of topological phase transitions. This 

determines various electronic states that depend on 

the shape, size, and spatial distribution of such 

objects, typically on the surface of a solid body (see, 

for example, [4, 52]). Recently, such systems have 

been intensively studied in terms of “strange” 

crystalline/metallic structures [53] and other specific 

objects [54], which are important for practical 

applications. 

The key control parameters here are the 

dimensional ratios, such as the distance between 

clusters r compared to their size l, and/or similar 

ratios within each cluster for nanostructures within it. 

The physical significance lies in how deeply (h) into 

a given topological object – a cluster or its elements – 

interactions from their surroundings penetrate.  

For the entire cluster array on the substrate, this 

concerns its extent L compared to the size of one 

cluster l, meaning the ratio of these parameters can be 

very large (cf. [15, 55]). 
This is associated with pairwise interactions 

between nearest neighbors, which define 
nonequilibrium/strained states on their separating 
surfaces (cf. [56]). Specifically, as the surface area 
with negative surface tension increases, such states 
become thermodynamically more favorable in energy 
terms. Although the general process of forming these 
objects with negative surface tension is unstable, 
under extreme conditions—such as laser ablation in a 
liquid – it can be considered locally isobaric, fixing 
the configuration of objects and maintaining it when 
returning to normal conditions (cf. [15]).  
This significantly alters the functional characteristics 
of samples with a specific array of these structures, 
which is quite controllable. 

Such surface effects in a thin layer were 
observed in our experiments [12, 13, 57], where, 
depending on the topology of the fractal surface 
cluster configurations, the electrical resistance of the 

sample could decrease significantly – up to 104 times – 

under similar resistance measurement schemes across 
the homogeneous surface area of the sample (see, for 
example [7]). 

In this context, carbon (C) compounds, including 

their combinations with noble metals [58, 59], are of 

great importance. In particular, this includes long 

linear carbon chains LLCC [60], which exhibit 

unique properties. These structures form, for instance, 

when LLCCs are fixed at the edges between atoms of 

noble metals, such as two gold (Au) and/or silver 

(Ag) atoms, and they are stable. This involves actual 

phase transitions to a new allotrope form of carbon 

[4, 61]. 

(a) (b) (c) 
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A separate issue is the creation of metasurfaces 
based on such LLCCs (sp-electron configuration) 
[62] when they are deposited on the surface of a solid 
substrate by methods such as spraying-jet [57, 60]. 

In all cases, both cumulene bonds (=С=С=С)n 
with a bond energy of 0.41 eV and polyyne bonds  

(–С≡С–)n with a bond energy of 1 eV can arise, 
stabilized by a 1D structure; in our case, with noble 
metal atoms at their ends. These objects are 
particularly important for practical applications in 
conditions of spatial orientation in external fields [63]. 

In our work [64], we experimentally observed a 
sharp nonlinear increase in the magnitude of the 
electric current – by tens of times – compared to the 
value according to Ohm's law in such a compound 
(Au–C–Au): in a thin film with a thickness of 30 nm, 
for an applied external voltage of 1.5 V, the current 
was 0.5 A. This LLCC object was synthesized in a 
two-stage laser experiment [12, 13, 58, 60]: first, 
using laser ablation of a shungite sample to obtain a 
colloidal system with nanostructures, and then 
through laser deposition (considering fragmentation 
effects) from the colloid onto a solid substrate.  
The formation of LLCC objects was monitored using 
luminescence spectra and Raman spectroscopy. This 
effectively implemented a 4D technology for 
synthesizing such objects, where besides the three 
spatial parameters of the structures, the fourth 
parameter – time – was crucial, related to both the 
experimental fixation of the exposure time of the 
used system and the chosen duration of the laser 
radiation exposure (cf. [65]). 

In the latter case, for example, nonequilibrium 
phase transitions of a certain type occur under 

femtosecond light pulses, leading to the formation of 
structures with different dimensionalities [12, 65–68]. 

In our work, an experiment on the laser 

fragmentation of colloidal systems consisting of 

amorphous carbon was conducted under an applied 

external electric field of low intensity (voltage of  

12 V with a distance of 3 mm between electrode 

microcontacts). In this case, strong polarization of the 

formed carbon molecules was observed, leading to 

the formation of extended wires when deposited on a 

substrate. Although these were not isolated wires but 

rather a tangle of these wires, their preferential 

growth (1D structure) still manifested in one direction 

along the field. 

We modeled this process of geometric 

nematicity in the approximation of not a gaseous 

atomic carbon system, but an ensemble of forming C2 

and С4 molecules – i.e., when we have 2 or 4 carbon 

atoms in the form of one linear molecular structure, 

as confirmed by luminescence and Raman spectra 

measurements. The final structures have spectra with 

maxima characteristic of objects with carbon chain 

lengths from 8 to 24 carbon atoms, as registered by 

transmission electron microscopy. 

Figure 10 shows images of carbon structures 

obtained using transmission electron microscopy 

(TEM) (dark lines) under different scanning 

conditions at a laser beam speed v, depositing 

nanoparticles from the colloid onto the synthesized 

system on a dielectric quartz substrate with a fixed 

direction of the applied external electric field 0E


. 

 

 
Fig. 10. TEM images of carbon LLCC structures at different scanning speeds v of the depositing laser beam  

and with a fixed direction of the applied external electric field 0E


: 

v = 0.2 mms–1 (a), v = 0.4 mms–1 (b), v = 0.6 mms–1 (c), v = 0.8 mms–1  (d), v = 1 mms–1  (e). Modification of Raman 

spectra of different types of carbon structures in the colloid from which they are deposited onto the solid surface (f ) 

               (a)                                  (b)                                (c)                                  (d)                                  (e) 

(f ) 
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Although this LLCC ensemble structure generally 

only demonstrates 1D-directional dominance 

fragmentarily, it can manifest with bends and curves, 

as well as twists into certain configurations with 

bundles – so-called sponges (see below, Fig. 17). 

However, their spectral characteristics allow these 

objects to be identified as LLCCs (see [4]). 

Thus, the existing inhomogeneities in the 

samples are not static objects but can change 

dynamically during the processes occurring at 

different scanning speeds of the laser beam across the 

object. 

It should be noted that cracks may also appear 

on the substrate surface with the forming carbon 

structure for various reasons. Their development 

dynamics – exemplified by spontaneous healing – is 

discussed in the following section 3.3. 

 

3.3. The process of crack self-healing 
 

In the presence of an inhomogeneous cracked 

structure, the process of self-healing of existing 

inhomogeneities may occur under dynamic object 

movement conditions. This is modeled within the 

framework of the mechanism of particle self-

diffusion. 

Figure 11 presents a DLA model for the case of 

crack healing from three sides, with varying adhesion 

probability (s). This effect can be considered as the 

healing of crack ends. 

Figure 12 presents a DLA model for the case of 

crack healing from two sides with varying adhesion 

probability (s). This effect can be viewed as healing 

from the center of the crack. 

Figure 13 presents a DLA model for the case of 

crack healing from one side. 

 

 
 

Fig. 11. Model of crack healing from three sides with varying adhesion probability (s): s = 0.1 (a); s = 0.3 (b) 
 

 
Fig. 12. Model of crack healing from two sides with varying adhesion probability (s): s = 0.1 (a); s = 0.3 (b) 

(a) (b) 

(a) (b) 
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Fig. 13. Model of crack healing from one side at s = 0.1 

 

Let us consider two physical models of such 

crack healing. 

Deposition model. In the proposed models (see 

Appendix P.2), the computational domain is 

represented as a rectangular grid with dimensions 

M  L, and particles are deposited along the vertical 

direction onto the previously formed structure 

according to specified rules, adhering to the nodes of 

the square grid. Over time, this process forms a 

cluster or aggregate with a specific geometry [69, 70]. 

Figure 14 shows the simulated profile from a 

side section of the crack, illustrating the boundaries 

where it contacts the surrounding material. Two crack 

healing structures h(i) with a height of 250 a. u. over 

time T = 100 a. u. are shown, with a deposition rate of 

100 (Fig. 14a) and 200 (Fig. 14b) particles per unit 

time (per second) within the framework of the 

ballistic deposition model. 

A similar image is shown in Fig. 15 for another 

model – random deposition. 

 

 

 
 

Fig. 14. Profile of the structure formed during crack healing within the ballistic deposition model at a deposition rate  

of 100 particles/s (a) and 200 particles/s (b) 

 

 

 
 

Fig. 15. Profile of the structure formed during crack healing within the random deposition model at a deposition rate of 

100 particles/s (a) and 200 particles/s (b) 

(a) (b) 

(a) (b) 
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Fig. 16. Profile of the structure formed during crack healing within the cellular percolation model at s = 0.5 (a)  

and s = 0.9 (b) on a plane (in a. u. along the axes) 

 

Percolation model. In this model, the crack is 

represented as an aggregate of defects. The process 

of particles seeping into the crack from the material 

is considered within the percolation approximation 

(cf. [71]). 

Figure 16 shows a simulated profile (side 

section) of the structure formed during crack healing 

within the framework of the cellular percolation 

model, with variations in the percolation threshold, 

which is determined by the value of s. 

 

3.4. Diffusion model of the structure  

of C–Au atoms in microsponge objects 
 

As previously discussed, one of the convenient 

and straightforward methods for synthesizing carbon 

microstructures is laser deposition from a colloidal 

solution containing both carbon chains and noble 

metal nanoparticles, which act as catalysts for the 

synthesis. Using this method, we obtained 

experimental samples that were used to develop a 

structural model and evaluate its adequacy. The 

carbon microthread system (microsponge) samples 

were synthesized by laser exposure, using a ytterbium 

laser, on a colloidal system containing carbon chains 

(C) and gold nanoparticles (Au) in the presence of an 

external electric field (Fig. 17) [72]. 

Analysis of the conditions and results of the 

experimental synthesis led to the conclusion that the 

process influencing the shape of the sponge had a 

thermodiffusion nature. The investigation of the 

thread system's shape revealed its branched nature, 

characteristic of dendritic objects formed by diffusion 

processes. The sponge's shape was elongated in the 

direction of the electric field lines in the medium. 

This observation served as the criterion for selecting 

the appropriate modeling approach. 

 
 

Fig. 17. Synthesis scheme and results: experimental setup 

with an external electric field (a): 1 – Au nanoparticles;  

2 – C chains; 3 – direction of laser radiation exposure;  

4 – direction of laser beam movement; 5 – cuvette with 

colloidal solution; (b) – obtained optical image  

of the C–Au sponge 

 

Thus, the model (see Appendix P.3) was chosen 

within the framework of the diffusion approximation, 

based on the particle diffusion equation. The model 

equation was solved in a discrete form using the DLA 

approximation [62] through an iterative process  

[73, 74]. 

The proposed model was implemented in 

MATLAB using a.u. Calculations of the sponge 

structure were performed according to this 

approximation, followed by a comparison with 

experimental samples. In the model calculations, 

three types of C chains were generated: objects of 

length 2 a. u. were introduced into the computational 

domain with a probability of 70 %; length 4 a.u. with 

a probability of 20 %; and length 5 a. u. with a 

probability of 10 %. Their orientation was also 

specified – 90 % of the chains were vertical, and 

10 % were horizontal. Figure 18 shows the model of 

a C–Au sponge branch for a computational domain of 

300  300 a. u. with the specified parameters, as well 

as the variation in sticking probability s from 0.1 to 

0.2 a. u. when a single Au particle is placed at the 

bottom boundary of the computational domain. 

(a) (b) 

(a) (b) 
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Fig. 18. Model of a C–Au sponge branch  

(explanations provided in the text) 
 

The self-assembly of metal-carbon nanosponge 

structures was carried out by us in colloidal solutions 

under the influence of laser radiation and an external 

electric field (cf. [72]). The samples obtained in the 

experiments had a structure consisting of an array of 

nanothreads forming a sponge with micro/nano 

fragments, as shown in Fig. 17b. 

Figure 19 shows a fragment of the formed 

random sponge structure with a system of 

nanothreads ranging in size from 2 to 300 m. 

Figure 20 presents a model image of a 

microfiber system forming a microsponge with a 

thread width of about 100 nm, varying the length and 

number of microthreads. In Figure 20a, the model 

shows short threads forming a rounded shape with  

a distinct small central area and long branches;  

50 threads were generated for this formation. Figure 

20b depicts a model of a sponge made of medium-

length threads. The resulting figure, composed of  

150 threads, is more uniform with a well-filled center 

and a larger area; the shape is approaching 

rectangular.  

 
 

Fig. 19. Optical image of a fragment of the microsponge, 

part of the entire sponge shown in Fig. 17 

 

Figure 20c shows an image of a sponge made of 

300 threads – a rectangular shape without a distinct 

center and with short branches. 

The simulation results qualitatively match the 

experimental results (Figs. 17b, 19). 

As a model for describing individual threads in 

the microsponge, the Monte Carlo method [75] was 

considered. In this approach, objects of various sizes 

were introduced into the computational domain, 

where they made random movements and combined 

with a given probability. The combination of objects 

was considered within the framework of the Moore 

neighborhood (see Appendix P.4). 

This approach may be useful for a first 

approximation in describing the experimental 

samples of C–Au microsponge formation. 

 

3.5. Computer simulation  

of helicoidal microstructures 
 

Helicoidal multilayer microstructures made  

of different materials are of interest in the context  

of digital materials science models due to their 

unique physical and functional properties (see, for 

example [76]).   

 

 

 
 

Fig. 20. Microsponge model with different thread lengths: 1–20 m (a); 10–50 m (b); 50–300 m (c) 

(a) (b) (c) 

50 m 
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Fig. 21. Model of a helicoidal structure 
 

The corresponding model (see Appendix P.5), 

which allows for the description of the structure of 

such objects, can be approximated as a random spiral 

[77]. This type of object is formed from a system of 

random spirals. These figures have randomly 

positioned centers and random radii r of the coils. 

They consist of points arranged along a spiral, 

considering random current rotation angles θ, with 

their coordinates defined by simple expressions: 

r = r(θ); x = r cos(θ); y = r sin(θ) [78]. 

Figure 21 shows an image of such a random 

spiral structure formed by a system of rounded 

objects. 

A diffusion model based on a cellular automaton 

was implemented in MATLAB on a square 

computational domain with a side length of 450 a. u. 

The probability of a cell being occupied was assumed 

to be 0.5, which, in the context of this helicoidal 

symmetry, corresponded to the presence of  

an external magnetic field in the experiment.  

We considered a magnetic field strength of 100 Oersted 

(cf. [79]). 

Calculations of the resulting helicoidal structures 

were performed using the proposed model.  

To account for their formation, a spiral was 

considered as the initial structure from which growth 

occurred to produce helicoidal objects. The shape of 

the elements forming the structure was varied in the 

calculation. The final figure was composed of single 

elements forming horizontal, vertical, and diagonal 

chains; for specificity, these chains were made of two 

and four elements (Fig. 22). 
 

 
 

Fig. 22. Models of helicoidal structures: for initial horizontal fractal segments composed  

of elements with a unit length of 1 (a), as well as lengths of 2 (b) and 4 (c).  

For initial vertical lines: lengths of 2 (d) and 4 (e). For diagonal lines: length of 4 (f) 

(a) (b) (c) 

(f ) (e) (d) 
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The modeling procedure discussed for such 

systems is quite versatile and could serve as an 

additional approach to 1D structures in various 

systems with a fixed nematic configuration. 

 

4. Metal-carbon structures on a solid surface –  

a system of carbon nanotubes with gold atoms 

 

In our experiment, we successfully achieved the 

sintering of carbon nanotubes with gold atoms using 

a modified form of graphite, shungite, followed by 

the creation of thin-layer structures on a solid surface. 

The sintering was conducted in a liquid environment 

where shungite powder was intensely mixed with a 

colloidal gold solution under the influence of 

ultrasound. The resulting system was then irradiated 

with laser radiation to deposit it onto a solid substrate. 

A series of TEM images is shown in Fig. 23. 

A simulation model within the framework of the 

DLA approach can be used to describe this metal-

carbon nanotube structure. Analysis of the 

transmission electron microscope images indicates 

that the synthesized nanotubes have a curved shape. 

Structures with this shape can be synthesized using a 

random walk model due to diffusion on the plane 

through random changes in the coordinates (x, y) of 

the moving model particles on the plane. 

;
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where x0, y0 are the coordinates of the starting point 

of the diffusion walk, γ and δ are the horizontal and 

vertical steps, respectively, and n is the number of 

steps. The movement of a single model particle 

generates an individual nanotube. 

In the central part of the simulation area, the 

effect of a laser beam with a specified relative 

diameter r = µd was modeled, where µ is the scaling 

factor, and d is the diameter of the model particle. 

Then, outside the laser-affected area, the relationship 

was evaluated as: 
 

cnii rD  2 , 
 

where 
d

Tk
D

b




3
, D is the diffusion coefficient, kb is 

the Boltzmann constant,  is the dynamic viscosity,  

T is the temperature, τ is the time step, nr  is a 

normally distributed random number, and c  is the 

step reduction factor: cc r/1 , where cr  is a 

random integer from the interval [1, Nc], and [1, Nc] 

is the number of modeled nanotubes. 

In the laser-affected area, the step length for both 

the horizontal and vertical directions was evaluated as 

i  and i  respectively, where  > 1 is the 

coefficient describing the acceleration of the model 

particle due to laser exposure.  

Figure  24a shows an image of a model structure 

of a bundle of nanotubes deposited from an aqueous 

colloidal solution. Figure 24b provides an assessment 

of the lengths of the formed structures. 

Electrophysical Characteristics. Current-

voltage characteristics (IV curves) were measured 

using a four-probe setup [81] with an RT-70V device 

in a simple configuration, where the colloid we 

produced was deposited onto an aluminum target. 

Measurements were conducted in two modes: (1) 

“contact” mode, where one probe is in contact with 

the surface of the substrate and the second probe is on 

the deposited layer, and (2) «tunnel» contact mode, 

where the second probe is lifted a small distance 

(approximately 0.1 nm) above the surface. This setup 

is typical for a Schottky diode, meaning we have an 

n-type semiconductor layer on top of a metal layer.  

 

 
 

                      (a)                                             (b)                                                (c)                                          (d) 
 

Fig. 23. TEM images of a thin-film system of carbon nanotubes (elongated strands) with gold atoms  

(dark clustered inclusions) on a solid-state quartz substrate with shungite (general background).  

Images a–d correspond to different magnifications in the TEM 
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Fig. 24. Model of a nanotube bundle: the structure consists of 10 nanotubes, with model gold atoms marked by dots (a); 

histogram of the length distribution of the model nanotubes, where N is the nanotube number (b) 
 

 
Fig. 25. (1) IV characteristics – the dependence for the two measurement configurations (see text):  

a –  contact; b – tunnel; (2) – IV characteristics with a change in the polarity of the applied microcontacts 

 

The voltage range parameters were [–1; 1] V, 

chosen because, for metal IV characteristics in this 

range, the behavior should remain linear. This holds 

true for both the contact scheme and the tunnel mode. 

The system was not driven to the breakdown state 

during reverse current measurements. The IV curves 

obtained for one of the samples in the two 

configurations mentioned are shown in Fig. 25.  

A significantly nonlinear behavior is observed in the 

IV curves. This non-ohmic behavior is fundamentally 

important in the development and creation of 

electronic systems of the trigger type using metal-

carbon nanocomposites. 

The increase in the effect generally depended on 

the topological features of the formed nanostructures – 

specifically, the number of dendrites/fractals, as well 

as the degree of their filling and connectivity within 

the entire system. Conductivity increased when  

a greater number of clusters formed in the 

longitudinal direction compared to the transverse 

direction. This fact influences the magnitude of the 

current jump shown in Fig. 25. 

It was also found that the type of topology 

formed in the laser setup can be controlled and 

predetermined. This capability is determined by the 

selected characteristics of the laser radiation – such as 

power, beam diameter, scanning speed across the 

surface, and exposure time to the system. 

Additionally, in the structures we obtained, 

conductivity increased with rising temperature T 

according to the following relationship: 

  
 kTexp

1
 

 

where k is the Boltzmann constant and φ is the 

activation energy of conductivity [17].  

The dependencies obtained require separate, 

detailed consideration, taking into account various 

(a) (b) 

(a) (b) 
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factors, including the complex sintering process, 

where different adsorption effects on the gold atoms 

must be considered. These effects alter their 

electrophysical and physicochemical properties, 

including binding energy, adhesion probabilities, 

thermally activated efficiency, and other parameters. 

We will note only a few distinctive characteristics 

observed in the obtained dependencies (cf. [3, 34]). 

First, the presence of regions with zero 

conductivity may indicate the emergence of a 

bandgap similar to that in semiconductors, meaning 

that in such structures, the gold atoms undergo a 

transition from metallic conductivity to 

semiconducting behavior. This is a non-trivial 

process. 

Second, the observed jumps in measured 

tunneling conductivity suggest the influence of 

topological factors, particularly the emergence of 

excess charge states on the surface of nanostructures 

depending on their shape and size. Here, processes 

such as resonant electron transitions at contacts of 

different polarity and mutual polarization effects 

between neighboring nanoparticles and their 

surroundings may play a decisive role. This alters the 

characteristics of the thermally activated effects 

responsible for the sample’s conductivity. 

The physics of isolated gold nanoparticles 

combined with carbon nanotubes, especially in a thin-

film structure with shungite, represents one of the 

promising areas in modern topological electrophysics 

of metal-carbon composites, with applications in 

various nanoelectronics tasks. Even more interesting 

are the fractal structures synthesized in the laser 

experiment, which can be controllably implemented. 

In this context, it is useful to briefly consider a 

model of electric field enhancement on fractal 

structures, such as those shown in Fig. 3, which, in 

the simplest model representation, consist of elements 

in the form of long branches with fractal segments at 

their ends. The electric field intensity at the tip of an 

individual fractal structure can be expressed as  
 

  r
R

q
rE

3
04

1


 , 

 

where R is the radius of the tip. Let's assume the tip 

can be approximated by a sphere with such a radius 

R. Then, the field intensity at the tip is estimated as 

 REb  
2

1

R
. Regarding the enhancement G at the 

end of an isolated tip, it can be calculated using the 

ratio G = Eb/Еf, where fE  
2

1

fR
, and Rf is the radius 

of the minimum coverage circle in the calculation 

procedure used. In experiments, this corresponds to 

natural averaging over a spatial area on the sample's 

surface when measuring the electrophysical 

parameters in each local area using a microcontact 

with a certain finite cross-section (which determines 

the technical limitation on the local measurement 

accuracy). 

To estimate the relative enhancement in 

structures like those in Fig. 3, within the considered 

framework, it is necessary to adopt a numerical 

model of the fractal object with specific 

characteristics. Our analysis shows that effective 

enhancement can be achieved for the following 

structural features of the fractal with the parameters: 

the relative diameter of the minimum coverage circle 

should be, in arbitrary units, 16 a. u., for example, 

with the fractal object having 8 long branches,  

34 ends, and an average tip radius of 0.5 a. u. Then, 

the localized conditional enhancement at the end of 

an individual long branch would theoretically be 256, 

while the total integral enhancement over the 

calculation area, as measured in the experiment with 

the finite coverage area of the structure, is estimated 

to increase the electric field strength by 5 orders of 

magnitude (for the specified parameters, this amounts 

to 8.7  104). 

Thus, we have demonstrated that in model 

samples, within the proposed approximation, it is 

possible to achieve relative enhancement of the 

electric field by several orders of magnitude, 

considering the entire perimeter of the branched 

fractal figure within a specific coverage area when 

measured with a microcontact. This effect is similar 

to the well-known phenomenon of giant Raman 

scattering (SERS) enhancement on rough surfaces, 

used, in particular, for detecting extremely low 

concentrations of dyes on such surfaces (cf. [4, 8, 9, 

15, 80]). 

 
5. Laser ablation of diamond surfaces  

and defect structures in them 
 

Carbon composites, similar to systems with 

carbon nanotubes, can also include diamond-like 

materials, in which graphitization processes occur, 

determining their electrophysical characteristics. 

Absorption spectra for different carbon materials are 

well known and are shown in Fig. 26 [81]. As seen, 

diamond exhibits a narrow absorption peak around 

200 nm compared to other diamond-like forms shown 

in the same figure. 
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Fig. 26. Dependence of the optical absorption coefficient 

(A, in cm–1) on the wavelength of laser radiation λ (in nm) 

for various carbon nanomaterials. The peak around 200 nm 

corresponds to diamond 
 

 
 

Fig. 27. Dependence of the optical transmittance 

coefficient of diamond on the energy density of laser 

irradiation and the number of laser pulses applied 
 

 
 

Fig. 28. Raman scattering spectrum for the surface  

of a diamond sample after laser ablation  

with graphitization of the irradiated area 

 

For diamond, under the influence of picosecond-

duration pulsed laser radiation, its transmittance is 

highly dependent on the laser irradiation mode 

(number of pulses, energy density) – Fig. 27 [81].  

It can be seen that at high laser energy densities, the 

transmittance coefficient sharply decreases even with 

a small number of irradiation pulses. 

This effect is associated with the graphitization 

of diamond, which is confirmed by the Raman 

scattering spectrum shown in Fig. 28, following 

surface laser ablation of the diamond sample [82]. 

The thermally induced phase transformation 

process from diamond to graphite begins at the 

surface and gradually spreads deeper into the 

diamond crystal. Using pulsed laser irradiation  

[83–86] allows the localization of the diamond-to-

graphite transformation process within a submicron 

region, which can be moved inside the crystal in any 

desired direction by appropriately focusing the laser 

beam within the diamond sample. Ultimately, this 

technology enables the creation of three-dimensional 

conductive microstructures of various shapes within 

the diamond volume. 

To assess the accuracy of the modeling, it is easy 

to compare the fractal dimensions in the images of 

models with those in real samples using the 

methodology described in Section 2. 

The proposed model for analyzing the 

graphitization process during the development of a 

diffusion process, considered within the framework 

of a cellular automaton algorithm, allows for an 

evaluation of the influence of experimental laser 

synthesis control parameters on the graphitization 

effect in diamond. The connection between the model 

and these experimental parameters arises through the 

value of the occupancy probability (s) of a cell in the 

calculation area as a function of the relative 

temperature. For example, studies of the structure of 

graphitized areas obtained through pulsed laser 

exposure indicate that one of the controlling 

parameters is pulse duration, an increase of which 

leads to an increase in the critical speed of the laser 

beam focus movement within the sample. This effect 

is accompanied by the appearance of discontinuities. 

Figure  29 shows models of graphitization areas 

constructed based on the diffusion model, where the 

graphitization area began to spread from different 

starting objects: from a straight line (Fig. 29a); from 

a system of points (Fig. 29b); from a system of fractal 

cracks (Fig. 29c), constructed using DLA 

approximation (Fig. 29d – final structure). In the 

center of the calculation area for Figs. 29a and 29b, 

the occupancy probability s (which determined the 

growth of the graphitization structure) was set to be 

twice as high as in other parts. This allowed for the 

creation of structures with a predetermined growth 

direction. 
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Fig. 29. Simulation results of the graphitized area for different initial structures with an occupancy probability  

of s = 0.0073: a straight line (a); a system of points (b); DLA model of a fractal crack system (c);  

the final structure of the graphitized area corresponding to the initial fractal crack system (d) 

 
Similar but more branched and heterogeneous 

structures can also be generated within the DLA 
model. Figure 30 shows such models considering 
various initial conditions. The implementation of 
random walks during the iterative process in the DLA 
model allows the generation of structures with a more 
pronounced desired growth direction. For example, 
the models shown in Fig. 30 exhibit predominant 
growth toward the right. 

In addition to surface laser ablation of diamond 
crystals, bulk transformation in a laser field is also 
possible [85, 87, 84]. These 3D microstructures 
within the diamond can naturally be created by 
moving the sample through the focus of the laser 
beam (see [86]). Raman microspectroscopy has 
shown that the laser-modified material is a mixture of 
amorphous and graphitic structures. This is further 
confirmed by the measurement of the electrical 
conductivity of such samples [88]. 

However, a complete transformation of bulk sp3-
diamond into sp2-carbon structure, during this laser-
induced phase transition, is hindered by the 
emergence of compressive and tensile stresses due to 
the significant density difference between these two 
allotropes of carbon. As a result, the resulting 
electrically conductive structures typically consist of 
numerous micro- and nanoscale sp2-carbon inclusions 
within a sp3-diamond matrix. According to [88], this 
occurs via a percolation mechanism. 

 

 
 

Fig. 30. DLA model results of the graphitized area for 

different initial structures with s = 0.1:  

two regions (a); a straight line (b) 

Furthermore, one of the allotropic modifications 

of diamond is the natural mineral lonsdaleite 

(hexagonal diamond). For a long time, it was 

believed that lonsdaleite, which has also been 

synthesized artificially, could only exist in diamonds 

as defects and twins [89]. However, this involves 

different twinning mechanisms, particularly the 

shifting and displacement of layers in the martensitic 

class. 

Indeed, it has been found that the crystal 

structure of lonsdaleite is hexagonal with lattice 

parameters a = 2.52 Å, c = 4.12 Å [89]. The difference 

between diamond and lonsdaleite lies in the packing 

sequence of the layers. The diamond crystal lattice 

(denoted as 3C) has a layer sequence indexed by the 

crystal lattice elements ABCABC [89], while the 

lonsdaleite crystal lattice (denoted as 2H) has a layer 

sequence of ABAB. Packing defects that arise in the 

diamond lattice during growth contain lonsdaleite 

interlayers. The theoretical density of lonsdaleite is 

the same as that of diamond (3.51 gcm–3). 

Figure 31 shows a fragment of a diamond crystal 

containing numerous defects [89], with the zone axis 

[110] visible. Two systems of {111} planes with an 

interplanar distance of 0.206 nm can be seen. The 

characteristic planes (1-11) and (1-1-1) of diamond 

form a 70° angle. Dashed black lines indicate 

structural changes caused by packing defects. 

Additionally, incoherent twin boundaries are marked 

with asterisks in Fig. 31. The difference between such 

boundaries and traditional twins is the lack of a clear 

boundary, instead displaying broken lines marked 

with asterisks. Rectangles denote fragments of the 

diamond sample with a lonsdaleite lattice. The 

rectangular fragments of lonsdaleite are rotated by 

70°. In such a structure, they could be formed through 

a twinning mechanism via mirror reflection from a 

plane symmetrically located between adjacent {111} 

planes in the diamond crystal. Considering the [110] 

zone axis as the mirror reflection plane, it could be  
 

(a) (b) 

(a) (b) (c) (d) 
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Fig. 31. Structure of Diamond-Lonsdaleite 

 

the (3-308) plane in hexagonal close-packed (HCP) 

coordinates, which corresponds to (101) or (-3304) in 

face-centered cubic (FCC) coordinates. Indeed, they 

belong to the [110] HCP zone axis and form angles of 

35.30° and 35.25° with (001)-HCP and (-3302)-FCC, 

respectively. The established twinning planes (3-308) 

HCP and (-3304) HCP are typically not characteristic 

of crystals with an HCP lattice structure. 

The zone axis [110] is shown. Two systems of 

{111} planes are visible with an interplanar distance 

of 0.206 nm. Dashed black lines indicate changes in 

structure caused by packing defects. Rectangles 

denote fragments of lonsdaleite, and asterisks mark 

incoherent twin boundaries.   

In addition to individual layers of lonsdaleite in 

diamond packing, relatively large lonsdaleite 

fragments are sometimes observed [89]. Besides 

lonsdaleite, 4H polytypes (repeated layers of 

CBCA…; known as 4H polytypes in diamond) and 

6H (layer sequence ABCACB…) were also 

discovered.   

These structures hold great promise for creating 

semiconductor materials with controllable electronic 

states and achieving specific electrophysical 

characteristics in various conditions.   

Furthermore, during the synthesis of 

nanotwinned topological polycrystalline bulk 

materials from onion-like structures, nanodiamonds 

with twinned structures were obtained from isolated 

onion-like blocks, for which potassium chloride 

particles were used [90]. Under conditions of high 

pressure and high temperature, these were observed 

to transform into martensite.   

Reference [90] also argues that the properties of 

homoepitaxial diamond films (111) are influenced by 

the presence of twins, as well as packing defects, 

impurities, and dislocations.   

Thus, various diamond-like structures, especially 

those with twinning, represent a distinct branch of 

modern diamond nanotechnology (cf. [3]). Overall, 

twinning theory is essential for applications; it 

requires both microscopic and macroscopic 

examination, which, however, falls outside the scope 

of this article. 

 

6. Conclusion 
 

In this partially review-based article, we 

examined the modeling of various topological 

configurations in metal-carbon nanocomposites with 

carbon nanotubes based on our results. The review 

focused on the potential of digital materials science 

technologies to control the electrophysical 

characteristics of these topologically synthesized 

structures in laser experiments.   

These laser methods are relatively simple and 

inexpensive (even when using femtosecond laser 

irradiation that develops nonequilibrium nonlinear 

effects in the target) compared to traditional methods 

of growing nanofilms. In particular, this includes 

comparing laser methods with the synthesis of 

semiconductor compounds and hybrid porous 

nanomaterials, including high-entropy alloys. In laser 

schemes, this can be done with virtually no 

restrictions on composition or thickness, down to a 

few nanometers, unlike the conventional methods of 

molecular beam epitaxy and metal-organic chemical 

vapor deposition.   

Moreover, by controlling various laser modes, it 

is possible not only to create topological systems of a 

specific configuration but also to manage undesirable 

processes such as aggregation, dispersion, and 

fragmentation of nanoclusters (which can also be 

influenced by temperature factors), and to control 

their mobility during the synthesis of nanostructures 

with the desired concentration of components.   

Despite the initial development of non-stationary 

nonequilibrium processes during their formation, 

these objects can remain stable in terms of stabilizing 

quasi-equilibrium quantum states. This is due to their 

topological features, which, for example, lead to 

changes in thermophysical and thermodynamic 

characteristics during phase transitions, making them 

irreversible or at least giving them hysteresis. It is 

important to note that the deformation process of an 

object’s structure (especially in crystal lattices and/or 

2D structures) can be likened to the effect of 

magnetic fields.   

The discussed effects and the possibility of 

controlling them with laser methods hold great 

promise for the development of micro-

nanoelectronics elements and systems based on new 

physical principles. In the near future, significant 

experimental results are expected in this area, 
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including the identification of trends in the synthesis 

of high-temperature states in superconductivity 

within topological structures of different classes. 
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Appendix 

 

Different DLA calculation schemes  

with Moore and/or von Neumann Neighborhoods 
 

P.1. Algorithm for fiber model construction 

 

The algorithm for constructing the fiber model in the 

DLA approach was developed from the following steps 

(Fig. P.1): (1) At the initialization stage, a starting structure 

consisting of a system of seed particles located on the 

lower boundary was generated within the calculation area 

with a uniform grid, and the fiber size (maximum number 

of particles in the calculation area) was set; (2) A specified 

number of particles were generated at the upper boundary 

of the calculation area; (3) These particles performed 

random shifts downward and sideways with equal or 

different probabilities; (4) If they approached an occupied 

cell within the Moore neighborhood (Fig. P.1b), they 

aggregated with the occupied cell; otherwise, they 

continued moving; (5) Steps 2-4 were repeated. 

The criterion for stopping the iterative process was 

the fiber reaching the required size, when the number of 

particles in the calculation area reached the set value, or 

when the nanowire reached the upper boundary of the 

calculation area.   

 

 
 

Fig. P.1a. DLA fiber model calculation scheme: 

1 – starting structure, 2 – aggregated particles, 3 – new particle,  

4 – random shifts. Explanations are provided in the text 

 

 
 

Fig. P.1b. Moore neighborhood of 8 objects 
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P.2. Two models of growth over inhomogeneity – 

random growth during particle deposition  

in percolation 
 

To describe the algorithm, two functions are used: the 

average surface height  th , which defines the baseline 

position for the surface of the sample being studied, and its 

roughness, W(t).   

In the first random growth model, all growth columns 

are filled randomly (Fig. P.2a). Then, after the random 

deposition of N particles, the height of the deposited 

structure h can be calculated using the equation:   
 

   21 NffNfh  , 
 

where Lf /1  is the probability of filling a given 

column, and L is the width of the calculation area, i.e.,  

11  ii hh , where i is the time step [68].   

In the other model of ballistic percolation deposition, 
a particle is fixed at the point of first contact with the 
already deposited structure, following the nearest neighbor 
rule (Fig. P.2b). In this case, the height is determined by 
the heights of the nearest left and right columns, and the 
height is calculated as the maximum of the neighboring 
columns’ heights:   
 

  11 ,1,max   jjjj hhhh ,  
 

where j is the number of the column being considered [69]. 
Unlike the previous model (Fig. P.2a), in this case, the 
particle can attach to the side surface of the already formed 
structure (Fig. P.2a) [70]. This means that the possibility of 
growth along the local normal to the surface is considered, 
which can lead to the expansion of local protrusions on the 
growth front surface, thus enhancing surface growth in the 
lateral direction. 

The percolation structure is represented as a square 

grid of size m  m a. u. The cells of this grid contain either 
0 (empty site) or 1 (occupied site). Each cell in the model 
is occupied by a particle with probability s, independent of 
the state of neighboring cells. For each grid cell, a random 

number  is generated. If  ≤ s, the value in the cell is set 
to 1; otherwise, it is 0 (cf. with [71]). Here, the parameter s 
represents the percolation threshold, above which a particle 
is not fixed in the cell. 

 

 
 

Fig. P.2. Diagram of both (a) Random and (b) Ballistic  

the deposition processes for Deposited Particles – also,  

the moving particles labeled as letters both a and b 

P.3. DLA model in the iterative algorithm 
 

The initial state of the system was described by 

placing model particles, such as Au particles, along the 

lower boundary, serving as aggregation centers. Each 

iteration began by introducing a new model particle into 

the calculation area. The particle was introduced at a 

random location along the upper boundary, within its 

central third. This simulates the experiment where a laser 

beam with a diameter of 1/3 of the calculation area length 

is applied. Then, the standard DLA procedure was 

followed (Fig. P.3).   

The random walk of the particle occurred from the 

upper boundary of the calculation area, where a notional 

cathode was located, to the lower boundary, where  

a notional anode was located. If an occupied area appeared 

in the Moore neighborhood of the wandering particle, it 

would aggregate with that area with a given probability.   

To describe the random walk, a uniform grid was 

applied to the calculation area. Thus, the random walk was 

formed by a series of single-cell movements across the 

calculation area with a specified probability. Periodic 

boundary conditions were used along the sides, causing the 

particle to reflect off them. At the lower boundary, an 

adhesion condition was applied, fixing the particle in 

place. Varying the probabilities of individual random 

movements allowed for consideration of growth direction. 

Aggregation of the wandering particle occurred with a 

given probability when it encountered an occupied cell in 

the Moore neighborhood. In terms of physics, the 

aggregation probability can be understood as a conditional 

surface tension coefficient in the system, inversely 

proportional to temperature, normalized to the phase 

transition temperature [73].   

To model experimental samples, a random nanowire 

model was proposed [74], where a system of random lines 

of equal thickness was generated on a two-dimensional 

calculation area. Each line was assigned a random length L 

from the interval [Lmin; Lmax]; the area had a width w.  

A line was defined by two points (x1, y1) and (x2, y2) with 

random coordinates as follows: 

 

 
 

Fig. P.3. Model Diagram (One Iteration of the DLA Process): 

1 – Au particles, 2 – C chain, 3 – its random walk,  

4 – previously formed structure.  

The signs (+) and (–) correspond to the direction  

of the applied external electric field 
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;rwxc    ;rLyc   ;2 r   
 

  ;2/cos2  Lxx c       ;2/sin2  Lyy c   
 

  ;2/cos1  Lxx c       ,2/sin1  Lyy c  

 

where r is a random number with a uniform distribution, 

and θ is the angle of rotation of the wire segment. 
 

P.4. Model for an individual microsponge 
 

Figure P.4 presents calculations based on the 

proposed model: laser radiation was assumed to act on the 

lower boundary, where the anode (charge (+)) was located. 

Objects of different sizes were generated, moving with  

a given speed toward the upper boundary, where the 

cathode (charge (–)) was located. 

The calculation area was conventionally divided into 

three subregions: two with a side length of 33 a. u., and the 

uppermost one with a length of 34 relative units. In these 

areas, the object movement speeds decreased to 3 a. u.,  

2 a. u., and 1 relative a. u., respectively. The probability of 

object merging was 20 %. The sizes of the model objects 

varied from 1 to 5 a. u. For example, Fig. P.4a shows the 

case of forming a sponge from small elements; Fig. P.4b 

illustrates the formation of individual elongated threads;  

in Fig. P.4c, several small sponges are generated; and  

in Fig. P.4d, most objects have merged into one large 

elongated sponge. 

 
P.5. Helicoidal structure model 

 

The diffusion model of a helicoidal structure was 

based on solving the diffusion equation in a discrete area 

using cellular automaton techniques [78]. The structure 

was synthesized iteratively, starting from an initial shape, 

where a cell in the calculation area would become 

occupied with a given probability if it had a neighboring 

occupied cell within the Moore neighborhood  

(considering 8 adjacent cells, as shown in Fig. P.5).  

The main parameter of the model was the probability of a 

cell being occupied. This relative model parameter can be 

related to a physical parameter of the system, such as the 

intensity of an external magnetic field in the corresponding 

experimental geometry. 
 

 
 

                           (a)                                     (b)                                              (c)                                            (d) 
 

Fig. P.4. Model of a sponge system made from individual threads (in the horizontal plane relative to the boundary): 

a system of small sponges made of short threads, located near the upper boundary of the calculation area (a); a system  

of vertically elongated sponges, made of individual long threads, localized near the upper boundary of the calculation area 

(b); a system of small sponges with a relatively uniform structure, localized near the lower boundary of the calculation area 

(c); a system of sponges made from one large elongated object, located near the lower boundary of the calculation area (d) 

 

 
 1                                      2                                          3 

 
 10 

 

Fig. P.5. Model diagram: the resulting helical structure after performing 1–10 iterations, starting from the initial shape 

numbered 1 (explanations are provided in the text). 
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