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Synthesis and electrical properties of the ceramic materials based
on KxMnyR;Tig—y—z016 (R = Al, Cr, Fe) hollandite-like solid solutions
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Nikolay V. Gorshkov?, Elena V. Tretyachenko?, Aleksey A. Makarov?, Aina R. Batyrova?
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Abstract: The potassium polytitanates (PPT) modified in the aqueous solutions containing the mixtures of water soluble
salts of Mn?* and trivalent metals (R®* = Fe®*, Cr¥* or AI®*) are used as intermediates to produce ceramic sinters consisting
of hollandite-like solid solutions corresponding to the chemical composition of Kij.3+0.1Mn1.5+0.1R0.2Ti6.3+0.1016.
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/R%") 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 R®*. 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 (107° Sm-cm™) and permittivity
(108 at 102 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°2 Sm/cm) and high permittivity
(1072 at 102 Hz) can be used as a dielectric material in manufacturing of ceramic capacitors.

Keywords: intermediates; crystallization; hollandite-like solid solutions; functional ceramics; electrical properties.

For citation: Gorokhovsky AV, Tsyganov AR, Goffman VG, Gorshkov NV, Tretyachenko EV, Makarov AA,
Batyrova AR. Synthesis and electrical properties of the ceramic materials based on KxMnyR;Tig-y-zO16 (R = Al, Cr, Fe)
hollandite-like solid solutions. Journal of Advanced Materials and Technologies. 2024;9(3):160-166. DOI:
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CHHTE3 H YJIEKTPHYECKHE CBOHCTBA KepaMHUYEeCKHX MATEPHAJIOB HA OCHOBE
roJUIAHAUTONOA00HBIX TBePAbIX pacTBopoB KxMnyR;Tigy ;016 (R = Al, Cr, Fe)
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AnHoramusi: [lonututanatel kamus (IIIT), MoaubuuMpoBaHHBIE B BOJHBIX pAaCTBOpPAX, COICPKALIUX CMECH
BOZIOPACTBOPUMEIX coieii Mn?* u Ttpexsanenthbix Mmeramnos (R¥*=Fe*, Cr* wm AI*"), ucnons3yiorcs B kauecTse
TOJTYTIPOYKTOB [UTS TIONYUEHHST KEPAMHUUYECKUX arjioMepaTroB, COCTOSIIIX M3 TOJUTAHIHUTOMOAO0HBIX TBEPABIX PACTBOPOB,
COOTBETCTBYIONIMX XHMHUeckoMy coctaBy Ki 3+0,1Mn15+0,1R0,2Ti63+0,1016. IlokasaHo, d9TO BBEACHHE pPa3IUYHBIX
TPEXBAaJCHTHBIX ~METAIUIOB B  COJEBBIC  KOMIIO3WIIMH, WCIOJNB3yeMble IS TOAyYeHHS  Mn-comepikaIiero
nopomkoobpasHoro nomututasata kamus (IIIT-Mn/R%), nossonser momyuats oaHOMa3sHYIO KEpaMHKYy Ha OCHOBE
HOJTy4YCHHBIX MPOAYKTOB METOAOM CrieKaHus. I[loyueHHbIe KepaMUYECKUE MATepHalbl XapaKTEPU3YIOTCS KOJIOCCATbHOM
JIMDIICKTPUYECKOW MPOHHIAEMOCTBIO HA HHU3KHX YaCTOTaX M MPOBOJMMOCTHIO Ha IEPEMEHHOM TOKE, BapbUPYIOLIEHCS
B IIMPOKOM [MATIa30HE 3HAueHWH B 3aBMcHMOCTH oT Tuma R3*. PaccMOTpeH MeXaHH3M pelaKCalHOHHBIX MPOLECCOB,
TPOUCXOAIIMX B TMONYYCHHBIX KEPAMHUYCCKHX Marephajiax, W MEepCIeKTHBbI WX MpHMeHeHHs. Kepammka Ha OCHOBE
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nonynpoayktoB IIIIT-Mn/Cr  xapakrepusyercs OTHOCHTEIBPHO BBICOKHMH 3HAUCHISIMH  DIIEKTPOIPOBOAHOCTH
(107"® Cwm/cm) u mudnextpuueckoit mporumaemoctu (108 mpu 1072 i) u MoxkeT GbITh MCMONB30BAHA B POM3BOACTBE
BLC-35eKTpoIHBIX MaTepHajoB, TOTJa Kak KepaMHKa, MOJydYeHHas ¢ Hcmoib3oBaHueM uHTepMenuara IIIIT-Mn/Fe u
XapaKTePH3yIOIIasAcs OTHOCHTENBHO HM3KOH a3nmekTporpoBoaHocThio (1072 Cm/cM) M BBICOKOH MANEKTPHUYECKOMH
npornmaemoctbio (10”2 mpu 1072 ') Moxker GbITh HCIIONB30BAHA B KAaueCTBE MMIICKTPHUCCKOTO MATepHana IpH
MPOU3BOJICTBE KEPAMUYECKUX KOHAEHCATOPOB.

KiroueBble c/10Ba: MHTEpPMEAWATHI; KPUCTALIM3ALMS; TOJUIAHAWTONONOOHBIE TBEPABIE PACTBOPHI; (PYHKIMOHAIBHAS
KEPaMHUKH; 3JIEKTPUIECKUE CBONUCTBA.

Jnst uurupoBanus: Gorokhovsky AV, Tsyganov AR, Goffman VG, Gorshkov NV, Tretyachenko EV, Makarov AA,
Batyrova AR. Synthesis and electrical properties of the ceramic materials based on KxMnyR;Tigy z016 (R = Al, Cr, Fe)

hollandite-like solid solutions. Journal
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,
¢>10% 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, PbZrOs, 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

(CaCusTisO12, Ba(FeosNbos)O3, and NiO based
ceramics) possess excellent dielectric properties

(e~10° [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
K20-MxOy-TiO2 (M =Ni, Cu, Co, Cr, Fe) [6-8],
have shown & = 10°-10°8 (f = 0.01 Hz) at (23 + 2) °C.
The KxMyTigyO16 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

of Advanced Materials and Technologies.
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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, MeTiOs3, Me203).

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 (Mn?*) and

trivalent (R®*) 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 Mn?*

and trivalent metals (AI**, Cr3*, Fe®*). 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 (0.01M 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 nparticles. 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/R%*" (R =All, 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 (CuKo source,
A =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 KxMnyR;Tig-yz016 solid solutions.

Intensity, a.u.
1200
1000
800 Mn/Al
600
Mn/Cr
400
200 Mn/Fe
0
5 15 25 35 45 ssAngle 26,
deg.
(@)

Their structure corresponds to the hollandite-like
phases, specifically KMnTisOs (54-1183) or
K1.46Ti7.2Fe0.8016 (5-60) (JCPDS-ICDD-2009 base
of data).

It can be inferred that during the thermal
treatment the R®" additives stabilize structure of the
titanate polyanions, as represented in the PPT, and
inhibit crystallization of perovskite-like MnTiOs,
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 Ki.3Mn15Al0.2Tis.2016,

K1.4Mn1.4Cro.2Tie.4016 and Ki.3Mn1eFeo.2Tie.2016
hollandite-like solid solutions with similar structure
and composition. This formula corresponds to the
general  stoichiometry KxMe3+yTi8,y015 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 MnTiOz (PPT-Mn/Al precursor) and
spinel-like Mn15Cr1504 (Mn15Al1504); 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+0.1016) at high temperatures.

Intensity, a.u.

6000 .
1- hollandite, 2- Mn, sCr; 0, (Mn, sAl, s0,), 3- MnTiO,

1
5000

11 1 Mn/Fe
1 10, 1
3000
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\l\LAL_ 2 2
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5 15 25 35 45 55 Angle 20,
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(b)

Fig. 1. XRD patterns of the PPT-Mn/R®" 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 (odc) and electric resistance of the equivalent circuit (R)
of the obtained ceramic materials (Me = Fe, Cr or Al)

Content, at. % (+ 0,1) odc*, R*

Precursor material ) CS, MPa P, % x108 !
Mn  Me Ti 0 smemt M€
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+18 942 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
(pPHeryt=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 (Mn?*, and MnOH*) found in the
solution at pH = 6.4 [13-16]. Most likely, the nature
of such complexation is similar for various R
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 450 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 wvolume 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 o*, ac — and dc conductivities,
the real ¢ and imaginary €&” components of the
dielectric constant

* . 1 I *_1
e =¢'(w)-¢"(w)=—i—-Z2";
Eg S

where s is the electrode area and ® 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 ¢ (ionic
component or volumetric conductivity) was
calculated using the relation o = 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 1072 Hz) was
determined from Fig. 2d as an extrapolation of the
frequency dependences of conductivity on the
log(cac) axis, i.e. determination of conductivity at
a frequency of 102 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”+ 1/202 = 0%)
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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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/R%* 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
(Ti%*, 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 wvery similar values of
permittivity and conductivity in a wide range of
frequencies in spite of different kinds of R 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 Ki.3+0.1Mn1.5+0.1R0.2Ti6.3+0.1016.

2. The sintered ceramics produced through this
method have a colossal dielectric constant (10°-108)
at low frequencies and relatively low ac-conductivity
varying in the range of 10~"°~10-%2 depending on the
R 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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AnHotanusi: B manHON paboTe MpoBEIEHO CpaBHEHHE METOJOB OIMpEACNCHHS IUIONIaTid MOBEPXHOCTH MPUMEHHUTEIBHO
K JJICKTPOIHBIM MaTepHalaM Ha IpUMepe KOMMEPUECKHX YTJICPOIHBIX BOWIOKOB Pa3lIWYHON CTpyKTyphl. s Gomee
MOJTHOTO  aHalM3a [OMOJIHUTEIHHO IMPHBJCUCHA CKAaHUPYIOWass JJICKTPOHHAS  MHKPOCKONHS, IT03BOJIMBIIAS
0XapaKTepHU30BaTh MOP(OJIOTHIO MMOBEPXHOCTH MaTeprana M CHEKTPOCKOIHS KOMOWHAIIMOHHOTO PAcCesHUs, C MTOMOIIBIO
KOTOpPOW OLIEHMBAJIM KOJIMYECTBO JEPEKTOB B KPUCTALIMYECKOW CTPYKTYpe YIjepoja, a Takke cojepkaHue amophHOH
(ba3pl. TlokazaHa CENEKTHBHOCTH JJIEKTPOXMMHUYECKUX METOJIOB OINPEIEICHUS IUIOMAAN MOBEPXHOCTH 110 OTHOIIEHUIO
K KpaeBoil MIIOCKOCTH rpaduTa, YTO MOXKET SBISATHCS KaK IMPEUMYIIECTBOM, TaK U HEJOCTATKOM, B 3aBUCUMOCTH OT IiejIed
UCCIIeJOBaHMs. BBIsSBIICHO, YTO NMpUMEHEHHE KIACCHYECKOT0 METOJIa HU3KOTEMIIEpaTypHOU ajcopOIMu ra30B Jajieko He
BCET/a OINpaBJaHO, BBUJY CIIOXXHOCTH IOA0Opa KOPPEKTHOH Mojenu, ONHChIBaloIIed uccieayemyro cucremy. Kpome
TOT0, TPU WCCICIOBAHUU MPHUBEICHHBIM METOJOM 3JICKTPOIHBIX MAaTCPUAIIOB IIONYYCHHBIC IaHHBIC OYIyT CHIIBHO
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3aBBIIIICHBI HM3-32 JIyYlIed CMayMBaeMOCTH YIJIEPOJHOTO MaTephalia a30TOM, 4eM BOJOW. AJICOpOIMS KpacuTeled u3
BOJHBIX PACTBOPOB, MO-BHIMMOMY, SBISETCS HanOoJiee MOAXOSIMM METOJOM JJisl ONPEICNICHUs CMOYCHHOU
MOBEPXHOCTH Marepuaia, OJHAKO TpeOyeT Haiuuust OOJBIIOro 4uciia 00pasloB, XapaKTepH3yeTCs 3HAYUTEIbHOU
MOTPEIIHOCTBI0 U MOXET JaBaTh HECKOJBKO 3aBBIIICHHBIE PE3yJbTAaThl, XOTh U MEHBIINE, YeM HH3KOTeMIepaTypHas
azcopOnms a3ora.

KitioueBble cjIoBa: yriepoaHOE BOJIOKHO; IUIONIAb MOBEPXHOCTH; CKOPOCTh MEPEHOCA IJIEKTPOHOB; EMKOCTh JBOIHOIO
AIIEKTPUUECKOTO0 CJI0st; Oa3aibHast INIOCKOCTh rpaduTa; Kpaesas INIOCKOCTh rpaduTa; aacopOLusi METUIEHOBOTO roy0oro.

Jost muruposanusi: Oskin PV, Lepikash RV, Dyachkova TP, Alferov SV. Comparative evaluation of different methods
for determining the specific surface area of carbon materials used in electrochemical systems. Journal of Advanced

Materials and Technologies. 2024;9(3):167-176. DOI: 10.17277/jamt.2024.03.pp.167-176

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, uF-em > Edge plane capacity, pF-cm > Reference
0,9 H NaF 3 50-70 [15]
1 mM HCF in 1M KCI 12 70 [11]
IM KCI 0.81 - [16]
6 M LiCl 472 +0.37 430.1+£9.9 [13]
0,1 M NayHPO4 (pH = 7), 0,1M KCl 4 10° [14]
6 M LiCl 43-6.0 - [10]
6 M LiCl 17402 2546 [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 [F e(CN)6]37
[F e(CN)6]4_ system according to equation (1) [11, 12].

k:kefe+kb(1_fe)v (1)

where £ is the rate constant of heterogeneous electron

transfer, cm-sﬁl; k, 1s the rate constant of
heterogeneous electron transfer to the edge plane of

graphite, cm-sﬁl; kp is the rate constant of
heterogeneous electron transfer to the basal plane,

cm-sfl;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):

C:fece+(1_fe)cb’ (2)

where C is the specific capacitance of the EDL for
the material, pF-cm_z; C, is the specific capacitance
of the edge plane of graphite, uF-cmfZ; Cyp is the
specific capacitance of the basal plane of graphite,
uF'cmfz.

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%) 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 1Q 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
KCI solution was used as the background electrolyte.
The concentration of potassium hexacyanoferrate
(II) in the solution was 0.5 mM. Cyclic
voltammograms were recorded at scan rates of
10-500 mV-s ' 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/y in accordance with equation (3) obtained by
combining the Nicholson and Randles-Shevchik

equations:
kN
1, =0.4463nFSCN1 -0 — , 3)

\V

where [, is limiting anode current; ©m is a
mathematical constant, 3,14; 1—o is an electron

transfer coefficient for the anode process; 4 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 y was determined using equation
(4) [28]:
—0.6288+0.002AFE
Y =- 5 (4)
1-0.017AF

where vy is the Nicholson coefficient, V; AE 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]:

RT

k (5

S

Rpn*F*SX

where R is the universal gas constant, J-mol-Kﬁl;

T is the temperature, K; Ry is the Faraday resistance
of the reaction, Ohm; X is the concentration of the
electro-active substance in the solution, mol-dm™>.
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 ' in the range of 0-0.5 V, the specific
capacitance of the EDL of carbon felt was determined
using equation (6) [30]:

E|
[1dE
c=—2 (6)
m(E; — E;)

where / is the equation for the dependence of current
on potential, A; £ is the initial potential of the cyclic
voltammogram, V; E, 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 pA in the potential
range of 0-0.5 V. The specific capacity of the EDL
was calculated using formula (7) [30]:
I'At
C=—rrm, (7

where /' is the charging (discharging) current, A; Af
is the charging (discharging) time, s; AE' 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 pm. On the surface
of these fibers, longitudinal grooves with a width of
0.1-0.3 pm 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 um are observed. The obtained results are
consistent with the literature data [1].

The Raman spectra (Fig. 2) of both samples
contain the G (1550 cmﬁl) and D (1350 cmﬁl) bands,
which are characteristic of all carbon materials. The
G band is due to vibrations of sp>-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 (Ip/lg) [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_l) 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 cmﬁl)
and D+ G (2950 cmﬁl) 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 cmﬁl) and
D", were additionally identified using mathematical
processing of the Raman spectra in accordance with

[34]. The defect density (np) [35],

between defects (L,) [35] and the crystallite size (Lp)
[36] were also calculated (Table 2).

The Ip/lg 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 Ip/Ip 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).

the distance
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X950 20pm

Fig. 1. SEM images of carbon felt samples No. 1 (a, b) and No. 2 (c, d)
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Fig. 2. Raman spectra of sample No. 1 (a) and sample No. 2 ()
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Table 2. Results of processing the Raman spectra of carbon and graphite felts

Sample Ip/lg Lp,nm  np10° cm? L, nm Ip/lg Ipi/lg Ip/lpy Type of defects
1 1.6+£0.1 332 2.7+£02 102 1.8+04 07£01 1.0+0.2 Local
2 1.8+02 32+4 3.1+0.3 9+2 03+0.1 - 6.1 0.2 Regional, vacancies

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

. 2 -1
Specific surface area, m”-g

Method 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 [17; 0.022 [3]
Methylene blue adsorption 45+0.7 43+04 -
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-cmﬁ3 based on literary data [1, 2]. The fiber
diameter (Fig. 1) of both graphite and carbon felt is
the same and is about 20 um, 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) mz-gfl),
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.

EV
Fig. 3. Voltammograms of an empty wire hook (1), sample
1 (2) and sample 2 (3), scanning speed 100 mV-s '
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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 y 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

Specific capacity, F/g

Sample Electrochemical imped
. yr pedance
Cyclic voltammetry Charge-discharge curves 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
ks10%, sms ™, CV 3+1] 31409 7.0+0.5[1]; 7+3 [3]; 10 [5]
ke10°, sms ', 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, % CepL, % Ratio of specific areas, %
1 3£1 2.7+0.6 1.6+0.4
2 3.1+09 6.4+0.9 4,4+0.9
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0 0.1 0.2 0.3 0.4 0.5
E,V
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 pF'cmfz, 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 uF-cmf2 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: gf1 (sorption time — 60 min) and 642 mg: gﬁ1 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-gﬁl for CR and 3333.33 mg-gf1 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”" for CR molecules and 0.02 kJ-mol™' 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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YiaajieHue OpraHu4eCKUX Kpacurese U3 BOAHBIX PACTBOPOB
C MOMOLIBIO rpadeHcoaepxkamero copéeHTa Ha OCHOBe
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AHHOTaumMs: B crathe pazpaboraH rpadeHcomepx ammid COpPOIMOHHBIA MaTepuadl Ha OCHOBE AaKTHBHUPOBAHHOTO
paricoBoro OHOYTJIs, ONpeaeneHbl (HU3MKO-XMMHUUYECKHE CBOHCTBA COpOEHTa M OCOOEHHOCTH €ro MOp(OoIOrH4ecKoro
CTpOCHHUS. YCTaHOBIEHO, YTO HAHOKOMIIO3UT MMEET aMOp(HBIE XapaKTEePUCTHKH C TpadeHONOIOOHON CTPYKTYpOil.
Mopddosoruueckuii aHanu3 MOATBEPAUI 00pa30BaHHE BHYTPEHHErO YIJICPOJHOIO KapKaca U BHEIIHEH TPEXMEPHOM
MHOTOCJIONHOHN Tpa)eHOBOM CTPYKTYPHI, KOTOpPasi MPEBOCXOIHO MOAXOHUT IS MaCCOMEPEHOCAa MEXKIY 3arpsS3HUTCIISIMU
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U TIOBEPXHOCTBIO aacopOeHTa. Tarke IIEIbi0 MCCIECJOBAaHMH SIBIISUIOCH OIPEACICHHE BaKHBIX MapaMeTpoB copOmun
OpraHWYeCKUX COCIWHEHUH — CHHTeTHYeCKuX Kpacurteneil koHro kpacHoro (KK) m mamaxuroBoro 3eneHoro (M3), Ha
pa3paboTaHHOM MaTepualie U3 BOJHBIX PACTBOPOB B OrpaHMYEHHOM 0ObeMe. COracHO KMHETHYECKHM HCCIIEIOBaHUM,
JKCIIEpPUMEHTaNIbHAsE COpPOIMOHHAs eMKOCTh Marepuana 1o M3 cocraBuna 1860 wmr/r (Bpemsi copbumu 60 MuH)
n 642 mr/r mo KK (Bpemst copbumu 15 mun). Teopernueckas makcumalbHas aJcOpOIMOHHAs €MKOCTh COpOEHTa,
paccunTanHas o mozenu Jlenrmropa, gocruria 3nadenuit 769,23 mr/r mo KK u 3333,33 mr/r mo M3. O6Hapyx eHO, 4To
W3BJIEYEHHE MOJICKYJI KpPAcHTENIeH KOHTPOJMPYETCS pPeaklHuedl BTOPOro IOpsijiKa COTJIACHO MOJENHU ICEBO-BTOPOTO
MOpSIIKa W TIPOXOJAUT NPEUMYIIECTBEHHO IO CMEIaHHO-AM((Y3MOHHOMY MEXaHU3My. ODHEpPrus aKTUBalUU HMEET
3nauenne 0,01 k/Dx/monp mo monekynam KK u 0,02 xJDx/mons mias M3, yto moarBepkaaeT (GpU3NYECKHH MeEXaHHU3M
TOTJIOIIEHUS Kpacuteneil. B menoMm, B paboTe mokaszaHa BeICOKast 3 (heKTHBHOCTE afcopOIii OPraHMYECKIX KpacuTeeH
Ha TpadeHcomepxameM COpOIMOHHOM MaTepHale Ha OCHOBE AKTHBHPOBAHHOTO PAlCOBOTO OWOYTJIS, YTO MO3BOJIIET
TOBOPHTS O IENECO00PA3HOCTH €T0 MPAKTHIECKOTO IIPIMEHEHUSI ITPU OYNCTKE CTOYHBIX BOJ.

KamoueBble cioBa: OKCH rpaq)eHa; aKTI/IBI/IpOBaHHHﬁ YTroJib; 6I/IOYI‘OJ'H); parnc; CUHTETUYCCKUEC KpaCUTCIH; KOHI'O
KpaCHBIﬁ; MaJIaXUTOBEIN 36H€HHI71; a;[cop6un${; KHHETHKA; U30TCPMBI.

Josi murupoBanmsi: Timirgaliev AN, Burakova IV, Rybakova SO, Ananyeva OA, Yarkin VO, Kuznetsova TS,
Kadum AHK, Burakov AE. Removal of organic dyes from aqueous solutions using a graphene-containing sorbent based
on activated rapeseed biochar: Kinetics and isotherms. Journal of Advanced Materials and Technologies. 2024;9(3):

177-187. DOL: 10.17277/jamt.2024.03.pp.177-187

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

Nig.4Fes ¢04/(Fe, Ni) with carbon [12]; chemically
activated biochar from Indian bael peel [13];
functionalized biochar from banana peel [14];
halloysite nanotubes [15]; B-cyclodextrin
nanocomposite based on polymer with zinc ferrite
nanofiller [16]. For CR removal the following are
used:  B-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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Fig. 1. Literature data on the sorption of MG (@) and CR (b) on different types of sorbents and their sorption capacity

bionanocomposite consisting of chitosan, zinc oxide,
algae [18]; B-cyclodextrin nanocomposite based on
polymer containing zinc ferrite nanofiller [16]; zinc
oxide nanoparticles [19]; magnetic and mesoporous
N-doped carbon [20].

The aim of the present work is to synthesize and
evaluate the physicochemical properties of graphene-
containing activated biochar based on vegetable
waste from rapeseed processing and to determine the
mechanisms of removal of organic contaminants —
CR and MG dyes — using the developed material.

2. Materials and Methods
2.1. Material’s synthesis

Rapeseed meal (originating from Tambov
region, Russia) was used as a carbon source.
The modifier was graphene oxide (GO) in the form of
aqueous 1 wt. % suspension (NanoTechCenter LLC,
Tambov). Biochar was obtained by hydrothermal
carbonization in stainless steel autoclaves for
12 hours at 180 °C. The obtained hydrocoal was
separated from the liquid by filtration. Further, the
filtered material was carbonized in stages at 150, 500
and 750 °C for one hour at each temperature in argon
atmosphere. The carbonized material was subjected
to alkaline activation, for this purpose it was mixed
with potassium hydroxide (KOH) in a mass ratio of
1:6. The process was carried out in an inert
environment at 400 and 750 °C for one hour at each
temperature. The resulting material was washed with
distilled water on a filter to a neutral pH, and then
incubated for 24 hours in concentrated hydrochloric
acid (Russian Standard 3118-77). Then the biochar
was washed again to neutral pH and dried at 110 °C
to constant weight.

Fig. 2. Physical appearance of graphene-containing sorbent
based on rapeseed

To obtain a nanocomposite sorbent, activated
biochar was mixed with a suspension of GO to
a homogeneous state (ratio 1.5:1) and then treated
with ultrasound. The material was placed in
autoclaves and incubated at 180 °C for 20 hours.
In the next step, the composite was frozen to —30 °C
in a lyophilic dryer (Scientz-10n, China), followed by
lyophilization for 48 h, during which the solvent was
removed by the freeze-drying. The final material was
a spontaneously compacted product (see Fig. 2).

2.2. Analytical methods

Microphotographs were obtained using an
AURIGA CrossBeam scanning electron microscope
(SEM) with Inca X-Max 80 mm® EDS (Carl Zeiss
Group, Germany). Thermo Scientific ARL Equinox
1000 (TechTrend Science Co., Ltd., Taiwan) (A=
=0.1540562 nm (copper anode) was used to identify
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the crystal structure of the material. The orderliness
of the carbon framework was evaluated by Raman
spectroscopy on a DXR Raman Microscope
instrument (Thermo Scientific Instruments Group,
Waltham, USA) (A=633 nm). IR spectra were
obtained on a Jasco FT/IR 6700 FTIR spectrometer
(Jasco International Co., Ltd., Japan) in the frustrated
total internal reflection mode.

2.3. Kinetic research

To determine the kinetic parameters of CR and
MG adsorption, experiments were performed under
static conditions; for this purpose, 0.01 g of
nanocomposite was taken, the initial concentration of
CR and MG dye solutions was 1500 mg-Lﬁl, and the
solution volume was 30 mL. The solutions were
stirred for 5, 10, 15, 30, 60 and 90 min at 100 rpm
and room temperature on a Multi Bio RS-24 rotator
(Biosan) and then filtered.

2.4. Isotherm study

To plot adsorption isotherms, 0.01 g of
nanocomposite was added to 30 mL of CR and MG
dye solution with initial concentrations of 300, 500,
750, 750, 1000, 1200, and 1500 mg-L ', shaken for
15 min for CR and 60 min for MG at 100 rpm and
room temperature on a Multi Bio RS-24
programmable rotator (Biosan). In all sorption
experiments, the amount of dye in the liquid phase
before and after adsorption was determined
spectrophotometrically  (Ekros, St. Petersburg,
Russia) at wavelengths of 612 and 709 nm for CR
and MG, respectively.

3. Results and Discussion

3.1. Physicochemical properties and morphology
of the graphene-containing sorbent

SEM images (Fig. 3) of the nanocomposite
sorbent indicate that the material has a rather loose
structure. The carbon backbone of the biochar is
predominantly covered with graphene sheets.
Individual aggregates of micrometer-sized graphene
sheets are also found.

The IR spectrum of the nanocomposite (Fig. 4a)
contains peaks indicating the presence of sorbed
water (broad peak in the region of 3400 crn_l), C-H
bonds in alkyl fragments (2924, 2854 cm_l), C=0
(1645 cmﬁl), aromatic ring bonds at 1564 cmﬁl, Cc-O
(group of peaks in the region of 1100-1265 cmﬁl),
and phosphorus-containing compounds (873 cmﬁl).
The obtained data correlate well with the information
on the chemical nature of carbon structures in the
scientific literature [21-23].

According to Raman spectroscopy (Fig. 4b), the
composition of the broad peak in the region 1000-
1650 cm ' includes the G band (around 1590 crn_l)
and D band (at 1350 cm_l). A second-order overtone
of the D band, the 2D band at 2670 cmﬁl, can also be
distinguished. Since the 2D band arises from the two-
phonon double resonance process, it is closely related
to the zone structure of graphene layers [24].
The Ip/lg ratio is > 1, indicating a high content
of sp*-hybridized carbon atoms in the material.

The X-ray spectrum (Fig. 5) shows blurred
peaks at 26° and 47°, indicating the presence of 002
and 100 planes of graphene materials. The absence of
sharp peaks in the spectra suggests that the
nanocomposite has amorphous characteristics with
graphene-like structure [23].

Fig. 3. SEM images of the nanocomposite:
a — magnification x5,000; b — magnification x50,000
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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-g71
and 642 mg-g1 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 ky. 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 Q; on /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. 6¢) for CR sorption is R*=0.9999
with the value of Q,=667 mg-gfl. For MG
molecules, 0,=2000 mgg ' with R>=0.9966.

The theoretical value of O, by the pseudo-second-
order model for both dyes is very close to the
sorption capacity obtained experimentally.
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Fig. 6. Adsorption kinetics of CR and MG molecules on the nanocomposite (a), linearized forms of kinetic dependences
by pseudo-first (b) and pseudo-second-order (c); Elovich (d); intraparticle diffusion (e, f) models

Table 1.

Equations and parameters of different kinetic models [22]

Model

Parameters

Pseudo-first-order model
In(Q, -Q,)=InQ, -kt
Pseudo-second-order model

t 1 t
- = +—

0 k0 0.

Elovich model

o = lln(l +aft)
p

Intraparticle diffusion model
O, =kyt"'*+C

Qe and Oy (mg: g_l) are the amount of lead ions adsorbed at equilibrium and at any time
¢ (min), respectively; k1 is the rate constant of the pseudo-first-order (min") equation
k1 (g~(mg-min)71) is the rate constant of the pseudo-second-order equation

o (mg- gf1 -min) is the initial adsorption rate; 3 (g~mg4) is the adsorption constant
related to the degree of surface coverage and the activation energy of chemisorptions

kiq (mg~g71~min1/2) is the rate constant of intraparticle diffusion; C is a constant related
to the boundary layer thickness at the surface of the sorbent particle
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Table 2. Kinetic parameters of organic dyes sorption

Model parameters

Dye Pseudo-first order Pseudo-first order
2 2

Qe kl R Qe k2 R
CR 152.4 0.0332 09171 667 0.000776 0.9999
MG 1349.9 0.0502 0.9617 2000 0.000056 0.9966

. . Intraparticle diffusion
El h t
ovich equation Step 1/Step 2

o B R kia C R
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

According2 to Fig. 6b, rather low values of the
coefficients (R“=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 Q; 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
1 1 1

Qe Qmax Qmax KL Ce
The Freundlich model

1

+

1
1ng = _lgCe +1gk
n

The Temkin model
0, =BlIn(k,)+ BIn(C,)
The Dubinin—Radushkevich

model

lg Qe = anmaX -K
1

=2k,

2.
ad® >
energy

E=

Oe (mg-g_l) is the amount of metal ions adsorbed at equilibrium; the Omax (mg-g_l) is
the maximum adsorption under experimental conditions; C, (mg-Lfl) is the equilibrium
concentration; Ky, (L~mg71) is a constant related to the adsorption rate

k (mg-gﬁl-(L-mgfl)); 1/n are constants measuring adsorption capacity and intensity,
respectively; n indicates how favorable the adsorption process is

ky (L-mg_l) is an equilibrium coupling constant corresponding to the maximum binding
energy; B (J -moLfl) is a constant related to the heat of adsorption

kad (moLz-kaz) is the constant of Dubinin—Radushkevich isotherm; € (kJ ~moL71) 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; £ (kJ -moLfl) is the activation
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Using the Dubinin-Radushkevich  model,
calculations of activation energy are made, which
determine the nature of interaction of pollutant forces
with active centers. At activation energy values
E<8 kJmol ', physical adsorption takes place; at
8<E<16k] -molfl, chemisorption takes place [29].
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Fig. 7 shows the experimental adsorption
isotherms of CR and MG dyes on the developed
nanocomposite.

As a result of the mathematical processing of the
experimental data, the dependences shown in Fig. 8
were obtained, which made it possible to determine
such important adsorption parameters as maximum
adsorption  capacity, activation energy, etc.
(see Table 4).

The experimental isotherm of MG sorption
shows a good correlation with the theoretical data of
the Dubinin-Radushkevich equation. The adsorption
of CR is satisfactorily described by the Temkin
model. At the same time, the activation energy of
sorption of MG molecules was 0.02 kJ-mol’
(Table 4). According to the calculated values, the
maximum adsorption capacity of the nanocomposite
according to the Langmuir model was 3333.33 mg-gﬁ1
for MG and 769.23 rng‘g_1 for CR. The value of the
activation energy of sorption of CR molecules was
0.01 kJ-mol', which also corresponds to physical
sorption in the case of removal of MG molecules.
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Fig. 8. Models of adsorption isotherms of CR and MG:
a — Langmuir; b — Freundlich; ¢ — Dubinin—Radushkevich; d — Temkin
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Table 4. Sorption parameters of CR and MG molecules according
to the equations of isotherms

Dye Model parameter
Langmuir
2
KL Qmax R
CR 0.0038 769.23 0.9868
MG 0.0007 3333.33 0.8233
Freindlich
n 1/n k R?
CR 2.891 0.3459 55.386 0.9868
MG 1.2596 0.7939 6.073 0.8233
Dubinin—Radushkevich
2
kad Qmax E R
CR 4053.6 629.34 0,01 0.9994
MG 2018.5 1438.12 0.02 0.9559
Temkin
ke B R
CR 0.0091 116.2 0.8795
MG 0.0084 652.2 0.9813
4. Conclusion 5. Funding
In this paper, the technique for obtaining The study was supported by the Russian Science
a highly efficient sorbent material based on activated  Foundation grant No. 22-13-20074,

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-g71 for MG and 642 mg-g71 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.

https://rscf.ru/project/22-13-20074/.
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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 °C, 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.

Keywords: carbon membrane; homopolymer (PAN); pyrolysis; hollow fiber; copolymer; IR treatment.

For citation: Yaskevich AL, Hliavitskaya TA, Yushkin AA, Pratsenko SA, Nazarov EA, Efimov MN, Muratov DG,
Plisko TV, Bildyukevich AV. Production of carbon membranes from porous polyacrylonitrile hollow fibers via IR
pyrolysis. Journal of Advanced Materials and Technologies. 2024;9(3):188-206. DOI: 10.17277/jamt.2024.03.pp.188-206
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Annoranusi: [lpeioxkeH HOBBI MOIXOI K IOJYYEHHIO YIJIEPOAHBIX MeMmOpaH npu mnomoin MK-nuposnmza
TIOJIOBOJIOKOHHBIX MeMOpaH u3 mnomuakpwionutpuwia (ITAH) m comonmnmepoB akpHJIOHHTpHWIA C METHIAKPHIATOM
(ITAH-MA) u urakonoBoii kucinoroit (IIAH-MA). IIpeanoxeHHbIH cocod BKIIOYAET TEPMOCTaOMIN3aLUI0 MEMOpaH Ipu
250 °C u nocnenyronmmii UK-nuponm3. YCTaHOBICHO, YTO IMOJIOBOJIOKOHHBIE MeMOpaHbI, U3roToBicHHble 3 [TAH-TA
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u [TAH, HanmMeHee TOABEp:KEHBI Pa3pYIICHHIO INPH TOBBIIICHHH TeMmmeparypbl. s oOpasmoB Ha ocHoBe [TAH-MA
nedopmanys TOJIOBOJIOKOHHBIX MeMOpaH B pesynbrate MK-mmponmsa permcrpupyercs HpH TeMIIepaTypax BBIIIE
200...300 °C. HccnemoBaHWe CTPYKTYpHI YIJICPOAHBIX MEMOpaH METOJOM pPACTPOBOW 3JIEKTPOHHOW MHKPOCKOIIHH
BBISIBUJIO, YTO UCIIOJIB30BAHUE INIMIEPHUHA B KAYECTBE MMIPETHUPYIONICT'O arcHTa (He3aBI/lCI/IMO OT XUMHYECKOI'0O COCTaBa
COTOJIMMEPOB aKPUIOHUTPHIIA) MPUBOJUT K MEHEE PEryJIIpHOi U OoJiee 1e(PEKTHOW CTPYKTYPE MOJTy4aeMbIX YIIICPOTHBIX
MeMOpaH. YCTaHOBJICHO, YTO TepMoctadmmm3amus mnpu 250 °C coxpaHsieT CTPYKTYPHYIO IEJIOCTHOCTh M CIIOCOOCTBYET
MOJTYYEHHI0O MEXaHW4YEeCKH CTaOWIBHBIX YIVIepogHbIX MeMOpan. Mertogom HMK-crekTpockonuu J10Ka3aHO, dYTO
HK-u3nydeHne crnocoOCTBYET CyLIECTBEHHOMY IPeoOpa3oBaHHIO CTPYKTyphl nonmmepa. IlokazaHo, uto 15-mMunHyTHOH
NIPeABApUTENHLHON 00padOTKM M MATHMHHYTHOTO HHMPOJIN3A JOCTATOYHO sl 3()P(EKTHBHOW CTAOMIM3ALMH CTPYKTYPHI
MeMOpaHEI.

KioueBbie ciaoBa: yriepomHas memOpana, monmakpwioHuTpmin (I[TAH); mmponwms; monsie BOJOKHA; COTOIHAMED;
HK-o6paboTka.

Jost uutupoBanus: Yaskevich AL, Hliavitskaya TA, Yushkin AA, Pratsenko SA, Nazarov EA, Efimov MN, Muratov DG,
Plisko TV, Bildyukevich AV. Production of carbon membranes from porous polyacrylonitrile hollow fibers via
IR pyrolysis. Journal of Advanced Materials and Technologies. 2024;9(3):188-206. DOI: 10.17277/jamt.2024.03.pp.188-206

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 mz-gfl), 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 A) [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 wused in plate-and-frame
membrane modules, providing the membrane packing
density of 300-1000 m®m°. 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 m’m” 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 °C 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 °C [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

Monomer

1 1,2
M, Nsp

Sample Polymer unit ratio”, % ke-mol ' 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

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

Germany

! Data provided by the manufacturer.
2 Nsp s 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 (/, 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 7=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_z-h)
was calculated according to the equation:

V
J =

, (1
tTEDinnl

where V' is the volume of the filtrate, L; Dj,, is the
inner diameter of the fiber, m; / is the fiber length,
m,; ¢ is the filtration time, h.

Blue Dextran dye with a molecular weight of
70 kg-molﬁl 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-Lﬁl. 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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CP
R=|1-—21.100%, )
C;

where Crand C,, 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 uLminﬁ1 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 (d,) corresponding to a given
transmembrane pressure was calculated using the
Young-Laplace equation:

4ycos B

d ; 3)
p Ap

where v is interfacial tension between two liquids
used; 0 is the contact angle between membrane and
wetting liquid; Ap is transmembrane pressure.

In the used membranes, complete wetting with
an alcohol-rich phase was observed, so the contact
angle is 0, and cos® =1. The interfacial tension
between the isobutanol and aqueous phases was
2.0 mN-m ' 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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Fig. 2. Schematic illustrations of the IR furnace for membrane thermal treatment

halogen lamps with a radiation maximum in the
region of 0.9-1.2 pum were used as a source of
incoherent IR radiation. 3 to 6 fibers were placed in a
graphite cassette for processing. During stabilization
and further pyrolysis sample was freestanding
without any tension. Additional quartz rods were laid
between membrane samples to ensure the spatial
separation of the samples without interfering with
their uniform heating. The heating rate to the set
temperature was 60 °C-min"'. The heating rate to
a given temperature varied from 5 to 60 °C-min .
The intensity of IR radiation was controlled by the
heating temperature of the sample, measured using
a chromel-alumel thermocouple placed directly under
the sample. The control unit provided an increase and
decrease in the intensity of IR radiation according to
a given program. After reaching the predetermined
temperature of the sample, the radiation intensity was
reduced to ensure the constancy of the processing
temperature for a predetermined time (1-15 minutes).
Next, the IR lamps were turned off and the samples
were cooled down under constant blowing with
nitrogen or air.

A portion of the experiments was performed
without thermal stabilization while the other part was
carried out in two stages, with IR-pyrolysis preceded
by thermal stabilization in air. At the end of the
thermal stabilization stage, the IR lamps were turned
off and the sample was allowed to slowly cool down
to room temperature. Heating of the thermally
stabilized samples for their pyrolysis started at room
temperature.

2.8. Determination of the membrane
shrinkage due to IR pyrolysis

Membrane shrinkage was calculated by the
equation:

D
U=[1-—221.100%, 4)
D,

ref

where U is the degree of shrinkage of hollow fiber
membranes, %; Dyr is the outer diameter of the

reference hollow fiber membrane; Dy, is the outer
diameter of the hollow fiber membrane after
IR-pyrolysis.

2.9. Determination of the membrane strength

The strength (o) of the resulting hollow fiber
membranes was studied using a TT-1100 tensile
testing machine (Cheminstruments, USA) at room
temperature (25 °C). The speed of movement of the
traverse was 3.8 cm/min. The samples were hollow
fibers about 70 mm long, fixed between clamps.
The initial distance between the clamps was 30 mm.

3. Results and Discussion

3.1. Properties of the reference
hollow fiber membranes

The study of flat sheet ultrafiltration membranes
formation from various acrylonitrile copolymers
showed [38] that membranes prepared from
acrylonitrile homopolymer solutions in DMSO with a
concentration of 15 % and higher have sponge-like
structures of the membrane matrix.

In this paper, hollow fiber membranes were
fabricated from acrylonitrile-based polymers as
precursors for carbon membranes. 16 % polymer
solutions in DMSO were used for membrane
preparation (Table 2). The strength of hollow fiber

membranes (og) depends on the polymer
composition and drying conditions. Thus, for PAN
and PAN-IA samples dried without glycerol (Sample
II and Sample VI, respectively), the mechanical
strength is higher than that for samples impregnated
with glycerol aqueous solution before drying (Sample
I and Sample V). For PAN-MA, a decrease in the
mechanical strength was observed when hollow fiber
membranes were dried without impregnation by
glycerol (Sample 1V).
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Table 2. Characteristics of reference hollow fiber membranes

Drying J, ! 2 3 Gstr,
Sample  Polymer method SEM L-(m’hy" Drer, um  Dip, pum L7, pm MPa
I PAN  Glycerol 245+5 1715+30 107010 320£20 3.2
I pAN  Vithout 18545 1750430 1095+10 330£20 3.6
glycerol
Il PAN-MA  Glycerol 205+5 1730430 1095+10 310£20 323
IV PAN-MA  Vithout 22045 1815430 1110+£10 330+£20 2.9
glycerol
% PAN-IA  Glycerol 26045 1720430 1080+10 32020 3.1
VI PANJa  Without 195+5 178030 1100+10 330+£20 3.4
glycerol

lDref is the outer diameter of the reference hollow fiber membrane.

2Dint is the fiber inner diameter.
3L is the fiber wall thickness.

The geometric parameters of the hollow fiber
membranes dried without glycerol differ from those
impregnated with glycerol: the inner diameter and the
wall thickness (L) of the fibers is 20-25 and 20 pm
larger, respectively. At the same time, the water
permeability of hollow fiber membranes dried
without glycerol is lower by 20-25 %. Thus, drying
without a plasticizer (glycerol) leads to the collapse
of the pores of the selective layer. Moreover, the use
of a plasticizer protects the pores during drying but
increases the shrinkage of the hollow fiber matrix.
The increase of shrinkage is due to the increase of the
mobility of polymer chains plasticized with glycerol
which facilitates their rearrangement while drying.

The hollow fiber ultrafiltration membranes were
produced by the method of dry-jet wet spinning, in
which non-solvent-induced phase separation (NIPS)
occurs. The membranes have an asymmetric structure
with a thin surface selective layer (pore sizes are tens
of nanometers) and a large-pore drainage layer
providing mechanical strength. The drainage layer is
shot through with a large number of finger-shaped
vacuoles (macrovoids). Macrovoids arise from
a polymer-depleted phase during NIPS membrane
fabrication. The growth of macrovoids begins when
the rate of diffusion of the nonsolvent in the core of
the polymer-depleted phase in a freshly formed
polymer film is higher than the rate of diffusion of
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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~min71, 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

Temperature, °C

100 200 300 400 500 600 700 800

0

Temperature, °C
100 200 300 400 500 600 700 800

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 (5262 %) (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 1) 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
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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 IV

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 °C

400 °C

500 °C

700 °C

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 Sstr. MPa
temperature, °C - gample ] Sample IV Sample V
200 25 23 2.4
250 2.1 2.0 2.1
300 1.9 1.8 1.9
400 1.6 1.4 1.5
500 13 1.1 1.2
600 13 1.0 11
700 1.2 11 12
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Table 4. Characteristics of hollow fiber membrane samples after IR pyrolysis
in nitrogen atmosphere at different temperatures

Pore size, nm

Rupture pressure, bar

Sample o .
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
I 11.7 9.9 3.8 7.0 8.3 23.1 14.2
I 38.1 7.9 4.1 6.9 >10.5 >20 16.4
v 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°C (Table 4).
For membrane samples impregnated with glycerol
(I, I, V), the pore sizes were 2—3 times higher than
the pore sizes of membranes dried without glycerol
(IL, 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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Table 5. SEM cross-section of membranes
from PAN after IR-pyrolysis in various ways

Sample = Thermal stabilization (250 °C) and IR pyrolysis 7, °C IR pyrolysis T, °C

I 300 500 700 300 500 700
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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 cmﬁl) was observed.
At temperatures of 400 °C and above the nitrile
(~2250 cmﬁl) and carbonyl (~1730 cmﬁl) groups
disappeared likely due to the initiation of the
cyclization reaction [48]. At 400-500 °C a sharp peak
was detected at 1590 cm ', 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 600700 °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 corresponding to C=0 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' (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 !
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 300400 °C, a significant increase in
the intensity of mix of C=N, C=C and C-N bonds at
1590 cm ' 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 °C for 15 minutes were
more prone to deformation and cracking during
pyrolysis (500°C, 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 °C, retained its integrity.
Further experiments in narrower temperature interval
240-260 °C showed that optimal temperature of
thermal stabilization was 250 °C. 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 °C. At the same time, IR
irradiation intensifies ongoing reactions, decreasing
the time needed to achieve the desired conversion.
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A similar behavior was observed when varying
the thermal stabilization time. The membranes
subjected to thermal stabilization (250 °C) for
5-10 minutes cracked during subsequent pyrolysis
(500 °C, 2 minutes), while at a longer thermal
stabilization time, the membranes retained their
integrity. It is noteworthy that as the thermal
stabilization time increased from 5 to 15 minutes, the
color of membranes changed from pale beige to
brown. With a further increase in the process time, no
further changes in the membrane were observed.
The thermal stabilization process required only
15 minutes, which is less than the time needed for
thermal stabilization through convectional heating
methods.

The obtained results also show that optimal
thermal stabilization degree can be achieved at lower
temperatures by increasing the treatment time.

The study investigated the influence of the
heating rate of hollow fiber membranes by IR
radiation during thermal stabilization and subsequent
pyrolysis in the range of 5-60 °C-min . The thermal
stabilization  parameters corresponded to the
previously determined optimal values — 250 °C for
15 minutes, pyrolysis — 500°C for 2 minutes.
By wvarying the heating rate during thermal
stabilization, it was found that at a low heating rate of
5 and 10 °C-min_l, the samples retained their
integrity during the subsequent pyrolysis; however,
at higher heating rates, the pyrolysis of hollow fiber
membranes led to their cracking. During pyrolysis,
the heating rate was fixed at 60 °C-min . The reason
for this is that an increase in the heating rate leads to
a decrease in the total processing time. This resulted
in an insufficient level of sample stabilization before
the pyrolysis stage. Thus, the value of 10 °C-min""
was chosen as the optimal heating rate, at which a

(b)
Fig. 7. Hollow fiber membranes after thermal stabilization (15 minutes) at various temperatures,
before (a) and after (b) the pyrolysis stage at a temperature of 500 °C (2 minutes)

sufficient level of thermal stabilization of the
membrane before IR pyrolysis is achieved.

The pyrolysis time at the maximum temperature
ranged from 1 to 15 minutes. The membranes
retained their integrity over the entire range of times.
However, as the pyrolysis time exceeded 2 minutes,
the strength of the membranes deteriorated. The drop
of membrane strength was low, with a reduction not
exceeding 10 % at maximum processing time.

The study of the influence of the heating rate
during the pyrolysis process yielded similar finidngs:
during the pyrolysis process, the membranes retained
their integrity across all tested heating rates.
All samples exhibited brittleness and poor flexibility
after thermal stabilization and pyrolysis. No difference
in membrane integrity was observed during the
pyrolysis process with different heating rates,
indicating that shorter processing time is preferable
for the pyrolysis process. This contrasts with
traditional convective heating, where lower heating
rates are preferable to prevent membrane destruction.
In IR processing reactions occur faster, making it
possible to obtain membranes with shorter processing
times. Hence, 60 °C.min”! and 2 minutes were
chosen as the optimal heating rate and time for the
pyrolysis stage.

3.5. Filtration performance
of obtained membranes

Filtration performances were measured for
membranes annealed at different IR treatment
temperatures ranging from 200 to 500 °C.
For membranes annealed at 200 and 250 °C,
preliminary thermal stabilization was not applied.
In contrast, for higher temperatures, thermal
stabilization in air was applied for 15 minutes at a
maximum temperature of 250 °C. The heating rate at
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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 Sample I Sample IV Sample V
temperature, °C 7 .(m>h)' R % J, L(m*h' R % J Lm*hy' 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 °C. 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 °C.

The pure water flux through membranes treated
at a temperature of 200 °C was 10-15 % lower than
that for the initial ones (160-199 L-(m2~h)_1
compared to 187-234 L-(mz-h)_l) (Table 6).
At a temperature of 300 °C, the flux dro;i)ped by an
order of magnitude to 18.7-19.9 L-(m*h)™". A further
increase in temperature to 500 °C led to a decrease in
pure water flux to 5.2-6.7 L-(mz-h)fl. At the same
time, the membranes retained more than 99 % of the
Blue Dextran dye with a molecular weight of
70 kg-mor1 (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 ' 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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AHHoTauusi: PaccMOTpeHBI B HEOAHOPOIHBIX ITOBEPXHOCTHBIX HAHOCTPYKTYPax TOIOJIOTHYECKOTO Kiacca Ha TBEPAOM
TEJe BOIPOCHI YIPaBICHHUA (YHKIMOHAIHHBIMH XapaKTEPUCTHKAMH, B YaCTHOCTH, AJIEKTPOHHBIMH TPaHCIOPTHBIMU
CBOWMCTBAMH JUIS 33/1a4 TIOBBIIICHHS 3JIEKTPONPOBOJMMOCTH W VYIPABICHHS €€ PEKUMAMH B METaJUIOYTJIEPOIHBIX
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KOMITO3MTax KJIACTEPHOrO THIA. B acmekre oOmuX MONOKEHWH (GHU3WKM TBEPAOTO Tela, B YACTHOCTH, I
TPaHyJIMPOBAaHHBIX METAJUIOB, pPeYb HWJET O CTPYKTYPHBIX MEJIKOKPHCTAJUIMUECKHX Ae(eKTax, B JaHHOM ciydae —
HaHOMAacIITaOHBIX. B ycnoBusX BHeIApeHHs HAHOTPYOOK B HEMPOBOJSIIYI0 MaTpHUIly KaK MPHCAAKH C ONTHMAaJIbHOMN
KOHIIEHTpAIMEH, WM HAa00OpOT — aTOMOB METaUIOB (OOBIYHO — OJIArOPOAHBIX) B CHCTEMY M3 HAaHOTPYOOK NPOBEICHO
MOJIeTIMpOoBaHne (GOPMHUPOBaHHUS MOAOOHBIX CHCTEM C HAHOKJIACTEPHBIMM CTPYKTYpaMH B acHekTre Iu(ppoBOro
MaTepuayoBeIeHHs C JEMOHCTpalMed psaa SKCHEpHUMEHTAIBHBIX pe3yjbTaToB. PaccMoTpeHa JAByXJTamHas cxema
C Ja3epHOW aOislued pa3NUM4YHbIX MUIIEHEeH, B TOM 4YHWCIe, M 4Yepe3 IIepBbIH JTam IOJy4eHUs] HaHOYACTHIL
¥ HaHOKJIACTEPOB C JIOCTATOYHO OONBIINM YHCIOM aTOMOB B KOJUIOMJHBIX CHUCTEMax B OIPEAEICHHBIX JKHIKOCTSIX.
Ha BTOpoM 3Tame peann3yeTrcsl MOCIEAYIONIEEe MX OCAXICHHUE Ha TBEPAOTEIBHYIO, KaK MPABHIO, — AWIEKTPHUIECKYIO,
MIOBEPXHOCTh — C IOJly4eHHEM MAaTpHIBl TpeOyeMOol TeOMeTpHH C 3aJaHHOH TOIIOJIOTHEH HaHOKIAacTepoB. Vcciemyembie
3¢ ¢dexTH ¥ BO3MOXKHOCTH YIPABICHHS HMH JIa3ePHBIMH METOJAaMH HWMEIOT OOJBIIYI0 TMEPCHEKTHBY NPH pa3padoTke
3JIEMEHTOB U CHCTEM MHKPO- HAHOJIEKTPOHUKHU Ha HOBBIX (U3n4ecKuX npuHOUIax. OOCy)aroTcs TPEHIB U TEHACHINN
B CHHTE3€ BBICOKOTEMIIEPATYPHBIX COCTOSIHUH B CBEPXIPOBOANMOCTH B TOIOJOTHYECKNX CTPYKTYPax Pa3HOTo Kiiacca.
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Introduction 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

configuration of these materials is also of crucial ~ €lectrical —conductivity — by many orders of
importance, especially for metal-carbon composites ~ Magnitude in some cases [7, 8]. This is determined
with various nanocluster forms, sizes, and additives, ~ Poth by the individual characteristics of isolated
particularly carbon nanotubes (cf. [3]). The focus nanoclusters and by their interactions with
here is on thin-layered/multilayered surface structures ~ Neighboring clusters and with substrates of various

of solid samples with objects of different types. We use the term «electrical conductivity»
dimensionalities — from 0D to 3D — and their rather than the more commonly accepted «electrical

combinations, which in our case are obtained conductance» to emphasize that we are referring to a
experimentally through laser ablation of target  discrete nanocluster structure.

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

surfaces with selected compositions [4]. Let us list a number of conditions for the
When discussing the electronic spectra of  manifestation of these phenomena. N
nanocluster structures on the scale of nanometers for Firstly, this concerns the possibility of realizing

metals and semiconductors within the realized matrix,  states in  topological ~ nanostructures  with
they can be considered similarly to conventional solid ~ characteristics analogous to those found in topological
bodies. Despite this, the properties of nanocluster  insulators. These states are associated with specific
structures significantly differ from those of bulk boundary conditions, surface areas between
samples due to the large surface area in nanocluster ~ constituent elements, and the trajectories of charge
arrays and potential charge separation at the carriers moving through vacant regions (cf. [9]).
interphase boundary, which leads to shifts in atomic ~ Crucially, the topological —parameters function
levels [3, 5]. Size effects and contact potential ~ Similarly to thermodynamic parameters in phase
differences at the interfaces, such as those between  transitions, particularly with regard to temperature.
gold atoms on a graphite substrate of highly oriented ~ Thus, in the presence of certain surface state
pyrolytic graphite due to differing Fermi levels, can  configurations within the matrix of nano-objects, they
result in an excess number of electrons in gold 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 10* 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 V.cm™ 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 10% S.m™! [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 10° W-cm™) at a wavelength of 1.06 pm.
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 mm-s* 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 um 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.

(@) (b)
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
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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 wvon
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

200
20 40 60 80 100 120 140 160 180 200

X, a.u.
(@)

: 200
20 40 60 80 100 120 140 160 180 200

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).

X, a.u. X, a.u.

(©

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 withs =1, D = 1.79 (c)
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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)
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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)
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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]):

D(T)~ AT,
where A, and o are some empirical proportionality
coefficients.

2.05 2
!
1.95
1.9
1.85
1.8
1.75

1.7

1.65 8
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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]
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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:
1kV (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 x 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 |, 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 I, 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 10* 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].
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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 (=C=C=C)n
with a bond energy of 0.41 eV and polyyne bonds

(-C=C-)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

1300+
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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 C>

and C4 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 EO .
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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 EO :

v=02mms?(a),v=04 mms?(b),v=0.6 mm-s?(c),v=0.8 mms? (d),v=1mm-s? (e). Modification of Raman
spectra of different types of carbon structures in the colloid from which they are deposited onto the solid surface (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.

Y, a.u.

Y, a.u.

20

80

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.
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218
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Fig. 11. Model of crack healing from three sides with varying adhesion probability (s): s=0.1 (a); s = 0.3 (b)
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Fig. 12. Model of crack healing from two sides with varying adhesion probability (s): s =0.1 (a); s = 0.3 (b)
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Deposition model. In the proposed models (see
Appendix P.2), the computational domain is
represented as a rectangular grid with dimensions
M x 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
100 time T = 100 a. u. are shown, with a deposition rate of

X, au. 100 (Fig. 14a) and 200 (Fig. 14b) particles per unit
Fig. 13. Model of crack healing from one side at s = 0.1 time (per second) within the framework of the
ballistic deposition model.

Let us consider two physical models of such A similar image is shown in Fig. 15 for another
crack healing. model — random deposition.

20 40 al 80

Y,au. o

20 40 60 100
(@) X, a.u. (b) X, a.u.

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)
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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)
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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 x 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.
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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 pum.

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]).
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Fig. 20. Microsponge model with different thread lengths: 1-20 um (a); 10-50 um (b); 50-300 um (c)
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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 0, with
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their coordinates defined by simple expressions:
r=r(0); Xx=r cos(0); y = rsin(0) [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 wusing 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).
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X, a.u. Y, a.u. (©
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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)
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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.

n n
Xo =Xo+ D Vii Yn=Yo+D 8,
i=1 i=1
where Xo, Yo are the coordinates of the starting point
of the diffusion walk, y and & 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 = ud was modeled, where p is the scaling
factor, and d is the diameter of the model particle.
Then, outside the laser-affected area, the relationship
was evaluated as:

Yi = Si =+2D1 I’nAc y

where D =kb—T, D is the diffusion coefficient, kp is
3ned

the Boltzmann constant, ¢ is the dynamic viscosity,

T is the temperature, t is the time step, r, is a

normally distributed random number, and A, is the
step reduction factor: A, =1/r,, where r, is a

random integer from the interval [1, N¢], 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
ay; and od; respectively, where a>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.

@ (b)

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

9 :
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Fig. 25. (1) IV characteristics — the dependence for the two measurement configurations (see text):

a— contact; b — tunnel; (2) -

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

IV characteristics with a change in the polarity of the applied microcontacts

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:

1

exp(e/kT)

where k is the Boltzmann constant and ¢ is the
activation energy of conductivity [17].

The dependencies obtained require separate,
detailed consideration, taking into account various

GN
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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

E(r)=iir,
4me R

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

1

Ep(R)~ — Regarding the enhancement G at the
R

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

1
ratio G = Ep/Ef, where E¢ ~ — and Ry is the radius
R¥

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
t0 8.7 - 10%).

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. 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 sp?-carbon inclusions
within a sp®-diamond matrix. According to [88], this
occurs via a percolation mechanism.

20 20
60 60
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140
180
20 60 100 140 180 20 60 100_140 180
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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 A, ¢ = 4.12 A [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 g-cm™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
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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

232 Bukharov D.N., Tumarkina D.D., Kucherik A.O., Tkachev A.G., Arakelyan S.M., Burakova 1.V., Burakov A.E.



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

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 h(t), 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:

h=+/Nf (L= )+(NF )2,

where f =1/L is the probability of filling a given
column, and L is the width of the calculation area, i.e.,

h' =h'™ +1, 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:

hj = maX{(hJ_l,hJ +1’hj+1)’

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

(b)

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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X =IW; Ye=rL; 6=2nr;

Xy =X +Lcog(0)/2; y, =y, +Lsin(0)/2;

X =X, —Lcos(0)/2; y; =y, —Lsin(0)/2,
where r is a random number with a uniform distribution,
and 0 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

10
10 70 90X, a.u.10

(@) (b)

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.

Y,a

(a)

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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