TSTU Publishing

nt)
96 (Online)

dvanced
aterials and
Technologies

Vol.10, No. 2.
2025




ISSN 2782-2192  (Print)
ISSN 2782-2206 (Online)
DOI: 10.17277/jamt

ISMAN

1410
ard

Journal of Advanced Materials

and Technologies

Vol. 10, No. 2.
2025

Tom 10, Ne 2,
2025

© Tambov State Technical University, Tambov, Russian Federation, 2025
© Merzhanov Institute of Structural Macrokinetics and Materials Sciences of Russian Academy of Sciences,
Chernogolovka, Moscow region, Russian Federation, 2025
© Design by TSTU Publishing, 2025



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

“Journal of Advanced Materials and Technologies” is a peer-reviewed scientific journal of research in materials science and related

400 J A

N
A e
-M:T ey .

o

N

N

Journal of Advanced Materials and Technologies

Scientific Journal

issues in materials physics and mechanics.

“Journal of Advanced Materials and Technologies” publishes original articles, reviews, short reports written by both renowned

scientists and young researchers that contribute to the development of modern materials science.

The journal promotes research and exchange of information in the field of theoretical and practical research into materials science,

modeling of processes involved in the creation of new materials, including nanomaterials, their properties and application.

The journal papers and metadata abstracted and indexed in Chemical Abstracts, RSCI, CAS (American Chemical Society), Google
Scholar, WorldCat, ROAR (Registry of Open Access Repositories), OpenAIRE (OpenAIRE — Open Access Infrastructure for Research

in Europe), BASE (Bielefeld Academic Search Engine), RePEc: Research Papers in Economics, EBSCO.

92

ISSN 2782-2192 (Print), ISSN 2782-2206 (Online)

Rename information

The journal was founded

Publication frequency

Founders

Postal address
Editorial office
address
Contacts
Printing House
Website
E-mail

Phone

Subscription

Editor-in-Chief

Advanced materials & technologies (2016-2021)
Print ISSN 2414-4606, Online ISSN 2541-8513

2016

Quarterly

Tambov State Technical University (TSTU),

Merzhanov Institute of Structural Macrokinetics and Materials Sciences of Russian

Academy of Sciences (ISMAN)

TSTU: BId. 2, 106/5, Sovetskaya St., Tambov, 392000
ISMAN: 8, Academician Osipyan St., Moscow region, Chernogolovka, 142432

BId. 2, 106/5, Sovetskaya St., Tambov, 392000

Phone + 7 4752 63 03 91; amt.journal@yandex.ru

TSTU Publishing, 112A, Michurinskaya St., Tambov, 392032
Phone +7 4752 63 03 91; + 7 4752 63 07 46

http://amt.tstu.ru/
amt.journal@yandex.ru
+7 4752 63 92 93

The electronic version of the Journal is freely available on the journal’s website, as well as in
open access databases.

Mikhail 1. Alymov, D. Sc. (Engineering), Professor, Corresponding Member of the
Russian Academy of Sciences



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

/a

« 400 J A -M-

Journal of Advanced Materials and Technologies

Hay4uHblii sKypHaJI

«Journal of Advanced Materials and Technologies» — Hay4HbII1 perieH3UpyeMBbIi )KypHAII, TOCBSILEHHBIA NCCIIEI0BaHHUAM B 00J1aCTH
MaTepHaIoBeCHHS ¥ NPUMBIKAIOIINX BOIIPOCOB (PM3MKU U MEXaHUKH MaTepHAJIOB.

Kypuan «Journal of Advanced Materials and Technologies» myOnuKyer OpHrHHaNbHBIC CTAaThh, O030pBI, KPaTKUE COOOIICHUS,
COICHCTBYIOIINE PA3BUTHIO COBPEMEHHOW HAyKH O MaTepHaiax, IOATOTOBICHHBIC KakK H3BECTHBIMH YUCHBIMH, TaK M MOJOIBIMH
CIICLIHATICTAMH.

Muccusi KypHaja — oOMEH aKTyaJbHOH Hay4HOH HH(pOpManued B 00NaCTH TEOPETHYECKMX M IPAKTUYECKUX HCCICIOBAHUN M
MOJIETPOBAHUSI TIPOLIECCOB, CBA3AHHBIX C TMOIyUEHHEM, ONPE/EIEHUEM CBOWCTB HOBBIX MaTE€PHAOB, B TOM YHCIIE HAHOPa3MEPHBIX, U UX
MPHMEHEHHSI.

CpeznctBo MaccoBoi MH(MOPMAIMHU MEPUOIMIECKOe MedaTHoe u3ganue, xypHan «Journal of Advanced Materials and Technologies»
3apeructpupoBano PenepanbHoll ciyx)00i 0 Hag30py B cdhepe CBsA3M, HHPOPMAIIMOHHBIX TEXHOJIOTUH M MacCOBBIX KOMMYHHUKAIIHH.
Peructpaunonnsiit Homep CMU [TU Ne ®C 77-74804 ot 25.01.2019.

JKypHan BXOOUT B MepedeHb PEIEH3UPYEMBbIX HaydHBIX n3faHuil (mepedeHb BAK MunoOpuayku P®) ot 16 nexadps 2021 r. mo
Hay4YHbIM crienuanbHOCTsM: 1.4.15 — Xumus tBepmoro tema; 2.6.6 — HanoTtexHomornu u HaHomarepuansl, 2.6.13 — Ilpoueccor u
anmaparbl XUMHUUYECKUX TeXHoaorui; 2.6.17 — MarepuanoseneHue.

Kypuan unnexcupyercs B PUHII, RSCI, Chemical Abstracts, CAS (American Chemical Society), Akagemus Google (Google Scholar),
WorldCat, COLIMOHET, ROAR (Registry of Open Access Repositories), OpenAIRE (OpenAIRE — Open Access Infrastructure for
Research in Europe), BASE (Bielefeld Academic Search Engine), RePEc: Research Papers in Economics, EBSCO.

ISSN 2782-2192 (Print), ISSN 2782-2206 (Online)

«Advanced materials & technologies» (2016-2021)
Print ISSN 2414-4606, Online ISSN 2541-8513

Ceedenusn
0 nepeumMenHo8anuu

Kypuan ocnosan 2016 r.

Ilepuoouunocmo 4 pasa B ron

Yupeoumenu OenepaibHOE TOCYJAPCTBEHHOE OIO/PKETHOE 00pa3oBaTebHOE YUPEXKACHHE BBICHIErO 0Opa30BaHUS
«TamOboBckuit rocynapcTBeHHbIN TexHnueckuid yausepeute (PI'BOY BO «TI'TVY»),
®denepanbHoe TOCYAApCTBEHHOE OIOPKETHOS YYpeXkKICHHEe HayKu IHCTHTYT CTpyKTypHOH
MaKpOKHHETHKH ¥ MpobieM MaTepuanoBeneHus uM. A. . MepxkanoBa Poccuiickoii akagaemun
Hayk (MCMAH)

Aopeca yupeoumeneii OIbOY BO «TT'TY»: 392000, TamboBckas oGmacts, Tr.0. ropox TamboB, r. Tambos,

Aopec uzoamensn

Aodpec pedaxkyuu
Konmaxmot
Aopec munozpaguu

yi. Coserckasi, 1. 106/5, moment. 2,
HNCMAH: 142432, MockoBckas 001acTb, T. UepHoronoBka, yi. Akanemuka OcumbsHa, 1. 8

OI'bOY BO «TT'TY»: 392000, TamboBckas ob6macts, r.0. ropon TamboB, T. TamboB,
yi. CoBetckas, 1. 106/5, nomenr. 2

392000, TamboBckas obnacts, r.o. ropox Tam6oB, r. Tam60B, yi. Coerckas, 1. 106/5, noment. 2
Ten.: + 74752 63 03 91; amt.journal@yandex.ru
392032, TamboBckas 0011, T. Tam0O0B, yin. Muuypunckast, a. 112A

Ten.: + 74752 63 03 91; + 7 4752 63 07 46

Caiim http://amt.tstu.ru/

E-mail amt.journal@yandex.ru

Teneghon +7 4752 63 92 93

Iloonucka DNeKTpOHHAs BepcHsl JKypHala HaXxOJUTCS B CBOOOJHOM JOCTYIE Ha CaiiTe )ypHalja, a TaKkke
B 0a3ax JaHHBIX OTKPBITOrO JOCTYIIa

T'naguwiii peoakmop AnbiMoB Muxaun MBanosudy, a. T. H., mpodeccop, wieH-koppecnonnenT PAH

93



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

EDITORIAL BOARD

Mikhail 1. Alymov, D. Sc. (Eng.), Professor, Corresponding Member of the Russian Academy of Sciences (RAS), Director of Merzhanov
Institute of Structural Macrokinetics and Materials Sciences RAS (ISMAN), Chernogolovka, Moscow Region, Russian Federation

Mikhail N. Krasnyansky, D. Sc. (Eng.), Professor, Rector of Tambov State Technical University (TSTU), Tambov, Russian Federation

Alexey G. Tkachev, D. Sc. (Eng.), Professor, Head of Department of Technologies and Methods of Nanoproducts Manufacturing, TSTU,
Tambov, Russian Federation

Irina V. Burakova, Ph.D., Associate Professor of Department of Technologies and Methods of Nanoproducts Manufacturing, TSTU, Tambov,
Russian Federation

Yana V. Ikonnikova, Ph.D., Senior Lecturer, TSTU, Tambov, Russian Federation

Imran Ali, Ph.D., FRSC, Professor, Department of Chemistry, Jamia Millia Islamia (Central University), New Delhi, India

Vyacheslav M. Buznik, D. Sc. (Chem.), Professor, RAS Academician, All-Russian Scientific Research Institute of Aviation Materials, Moscow,
Russian Federation

Stepan N. Kalmykov, D. Sc. (Chem.), Professor, RAS Academician, Dean of the Faculty of Chemistry at the Lomonosov Moscow State
University, Moscow, Russian Federation

Valeriy P. Meshalkin, D. Sc. (Eng.), Professor, RAS Academician, Head of Department of Logistics and Economic Informatics, Mendeleev

University of Chemical Technology of Russia, Moscow, Russian Federation

Tatyana P. Dyachkova, D. Sc. (Chem.), Professor, Director of Center for Collective Use of Scientific Equipment “Production and Application of
Multifunctional Nanomaterials”, TSTU, Tambov, Russian Federation

Jesus Iniesta Valcarcel, Ph.D., Associate Professor, Department of Physical Chemistry, University of Alicante, Alicante, Spain

Rami J. Sldozian, PhD, Lecturer at the Department of Applied Science, University of Technology, Baghdad, Iraq

Ruslan Kh. Khamizov, D. Sc. (Chem.), Professor, Director of Vernadsky Institute of Geochemistry and Analytical Chemistry of RAS, Moscow,
Russian Federation

Mikhail L. Kheifetz, D. Sc. (Eng.), Professor, Director of Institute of Applied Physics of National Academy of Science of Belarus, Minsk, Belarus

Roman B. Morgunov, D. Sc. (Phys. and Math.), Professor, Leading Researcher, Institute of Problems of Chemical Physics RAS, Chernogolovka,
Moscow Region, Russian Federation

Fadei F. Komarov, D. Sc. (Phys. and Math.), Professor, Academician of the National Academy of Sciences of Belarus, Head of Elionics
Laboratory at A. N. Sevchenko Institute of Applied Physical Problems of Belarusian State University, Minsk, Belarus

Stephane Mangin, Ph.D., Professor, Physics of Matter and Materials Department, Institute Jean Lamour, University of Lorraine, Nancy, France

Dimiter Stavrev, D. Sc. (Eng.), Professor, Professor of Department of Materials Science at the Technical University of Varna, Varna, Bulgaria

Alexander M. Stolin, D. Sc. (Phys. and Math.), Professor, Head of Laboratory, ISMAN RAS, Chernogolovka, Moscow Region, Russian
Federation

Yoshifumi Tanimoto, Ph.D., Professor, Hiroshima University, Japan

Vener A. Valitov, D. Sc. (Eng.), Leading Researcher, Institute for Metals Superplasticity Problems of the Russian Academy of Sciences,
Ufa, Russian Federation

Sergey M. Arakelian, D. Sc. (Phys. and Math.), Professor, Head of the Department of Physics and Applied Mathematics, Vladimir State
University, Vladimir, Russian Federation

Arif A. Babaev, D. Sc. (Phys. and Math.), Professor, Head of the Laboratory of Optical Phenomena in Condensed Matter, Institute of Physics
of Dagestan Scientific Center of Russian Academy of Sciences, Makhachkala, Republic of Dagestan, Russian Federation

Evgeniy I. Terukov, D. Sc. (Eng.), Professor, Deputy Director for Science of R&D Center of Thin-Film Technology for Energetics under loffe
Institute, St. Petersburg, Russian Federation

Valeriy Yu. Dolmatov, D. Sc. (Eng.), Head of Research Laboratory at the “Special Construction and Technology Bureau “Technolog”,
St. Petersburg, Russian Federation

Valeriy V. Savin, D. Sc. (Phys. and Math.), Leading Researcher, Head of the Laboratory of Physical Materials Science, International Research
Center “X-ray Coherent Optics”, Immanuel Kant Baltic Federal University, Kaliningrad, Russian Federation

Gennady E. Selyutin, Ph.D., Associate Professor, Senior Researcher, Federal Research Center “Krasnoyarsk Science Center” of Siberian Branch
of the Russian Academy of Sciences, Krasnoyarsk, Russian Federation

Vladimir V. Petrov, D. Sc. (Phys. and Math.), Professor, Saratov State University, Saratov, Russian Federation

Yury E. Kalinin, D. Sc. (Phys. and Math.), Professor, Voronezh State Technical University, Voronezh, Russian Federation

Viadimir S. Sevostyanov, D. Sc. (Eng.), Professor, Head of the Department “Technological Complexes, Machines and Mechanisms”,
V. G. Shukhov Belgorod State Technological University, Belgorod, Russian Federation

Victor M. Mukhin, D. Sc. (Eng.), Professor, D. Mendeleev University of Chemical Technology of Russia, Moscow, Russian Federation

Viadimir D. Vermel, D. Sc. (Eng.), Professor, Head of the Scientific and Technical Center of the Scientific and Production Complex, Central
Aerohydrodynamic Institute, Zhukovsky, Moscow Region, Russian Federation

Nadezhda V. Usoltseva, D. Sc. (Chem.), Professor, Director of the Research Institute of Nanomaterials, Ivanovo State University, Ivanovo,
Russian Federation

Lyaylya A. Abdrakhmanova, D. Sc. (Eng.), Professor, Kazan State University of Architecture and Engineering, Kazan, Russian Federation

Vyacheslav A. Sergeev, D. Sc. (Eng.), Professor, Director of the Ulyanovsk branch of Kotelnikov Institute of Radioengineering and Electronics
of Russian Academy of Science, Ulyanovsk, Russian Federation

Irina V. Zaporotskova, D. Sc. (Phys. and Math.), Professor, Director of the Institute of Priority Technologies, Volgograd State University,
Volgograd, Russian Federation

Vladimir E. Guterman, Ph.D., Professor, Leading Researcher, Southern Federal University, Rostov-on-Don, Russian Federation

Valeria S. Tafintseva, Ph.D., Researcher, Department of Physics, Faculty of Science and Engineering, Norwegian University of Life Sciences,
Norway

Vyacheslav M. Tyutyunik, D. Sc. (Eng.), Professor, Director General of International Nobel Information Centre (INIC), Ltd., TSTU, Tambov,
Russian Federation

Translator: Natalia A. Gunina, Ph.D., Associate Professor, Head of Department of International Professional and Scientific Communication,
TSTU, Tambov, Russian Federation

94 Editorial board



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

COBET PEJAKTOPOB

Anvimoe Muxaun Heanosuu, 1.1.H., npodeccop, uieH-koppecronnent PAH, aupekrop MHcTHTyTa CTPYKTYpHO#H MaKpOKHHETHKH U MaTepua-
nosenenust uMm. A.I'. Mepxanosa PAH (MCMAH), Yepnoronoska, MockoBckast 06nacth, Poccus

Kpacuanckuit Muxaun Hukonaesuu, n.71.H., npodeccop, pekrop, TamOoBckuit rocymapctBeHHblii Texuuueckuit yHuepcuter (TTTY),
Tam60B, Poccust

Txaues Anekceii I'puzopvesuu, n.1.1., npodeccop, 3aBeayromuii kadenpoir «TexHHKa U TEXHOJIOTHH IIPOM3BOJCTBA HAHOMPOAYKTOBY, TT'TY,
Tam60B, Poccust

Bypakosa Hpuna Braoumuposna, x.T.H., TOIEHT, TOLUEHT Kadenpsl « [eXHHKa U TEXHOJIOIHH IPOM3BOACTBA HaHONIPOykToB», TI'TY, Tam0o0B,
Poccus

Hxonnukoea fna Braoumuposna, . punon. H., crapmmii npenogasarens, TT'TY, Tam6os, Poccus

Anu Hwmpan, PhD, FRSC, npodeccop xadenpsr xumun, xamus Mwus Vcnamus (Lertpansusiit yansepeuret), Hero-/lenn, Maans

Bysnux Bauecnae Muxaiinoeuu, n.x.H., npodeccop, akageMuk PAH, Bcepoccuiickuii Hay4HO-HCCIIEOBATENLCKUHA HHCTUTYT aBHALIMOHHBIX
MatepuanoB, MockBa, Poccust

Kanmvikoe Cmenan Hukonaeguu, 1.X.H., npodeccop, akagemuk PAH, nexan xumuueckoro ¢akyibrera MOCKOBCKOTO rOCYAapCTBEHHOTO YHH-
Bepcurera uM. M. B. JlomonocoBa, MockBa, Poccus

Mewankun Banepuii Ilagnosuu, n.1.1., npoeccop, akanemuk PAH, 3aBeayrommuii kadeapoit «JIOrucTuky U SKOHOMHYECKOI HH(DOPMATHKID)

Poccuiickoro xummuko-TexHojgoruueckoro yuusepcurera uM. [[. 1. MenneneeBa, Mocksa, Poccust

/vauxoea Tamvana Ilemposna, 1.X.H., 1podeccop, IUPEKTOp LEHTPA KOJUIEKTUBHOIO MOJIb30BaHUs HayuyHbIM oOopyznoBanueM «IlomyuyeHue
Y IpEMEHEHUE NoNMM(pYHKIMOHANBHBIX HaHOMaTepuanoBy, TI'TY, Tam6oB, Poccus

Huvecma Xecyc Banvkapcens, Ph.D., nouenr xadenps! pusndeckord Xumun Y HUBepcuTera Annkanre, Anukanre, Mcnanus

Cnoosvan Pamu /[xco3edh, k.1.H., npenoaBarens Kadeapsl NPUKIAIHBIX HayK, TexHomorndeckuit yausepeuret, barnan, Mpak

Xamuszoe Pycnan Xasxccemosuu, 1.X.H., npodeccop, AupexTop, MHCTUTYT reoxumMun U aHanuTudeckod xumuu uMm. B. 1. Bepuanckoro PAH,
MockBa, Poccust

Xeiighey Muxaun JIveosuu, 1.7.1., npodeccop, TUpeKkTop uHCTHTYTa, MHCTHTYT nprkiannoi ¢husuku HAH Benapycu, Munck, benapych

Mopzynoe Poman Bopucosuu, 1.¢.-m.H., mpodeccop, raBHbIA HAYYHBIA COTPYIHUK, MHCTUTYT mpobiem xumuyeckoit ¢pusuku PAH, r. UepHo-
rojioBka, MockoBckas o0JacTh, Poccus

Komapoe ®aoeii Dadeesuu, n.¢h.-m.H., npodeccop, akanemuk HarmonansHo# akagemun Hayk PecryOnuku benapycs, 3aBenyrorumii 1abopato-
pueii snuonuku, UHCTUTYT mpuknagHeix (usndeckux npodimem uM. A. H. CeBueHko Bemopycckoro rocynapCTBEHHOTO YHHBEPCHUTETA,
Munck, benapycs

Manzun Cmeghan, Ph.D., npodeccop xadenpsr puszuku marepun u Mmatepuanos Mucturyra XKauna Jlamypa, Yuusepcuret Jlorapunruu, Haucwu,
Opannus

Cmasepes /[lumump, 1.1.H., ipodeccop, npodeccop kadenpsr «MatepuanoBeneHus», BapHeHCckuii TexHHYECKUii yHUBepcuTeT, BapHa, bonrapus

Cmonun Anexcandp Mouceesuu, n.¢.-M.H., npodeccop, 3aBeayrommuii nadoparopueii, UCMAH PAH, Yepnoronoska, MockoBckast 001acTb,
Poccus

Tanumomo Ecughymu, Ph.D., npoeccop, XUpocHMCKUN yHUBEpCUTET, SmOHMSL

Banumog Benep Ansapoeuu, n.T.H., BeLyIUi Hay4HEIH COTPYIHHK, IHCTHTYT npoGieM cBepXiutacTHaHOCTH MeTamioB PAH, Va, Pecrrybmmka
bamkoprocran, Poccust

Apakenan Cepzeii Mapmupocoseuu, 1.¢.-M.H., ipodeccop, 3aBenyromuii kadenpoil GU3uKy U NpUKIagHOW MaTeMaTHKH, Biaxumupckuii rocy-
napctBeHHbIH yHuBepeuteT UM. A. I'. u H. I'. CroneroBsix, Bagumup, Poccus

babaes Apugh Azumosuu, n.¢d.-M.H., podeccop, 3aBeayIOMNil 1adopaTOprei ONTHYECKUX SBJICHUH B KOHICHCHPOBAHHBIX cpexax MHcturyTta
¢uzukn nm. X. U. Amupxanosa JJHL] PAH, Maxaukana, Pecrryonuka Jlarecran, Poccus

Tepykoe Eezenuit Heanosuu, n.71.H., podeccop, 3aMECTUTENb TeHepalIbHOTO JUpeKkTopa o HayuHoi padore OOO «HTL] ToHKOIIEHOYHBIX
texHouoruii B snepreruke npu @TU um. A.®. Nodder», Cankr-IlerepOypr, Poccus

Honmamos Banepuit IOpvesuu, 51.T.H., HAYJIbHUK HAay4YHO-HCCIIEJOBAaTENbCKON saboparopuu, «CHelnuanbHoe KOHCTPYKTOPCKO-TEXHOJIO-
rudeckoe O0ropo «Texnomor», Cankr-IlerepOypr, Poccus

Casun Banepuii Bacunveguu, 1.¢.-M.H., BeIyIINi HAyYHBIA COTPYHHUK, 3aBeyIOIINI TabopaTopueil pusndeckoro matepranosenennss MHUL]
«KorepeHTHasi peHTTeHOBCKasi ONTHKA JUIsi yCTAaHOBOK «MeracaiieHey», bantuiickuii ¢enepanbhblii yHuBepcuteT uM. Vimmanymina Kanra,
Kanununrpan, Poccust

Centomun I'ennaouii Ezoposuu, x.b-M.H., TOLUEHT, CTapLIMi HAYYHBIA COTPYAHHUK, IHCTUTYT XMMHUH U XUMHYECKOH TexHoiaoruu Cubupckoro
otnenenus Poccuiickoii akanemun Hayk ®@UL] KHL] CO PAH, Kpachosipck, Poccust

Ilempoe Bnaoumup Bnaoumuposuu, n.¢.-M.H., npodeccop, CapaToBCKHd HAIlMOHAIIBHBIN HCClieioBaTebckuil yHuBepeuteT uM. H. I'. UepHsbi-
uieBckoro, Caparos, Poccust

Kanunun IOpuit E2oposuy, n.¢.-m.H., npodeccop, BopoHekckuii rocy1apcTBeHHbI TEXHUYECKUI YHUBEpCcUTeT, Boponex, Poccus

Cesocmuanoe Bnaoumup Cemenosuu, n.1T.H., npodeccop, 3aBeayroumii kapenpoit «TexHomornueckue KOMIUICKCHI, MAIIUHBI U MEXaHU3MBbI»,
Benropoackuii rocynapcTBeHHbli TexHonornueckuit yausepeuteT um. B. I'. Ilyxosa, benaropoa, Poccust

Myxun Buxmop Muxaitnosuu, 1.17.1., npodeccop, Poccuiickuit xumuko-TexHonorndeckuit ynusepeutet um. JI. 1. Menneneesa», Mocksa, Poccust

Bepmens Braoumup /Imumpueeuu, n.1.H., npodeccop, HauanbHUK Hay4dHO-TEXHHYECKOTO IIEHTpPa HAYYHO-TPOU3BOJCTBEHHOTO KOMILIEKCA,
LenTtpanbHbiii asporuapoauHamudecknii ”HCTUTYT UM. ipodeccopa H. E. XKykosckoro, MockoBckas obnacts, XKykoBckwuii, Poceunst

Yconvyesa Haoesncoa Bacunvesna, n.x.H., npodeccop, aupekrop HUU nanomarepuanos, MBaHOBCKHII TOCYJapCTBEHHBIH YHHUBEPCHUTET,
HBanoBo, Poccust

Abopaxmanosa JIaiuna A6dynnosna, 1.7.1., npodeccop, KazaHckuii rocyrapcTBeHHbIN apXUTEKTYpPHO-CTPOUTENBbHBIN yHIBepcuTeT, Kazanb, Poccust

Cepzees Bauecnas Audpeesuu, n.1.H., npodeccop, aupekrop YnbsHoBckoro ¢unnana OITBYH «MHCTUTYT pagloOTeXHUKH U AIIEKTPOHHKH
uM. B. A. Korensaukosa» PAH, YiesHosck, Poccust

3anopouxosa Hpuna Bnaoumuposena, n.d.-m.H., npodeccop, AUPEKTOP HHCTUTYTA MPHOPUTETHBIX TEXHOJIOTH, Bomrorpaackuii rocyaapct-
BeHHbIH yHHBepcuTeT, Bonrorpan, Poccus

T'ymepman Braoumup Egumosuy, n.x.H., npodeccop, IrIaBHBI HaydHblil coTpyHuK, KOxHbIH denepanbubli yHusepcurer, Pocros-Ha-/lony,
Poccus

Tagunuesa Banepus Cepzeesna, Ph.D., HaydHbIil cOTpynHHK, kKadenpa GU3UKH, GaKyIbTeT HAYKH M TeXHONIOTHH, HopBexckuil yHuBEpCHTET
€CTEeCTBEHHBIX HayK, HopBerns

Tromiounux Bauecnaé Muxaitnoguy, 10.1.1., npodeccop, reHepanpuslii qupexrop OO0 «MesxayHaponHsiii nHopMannoHHbI HoGenesckuii
nertp» (MUHLI), TI'TY, Tam60B, Poccust

Hepesoaunk: 'yauna Hatanmusa AnekcanapoBHa, K.¢.H., 3aBenyromuii kadenpoi «MexIyHapoaHas HaydHas U IPO(eCcCHOHATbHAS KOMMYHH-
karusi»y, TI'TY, Tam6oB, Poccust

Editorial board 95



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

CONTENTS
Original papers
Advanced structural materials, materials for extreme conditions

Stolin A. M., Stel'makh L.S. Kinetics of cold compaction of polytetrafluoroethylene-based
composite material taking into account structural factors in constant force modes on press plunger
OF 1S COMNSEANT SPEEA ...\ etint ittt ettt ettt ettt et e e et et e et e et ettt et e e et e reeneeeeaeaneanaans 98

Malakhov A. Yu., Seropyan S. A., Denisov I.V., Shakhray D.V., Boyarchenko O.D.,
Niyozbekov N. N., Volchenko E. I. Study of the influence of titanium interlayer on formation of
AlMg6—-12Cr18Ni10Ti weld interface during explosive welding ..............ccooviiiiiiiiiiiiiinan... 108

Nanostructured, nanoscale materials and nanodevices

Pchel’nikov A. V., Pichugin A. P. Chemically resistant nanostructured protective coatings for metal
SUTTACES ..ttt ettt 117

Manufacturing processes and systems

Zubov D. N., Sokolov S. A., Eganova E. M., Yakovlev V. B. Electron beam lithography using
NI (O S T IS 1 T L5 Al b ) ) S 129

Degtyarev A. A., Trishina A.V., Rostova D. P. Theoretical investigation of the interaction
mechanism of trialkylamine derivatives with the copper phthalocyanine surface ........................ 141

Materials for energy and environment, next-generation photovoltaics,
and green technologies

Kadum A. H. K., Burakova L. V., Badin D. A., Rybakova S. O., Timirgaliev A. N., Yarkin V. O.,
Kuznetsova T.S., Dyachkova T. P., Burakov A. E. Sorption dynamics of organic dyes from
aqueous solutions using activated carbon derived from peach modified with carbon
FEEN 310110101 S S 154

Reviews

Materials for energy and environment, next-generation photovoltaics,
and green technologies

Chaban V. V., Andreeva N. A. Design of carbon dioxide sorbents in the context of the potential
CNETEY LANASCAPE ..ttt e ettt 167

96 CONTENTS



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

COJEP)KAHUE
OpI/IFI/IHaJ'I])HI)Ie CTaTbHu

Coepemeunbte KOHCMPYKUUOHHbIE Mamepuaibl, mamepuaibl onsa 3Kcmpemaﬂbublxyc1106uﬁ

Croann A. M., Creabmax JI. C. KuHeTnka X0J0IHOTO YIUTIOTHEHHSI KOMIIO3UIIMOHHOTO MaTepuaia
Ha OCHOBE MOJUTETPAPTOPITUIICHA C YYETOM CTPYKTYPHBIX (haKTOPOB B PEKUMaX IMOCTOSHHOTO
YCUJTUA Ha TUTYHXEPE MPECCa WU €70 MOCTOSTHHOM CKOPOCTH . euuveeeneteenntteennneeenneeennneeenneeannnns 98

ManaxoB A. 0., Cepomnsin C. A., [denncoB H.B., Illaxpaii /. B., Bosipuenxo O. /.,
Hue3oexoB H. H., Botuenko E. U. VccnenoBanne BIUSHIS THTaHA Ha 00pa30BaHUE COCTUHEHUS
AMr6—12X18H10T B IPOLECCE CBAPKHU B3PBIBOM . ...uuutnnttnttnteeneenntenneeneenteenteanneenneenneanens 108

Hanocmpykmypuposannsle, HaHOPazIMepHbvle MAmMepPuabl U HAHOYCMPOICMea

HMueabHukoB A.B., IMuuyrmn A.Il. Xumocrolikue HAHOCTPYKTYpUPOBAHHBIC 3aIUTHbBIC
MOKPBITUSA U1 METAIMUECKUX TOBEPXHOCTEH .. .iuvtintitiiiit ittt ettt et 117

Hpou3eodcm6euuble npoueccst u cucmemabsl

3y6os /1. H., CoxouioB C. A., EranoBa E. M., SIxoBiaeB B. b. DnexkrponHo-ydeBas autorpadus

¢ UCTOJTE30BaHUEM Si0) B KAUECTBE TYBCTBUTECITBHOTO CITOS . ..uvvenesenseenseenseenseenneanneanseaneanneenes 129

HerrsipeB A. A., Tpumuna A. B., PocroBa /I. II. Teopernueckoe n3yyeHne MeXaHU3Ma B3aUMO-
JIEACTBHUS TTPOU3BOIHBIX TPHATKHUIAMIHOB C TTOBEPXHOCTHIO (DTATTOIMMAHIHA MEITH ...ve'vveenrenrnnnnnn. 141

Mamepuansl 013 InepzemMuKU U OKpysHcarouell cpeowvl,
domornekmpuueckan Inepzua cnedyrouLezo NOKOJIEHUA U 3ej1eHble MexXHO102Ul

Kanym A. X. K., Bypaxosa U. B., bagun /I, A., Peioakona C. O., Tumupramues A. H., SIpkun B. O.,
Kysnenona T. C., IbsiuxkoBa T. Il., Bypakos A. E. /lunamuka copOI[ui OpraHUUeCKUX KpacuTeen
13 BOJHBIX PAacTBOPOB aKTHBHUPOBAHHBIM YyTJIEM W3 TEpPCUKa, MOTU(PHUIIPOBAHHOTO YTIEPOTIHBIMU
HAHOTPYOKAME . ...ttt et ettt et et et et et e et et et et et et et et et et et et et et et et et et eneeneens 154

0630p

Mamepuanwt 012 Inepzemuru u OKpysHcaroueii cpeowvl,
gomornekmpuueckan IHePUA C1E0YIOW,E20 NOKOIEHUA U 3€IeHble MEXHO102UU

Yaoan B. B., AugpeeBa H. A. [IpoektupoBanne copOEHTOB INOKCHIA YIIIEpOa B paMKaxX KOHIIETI-
UM JTAHAIAPTA TOTEHIHUATBHOM JTHEPTHH ...ttt ettt ettt et eteete et e ateaieeneeneanen 167

CONTENTS 97



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 2

Original papers
Advanced structural materials, materials for extreme conditions

YK 66.011,621.762,532.135 DOI: 10.17277/jamt-2025-10-02-098-107

Kinetics of cold compaction of polytetrafluoroethylene-based composite material
taking into account structural factors in constant force modes
on press plunger or its constant speed
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Abstract: The article discusses the results of mathematical modeling of the one-sided pressing technological process of
powder fluoropolymer materials. The peculiarity of the theoretical description is the consideration of rheodynamics,
structuring and kinetics of compaction of the compressed medium. An important point of such a description is the choice
of rheological equations. In what follows, it is assumed that the compaction of the material occurs according to the
mechanism of viscous flow of the mass into pores (according to the theory of Ya.l. Frenkel). The rheological properties of
such a medium, i.e. the ability to deform and flow, are determined by the properties of the solid phase, the presence and
degree of porosity. Two variants of the technological process of pressing are considered depending on the externally
specified conditions for the movement of the press plunger: modes of a constant specified force or its constant speed.
The analysis of numerical calculations for each of these modes made it possible to identify their fundamental features.
It was found that in the mode of a specified force, progressive autobraking of the compaction process occurs over time.
It is shown that for pressing materials in both modes it is necessary to select such parameters when the time of structural
transformations is longer than the compaction time. The conducted analysis allowed to develop specific recommendations
for forecasting rational modes of one-sided pressing of powder materials.

Keywords: fluoropolymers; polytetrafluoroethylene; structural model; cold pressing; rheodynamics; structurization.
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KuHeTHKa X0/101HOI0 YIVIOTHEHUSI KOMIIO3MIIUOHHOI0 MaTepUaJia
HAa OCHOBE MOJUTETPAPTOPITHIICHA C YUETOM CTPYKTYPHBIX (DAKTOPOB
B Pe:KMMAaX NMOCTOSHHOIO YCHJIMSI HA IUIYHIKepe mpecca
WIH ero NMOCTOSIHHON CKOPOCTH
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AnHotamusi:  OOCYXIAlOTCS  pe3ynbTaThl  MAaTEeMaTHYECKOTO  MOJICITHUPOBAHHSA  TEXHOJOTHYECKOTO  MpoIiecca
OJTHOCTOPOHHETO MPECCOBAHUS TMOPOIIKOBBIX (DTOPIOIMMEPHBIX MaTepranoB. OCOOCHHOCTHIO TEOPETUIECKOTO OIHCAHUS
SIBIIICTCSL y4eT PEONMHAMHKH, CTPYKTYPHUPOBAHUS M KWHETHKH YIUIOTHEHHS CXKHUMaeMOW cpenbl. BakHBII MOMEHTOM
TAaKOTO ONFCAaHUS — BBIOOP PEONOTHYECKHX YpaBHEHHWHA. B manpHeHIIeM mpexamonaraercs, 9YTO YIUIOTHEHHE MaTepHhaia
MPOUCXOIUT IO MEXAHW3MY BSI3KOTO TE€UYeHHs Macchl B TOpHI (cormacHo Teopum . . ®dpenkemns). Peomormueckue
CBOKMCTBa TakKOH CpeIbl, TO €CTh CIMOCOOHOCTh K JAe(POPMHUPOBAHUIO M TEUEHUIO, OTPEACNISIIOTCS CBOMCTBAMH TBEPIOU
(da3pl, HAIMYMEM U CTCICHBIO MOPUCTOCTH. PacCMOTpEHBI JBa BapHaHTa TEXHOJIOTMYECKOTO IMPOIecca MPEeCCOBAHMUS
B 3aBHCHMOCTH OT 33JlaBa€MbIX M3BHE YCJOBHI Ha MEpeMelleHHe TUTyHXKepa Mpecca: PeKUMbl MTOCTOSHHOTO 3aJJaHHOTO
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YCHIJIMSL WJTH €70 TIOCTOSIHHOM CKOPOCTH. AHAJIN3 YHCJIEHHBIX PAacyeTOB ISl KAKIAOTO U3 ATUX PEKHMMOB MO3BOJIMII BHISIBUTH
WX TPUHIMIHAAIGHEIE OCOOCHHOCTH. YCTAHOBIICHO, YTO B PEKUME 3aJaHHOTO YCHIIMS TPOUCXOAUT IPOTPECCHBHOE
aBTOTOPMOYKCHHE TIpoIlecca YIDIOTHEHHs BO BpeMeHH. [loka3aHo, 4TO IS MPECCOBAHUSA MaTEpHANIOB B 00OUX peKHMax
clenyeT BHIOMpaTh TakWe MapaMeTphl, KOrJa BpeMs CTPYKTYPHBIX MpPEBpamieHHH OOJbINe BPEMEHH YIUIOTHEHHS.
[IpoBeneHHBIf aHANIM3 TO3BONMI BBIPAOOTAaTh KOHKPETHBIE PEKOMEHAALMH MPOTHO3a PANMOHANBHBIX PEKUMOB
OJTHOCTOPOHHETO MPECCOBAHMS TIOPOIIKOBBIX MAaTEPHAIIOB.
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s murupoanms: Stolin AM, Stel'makh LS. Kinetics of cold compaction of polytetrafluoroethylene-based composite
material taking into account structural factors in constant force modes on press plunger or its constant speed. Journal of

Advanced Materials and Technologies. 2025;10(2):098-107. DOI: 10.17277/jamt-2025-10-02-098-107

1. Introduction

It is known that deformation has a strong effect
on the structure of the forming polymer and on the
kinetics of viscosity changes during technological
processes. Despite the successes achieved and a large
number of published works in this area, there are still
phenomena and dependencies which nature is still
unclear. This is quite understandable if we take into
account the fact that problems of structural-
deformational dependencies cover a wide range of
processes, phenomena and objects in the chemistry
and mechanics of polymers [1, 2]. During shear
deformation  of  fluid  structured  systems,
a phenomenon of viscosity superanomalies, named so
by the founder of domestic polymer rheology
G.V. Vinogradov, is realized [3]. This phenomenon is
associated with a decrease in resistance to
deformation with an increase in the deformation rate.
In this case, the rheological curve in the coordinates
of stress from the shear rate has an N-shaped form,
and one of the branches of this curve has a negative
slope (negative differential viscosity). It should be
noted that under conditions of super-anomaly of
viscosity, a sudden transition through the critical
value is possible, which leads to the fact that the
deformation mode with an almost intact structure and
high viscosity abruptly changes to the deformation
mode with an extremely destroyed structure and low
viscosity.

Previously, a theoretical analysis of the process
of one-sided pressing under conditions of a constant
speed on the press plunger and constant pressure of
powder composite polymer materials based on
polytetrafluoroethylene (PTFE) with small additives

(less than 5 %), such as silicon dioxide SiOj,

kaolinite  Al4[Si4019]J(OH)g, carbon nanotubes,
carbon fiber was carried out. New visual ideas about
the kinetics of compaction of powder materials based
on polytetrafluoroethylene under conditions of
constant pressure and speed of the press plunger were
established [4].

This paper presents a mathematical model of the
process of cold pressing of a viscous structured
material. Previously developed rheodynamic models
of solid-phase pressing of materials [4, 5] are
supplemented by taking into account the dependence
of viscosity on the structural parameter.

It is assumed that under the action of external
loads the structure of the material can be destroyed.
The processes of structural transformations, namely,
the destruction and restoration of the structure, are
similar to the process of a chemical reaction occurring
in the forward and reverse directions [3, 6, 7].
But rheodynamics was not taken into account in the
theoretical description of these processes.

The structural approach allows us to analyze the
dynamics of the deformation processes of structured
systems and explain the nature of various critical
(threshold) phenomena and oscillatory modes [7, 8].
This approach made it possible to analyze the
dynamics of the deformation process of structured
systems. Based on a numerical study of the problem
posed for the process parameters corresponding to
solid-phase  pressing of fluoropolymers, the
possibility of various deformation modes was
theoretically shown.

2. Process model and problem statement

The compaction of a viscous porous material in
a cylindrical chamber limited from above by
a moving piston should be considered. The axis of
symmetry of the work piece is taken as the z axis, the
positive direction of which is opposite to the direction
of piston movement.

The rheodynamic model of the process, which
does not take into account structural transformations,
is presented in [4]. The formulation of the problem
taking into account structural transformations
includes equations, equilibrium (1), continuity (2),
rheological relationships (3), (4), and a kinetic
equation describing the change in structure (5):
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where ©_.,0,,., Ogy are axial, radial and tangential

stresses; p is relative density of the material; u,
€ is shear and bulk viscosity of the material; V' is flow
rate of the material; p is density of the incompressible
base of the material, @ is a degree of structural
changes. Due to the high viscosity of fluoropolymers,
the Reynolds criterion is small [8, 9], therefore, for
cold pressing of fluoropolymers, the equilibrium
equation (1) can be used instead of the equation of
motion.

To study the process of structural transformations,
we use a model of the flow of a two-component
liquid taking into account the kinetics of the mutual
transformation of structural units [8].

Let the rheological system consist of structures
of types A and B, mutually transforming into each

AjB under the action of an applied
e

mechanical field with their concentration in the
volume a and b =1-a. In this case, the kinetic
equation for the change in structure is written as (5).
We assume that the processes of restoration and
destruction of the structure are activation processes,
the rates of destruction and restoration of structures
can be written as:

other

U -E
RT
U,+E
kz =k20 - 5
RT

where T is the sample temperature; U; is the
activation energy of viscous flow; R is a universal gas
constant; E| is the effective activation energy; ki, k20
are constants of destruction and restoration of the
structure, respectively. For cold pressing, the

temperature does not change during the process and
is equal to the ambient temperature (293 K).
Then the total rate of structural transformations:

olac_.)=-ka+k,(1-a).

Under the influence of a mechanical field,
deformation of bonds in the structure being destroyed
occurs, depending on the magnitude of the stress, and
the orientation of randomly directed molecular-
kinetic units, depending on the velocity gradient.
In this case, the effective activation energy
E|=pi0,,, where p; is the constant of the destruction
intensity. Due to the high viscosity of fluoropolymers
(108—4-109 Pa-s), orientational rotation is difficult and
the effective activation energy decreases only under
the action of compressive (or tensile) stress (this
applies to the mechanical destruction of polymers).

In this paper, the generalized Newton model is
used to describe the viscoelastic behavior of the

material:
4 or
G, =|—u+t é I
3 0z
where u=p(a)=pyexplka) is the viscosity

depending on the degree of structural transformations
a (the concentration of intermolecular crosslinks).
Usually, different deformation modes are set in
the experiment: a mode with constant force
(a constant pressure P is set on the piston) and a
mode with a constant deformation rate (a constant
piston speed is set): GZZ|Z=H(I) =-P, szlzzH(z) =V.

In this paper, both deformation modes are considered.

The problem is characterized by the presence
of a moving boundary: the upper boundary of the
solution region (Z= H), corresponding to the press
plunger

dt

The problem has two viscosity coefficients —
shear (n) and volume (§), depending on the density
and structural parameter (a):

w(p,7,a)=pop™ exp(ka);
4 4
&p,T)= gu(p,T,a)p/(l -p)= guop”’“/(l—p)exp(ka)-

At the initial moment of time, the density
distribution by the pressing height is given
p(z, 0) = po(z) = po+ (Pm — Po)z/Hy and the initial
distribution of the structure by sample a(z, 0) = ag(z).
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Boundary conditions:

z=0:V=0;

z=Hy: 6,,=—P (for the case of a given force on
the press plunger);

z=Hy: V,,= V) (for the case of a given speed on
the press plunger).

For the numerical solution of the problem,
Lagrangian coordinates associated with the medium
for stopping the upper moving boundary of the
sample were used. Lagrangian coordinates (g; f) have
the following meaning: ¢; =¢ is real time, mass
coordinate ¢ has the meaning of the relative mass
between the lower boundary of the mold and the
upper moving boundary z:

4=[otz 0
0

Hy
qo = jp(z,O)dz is the initial coordinate, which is the
0
total mass of the sample, expressed in linear units.
The problem statement in Lagrange coordinates has
the following form:

4 oV
G, = _“+é p—:
3 oq

2 oV
G, =0Opp = __“+E.~ pP—;
3 Oq

0(a)
- = (p(a’czz )/plp .
ot
Boundary conditions:
qg=0:V=0;
q = qo: 65, =—P (for the case of a given force on
the press plunger);
q=qo: V,, = Vy (for the case of a given speed on
the press plunger).
Initial conditions:

p(g, 0) = po(q);

a(g, 0) = ao(q)-
The equations were reduced to dimensionless

form and solved numerically using a conservative
balance scheme. This scheme ensures exact (without

taking into account the rounding error) fulfillment of
conservation laws on any grid in a finite region
containing an arbitrary number of nodes of the
difference grid [10]. The grid is non-uniform in space
and time. Then the resulting algebraic equations are
solved using the sweep method.

As a result of the solution, unknown stresses
(0,,,0,., Ogg), relative density (p), velocity (V),

structural parameter (a) were found, which are
functions of the coordinate (¢) and time (7).
The problem has two scales of characteristic

times:  compaction 7, =4u;/3P,  structuring
t, =1k, viscosity of the

incompressible base material, gq is the relative initial
mass of the material, P is the pressure on the piston.
Depending on the relationships between these scales,
various modes of compaction and structural changes
are possible.

Parameters  (technological parameters and
properties of polytetrafluoroethylene) vary within the
following limits: P=10"-5-10° Pa, V=810~
210° ms', p;=22510" kgm>, p=10"-
4-10° Pa-s, go=1.5-102-3-10 > m, kjo=1-10-1-10".
The characteristic times corresponding to these
parameter values vary in the following intervals:
t.=3102-53-10°s, 2,= 10 =10’ s.

where p; s

3. Results and Discussion

3.1. Pressing mode with constant force
on the press plunger

In general, the deformation mode is determined
by the ratio of characteristic times. The limiting
values of density and degree of structural changes are
affected by the main parameters of the process.

Below are the results of numerical calculations
for plunger cold pressing with a given force on the
press plunger. Fig. 1 shows the dependences of
density (p and structural parameter a on time ¢) for
two limiting cases: the time of structural changes is
much longer than the deformation time (Fig. 1a) and
the time of structural changes is shorter than the
deformation time (Fig. 1b). In the first case, the
samples are dense, but not completely structured, and
in the second case, the samples are not compacted to
the maximum value.

Transitional modes of structuring and
compaction lie between these extreme cases (Fig. 2).

It can be assumed that in the case when the

characteristic time of complete structuring ¢, is

comparable with the deformation time #., the samples
are smoother, but not compacted.
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Fig. 1. Dependence of relative density p (curve /) and structural parameter a (curve 2) on pressing process time ¢:
a—t.<<tg, b—t.>>1,

For the pressing mode with a given force on the
press plunger, the dependence of the time to reach the
maximum density value on the pressure on the press
plunger is shown in Fig. 3a. It is evident that for
pressure values less than 100 MPa, this time is very
long (more than 25 min, and the characteristic
compaction time is much longer than the structuring
time. The material will be uncompacted.

The characteristic times of compaction and
structuring strongly depend on the applied pressure
on the press plunger (Fig. 3b). If the pressure is less
than 100 MPa, the characteristic time of compaction
is significantly longer than the structuring time, and
when the pressure is greater than 130 MPa, the

characteristic times are comparable. In these cases,
the material is undercompacted and understructured.
Between these modes (pressure from 100 to
130 MPa), the characteristic time of compaction is
shorter than the structuring time, but the material has
time to undergo these processes and the material
should be of better quality.

3.2. Pressing mode with constant speed
on the press plunger

When pressing in the mode with a constant
speed on the press plunger, the material always
reaches the ultimate density value [6].
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Fig. 3. Pressure dependence P on the press plunger:
a — time ¢ to reach the limit value of density; b — characteristic compaction times (curve /) and structuring (curve 2)

But in the case when the time of structural
transformations is significantly longer than the
compaction time, the material is compacted to the
ultimate density, but the structuring process does not
have time to complete (Fig. 4). In a large range of
speeds (Fig. 3a, V=210" ms , Fig. 3b,
y=210" m-sﬁl) used in practice, this is exactly the
case. In Fig. 4a, the characteristic compaction time
(0.025 s) is much less than the structuring time (10 s),
and in Fig. 3b, the characteristic compaction time
(2.5 ) is slightly less than the structuring time (10 s),
and in both cases, the density reaches its ultimate
value, and structuring is not complete.

Figure 5 shows the case of pressing at a constant
speed, when the characteristic times of structuring
and compaction are comparable. It can be assumed
that in this case the material will be less durable than

in the case when the material is quickly compacted
(Fig. 4a), although the structuring process is not
finished.

The most acceptable case is when the
compaction time is several times (3 or 4 times) longer
than the structuring time. In this case (Fig. 4b) the
material reaches the limit value, the structuring
process is almost finished and the compaction process
itself is smoother than in the case of high speeds on
the press plunger, which should affect the quality of
the obtained samples towards its improvement.

Figures 6, 7 show the dependences of the density
and structural parameter on time for cases when the
characteristic compaction time is slightly less than the

structuring time (7.<t,) (Fig. 6), the characteristic
compaction time is much less than the characteristic

structuring time (¢, << t,) (Fig. 7).

Stolin A.M., Stel'makh L.S.
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Fig. 5. Relative density p (curve /) and structural parameter a (curve 2) versus pressing process time #:
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Fig. 6. Dependence of relative density p (a) and structural parameter a (b) on pressing process time ¢
at three different points: top is a blue curve /, middle is a red curve 2, bottom is a green curve 3, . <1,

In the first case, the material reaches the limit
value of density and the end of structuring, and the
difference in the value of the structural parameter of
the top and bottom of the material by the end of
pressing is no more than 0.05 (Fig. 7a). And for the
second case, the structuring is not finished, and it can
be assumed that there will be a non-uniform surface
(the plunger speed in this case is 2:10° ms =
=120 mm-minﬁl). Therefore, the option when the
speed is 12 mm-min " is preferable (Fig. 6).

4. Conclusion

The development of the cold solid-phase
pressing process depends on the ratio of the
characteristic times of compaction and structural

transformations. These times depend on the process
parameters: the press plunger speed, the pressure on
the plunger, the intrinsic properties of the material,
the bulk and shear viscosities and their dependence
on the density, the structural parameter, the geometry
of the setup and the sample [11-14]. The averaging
method used in this work and the application of
Lagrangian coordinates make it possible to simplify
the finding of the optimal region of parameters for the
implementation of the most favorable modes from the
technological point of view. For pressing materials in
modes with a constant force on the press plunger and
at a constant speed, such parameters should be
selected when the time of structural transformations
is slightly longer than the compaction time.
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Fig. 7. Dependence of relative density p (&) and structural parameter a (b) on pressing process time ¢
at three different points: top is a blue curve /, middle is a red curve 2, bottom is a green curve 3, #.<<t,

Then the samples are dense, although the
structuring process is almost complete, the
distribution of the structural parameter and density
along the height of the sample is uniform.
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Abstract: This paper presents the aspects of the formation of multilayer composite material (MCM) consisting of
aluminium-magnesium alloy AIMg6, titanium VT1-0 and austenitic stainless steel 12Cr18NilOTi during explosive
welding. This MCM has promising properties for use in various industries such as shipbuilding and automobile
manufacturing. However, the production of this material presents certain difficulties due to different properties of the
initial materials. In this paper, the effect of residual stresses occurring in MCM after explosive welding on the continuity
of the joint was investigated. Using metallographic studies and electron microscopy, it was found that the high velocity
impact process between different materials comprising MCM formed weld interfaces with straight and wavy profiles.
There was also evidence of dynamic recrystallisation at the 12Cr18Nil0Ti—VT1-0 weld interface and the formation of
vortex zones in wave crests. The microhardness of the layers was also measured. The measurement showed that hardening
occurred in MCM layers with the maximum value in the 12Cr18Nil0Ti steel layer. The evaluation of tear strength
revealed that the formation of cracks occurred at the interface between the VT1-0—AIMg6 weld interface, with an average
strength of 160 MPa. The results of the study may be useful to specialists in materials science, mechanical engineering and
other related fields.
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Annoranusi: PaccmarpuBatorcsi ocoOeHHOCTH (OPMHUPOBAHMS B IPOLECCE CBAapKH B3PHIBOM MHOTOCIOHHOTO
KOMITO3uIIMOHHOTO Matepuaia (MKM), cocrosiiero w3 alfOMHHHEBO-MarHueBoro crmiaBa AMr6, turana BT1-0
U ayCTeHUTHOU KopposuoHHOCTOMKOoN ctanmu 12X18HI10T. Hannenii MKM o6nagaeT HepCIEKTUBHBIMUA CBOMCTBAMHE IS
UCIIOJIb30BaHUsA B  Pa3JIMYHBIX OoTpaciiax IMPOMBIINIIICHHOCTH, TaKuXx Kak CYAOCTPOCHUEC u aBTOMO6I/IJ'H)HaSI
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MpOMBIIIEHHOCTh. OIHAaKO MpoLecC MOJY4YeHHUs TaKOro MaTepuana CONPSHKEH C ONpPENEeHHBIMU TPYIHOCTSIMH,
CBS3aHHBIMH C Pa3IMYMSIMH B CBOHCTBaX HCXOIHBIX MarepuaioB. [IpoBemeHO WccieIOBaHWE BIMSAHUS OCTaTOYHBIX
HaTpsDKCHUH, Bo3HUKatommx B MKM mocie cBapku B3pBIBOM, Ha CIUIOIIHOCTh coenuHeHns. C  MMOMOIIBIO
MeTaJUIOTPaPUUIECKIX MCCIEAOBAHUNA U ANEKTPOHHONH MHUKPOCKONHN OOHApPY>KEHO, YTO B MPOIECCE BBICOKOCKOPOCTHOTO
COoyJlapeHHs MEXIy pazIMYHbIMU MaTepuanamu, Bxomsamumu B coctaB MKM, ¢opMHUpYIOTCsS TpaHHUIbl COCIMHEHUS
C IpSAMBIM H BOJTHOOOpa3HBIM mpoduneM. KpoMe TOro, mOIydeHBI JaHHBIE O AWHAMHYECKOW PEKPHCTALIM3AINKA Ha
rpanune coenunenust 12X18H10T — BT1-0 u oOpa3oBaHMM BHXpEBBIX 30H B IpeOHsX BosH. [IpoBeneHO HM3MepeHHe
MUKPOTBEPJIOCTU CJIOEB, KOTOpPOE MoKa3ajio, 4uro B ciosix MKM mpousonuio ynpoyHeHHe, MakCUMalbHOE 3HAYCHHE
KoToporo 3adukcupoBaHo B cioe u3 cranmu 12X18H10T. McmbiTaHre MPOYHOCTH CIIOCB HA OTPHIB BBIIBHIIO, YTO
paspylieHue npoucxoAamio no rpanuue coeaunenus BT1-0 — AMr6 npu cpeaneir npounoctu 160 Mlla. Pesynbrarsl
WCCIICIOBAHMST MOTYT OBITh TOJE3HBI JUIS CIICIUAUCTOB B OOJIACTH MAaTEPUATOBEACHUS, MAITMHOCTPOCHUS U JPYTUX
CMEXKHBIX 00JIaCTeH.

KaioueBnle ci1oBa: cBapka B3pbBoM; AMro6; THTaH; MUKPOTBEPIOCTh; TPAHUIIA COCIUHEHHST; CTab.

s mutupoBanms: Malakhov AYu, Seropyan SA, Denisov IV, Shakhray DV, Boyarchenko OD, Niyozbekov NN,
Volchenko EI. Study of the influence of titanium interlayer on formation of AIMg6 — 12Cr18Ni10Ti weld interface during
explosive welding. Journal of Advanced Materials and Technologies. 2025;10(2):108-116. DOI: 10.17277/jamt-2025-10-

02-108-116

1. Introduction

Multilayer  composite  materials (MCM)
consisting of aluminum alloy and steel are widely
used in shipbuilding, automobile and railcar
manufacturing due to their high specific strength and
corrosion resistance [1, 2].

Currently, the most common technologies for
producing steel/aluminum alloy pairs are mechanical
connections (e.g. riveting, clamping, etc.) and
adhesive connections [3]. Mechanical and adhesive
connections are inferior in strength per unit area to
direct metal connections between sheets of steel and
aluminum alloy [4].

One of the technologies that allows obtaining
a metallic connection between aluminum alloys and
steels is explosive welding (EW) [5-7]. This
technology wuses the energy of explosives to
accelerate a metal sheet called a projectile and collide
it with a stationary sheet called a base sheet at high
speed. During the collision, the surfaces of the sheets
are cleaned of any oxides and contaminants, thereby
providing a metallic connection.

However, due to the significant difference in the
properties of aluminum alloys, and in particular
aluminum-magnesium and steel, it is problematic to
obtain a strong connection. First of all, this is due to
the formation of brittle intermetallic phases of the
Fe,Al, type at the boundary of the welded joint [8, 9].
For example, in [10], a bimetallic material of
aluminum alloy Al1100 with low-carbon steel was
obtained. Two types of intermetallic phases AlsFe

and AlsFe, were formed at the boundary of the joint.
To reduce the formation of intermetallic phases at the
interface of the aluminum alloy and steel, an
interlayer is used [4]. Typically, ductile materials,

pure aluminum, titanium, etc., act as an interlayer,
which allow achieving high strength and ductility of
the material [4, 11]. The use of an interlayer
of refractory materials (tantalum, vanadium, titanium,
etc.) helps prevent the formation of intermetallic
compounds  during heating during further
technological processing and operation of the product
[2]. For example, in [11], the authors showed that
a titanium interlayer prevents the formation of brittle
intermetallic phases Fe,Al,. Moreover, intermetallic
phases Ti,Al, are formed, which have a higher initial

temperature and a longer growth time than Fe,Al,.

A review of the work shows that most studies of
EW were carried out for aluminum alloys with a
magnesium content of less than 5 %. Explosion
welding of AIMg6 with stainless steel and titanium
has not been sufficiently studied.

The aim of the work was to study the influence
of the titanium interlayer on the microstructure and
mechanical properties of AIMg6—12Cr18Ni10Ti.

2. Materials and Methods
2.1. Initial materials

The following source materials were used to
obtain MCM: base sheet — aluminum-magnesium
alloy AlMg6 (4x200x300 mm); interlayer —
titanium VT1-0 (1x200x300 mm), rolled sheet —

austenitic corrosion-resistant steel 12Crl18Nil0Ti
(3%200x300 mm).
Table 1 shows physical and mechanical

properties of the source materials, such as density (p),
melting point (7},), yield strength o,, tensile strength
o, Brinell hardness (HB) and relative elongation (9).
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Table 1. Physical and mechanical properties of the source materials

Material Thickness, mm P, kg-m_3 T, °C oy, MPa o4, MPa HB 3, %
AlMg6 4 2640 630 160 350-355 81 17.9-20.7
Titanium 1 4500 1670 - 395-400 163 67-71
12Cr18Ni10Ti 3 7900 1450 205 530 106 52-56
Detonation
Steel plate

Shock-Compressed Gas

Fig. 1. Experimental scheme of the explosive welding experiment

The microstructure of AIMg6 consists of the
a-phase with a grain size of ~50 pm and the B-phase
of Mg,Alj located mainly along the grain boundaries
of the a-phase. AIMg6 contains insoluble inclusions
of the type (Fe,Mn). The microstructure of
12Cr18Nil0Ti consists of austenite with a small
amount of ferrite. The size of the austenite grains is
3040 um throughout the thickness of the material.
The microstructure of titanium mainly consists of the
o-phase, which has a fine-grained structure with
a grain size of 7 to 20 pm [12].

2.2. Production of multilayer composite materials

The experimental scheme for obtaining MCM is
shown in Fig. 1. A mixture of ammonium nitrate and
diesel fuel was used as explosive.

The parameters of EW were calculated using
formulas (1) and (2) [13]:

32
/1+—r -1
Vy=12D4 2.
32
/1+—r +1
27

)

Table 2. Explosive welding parameters of AIMg6 +
+ Titanium + 12Cr18Nil0Ti

D,ms " Vo/Vi, ms ' r Yo/v1, ©
2600 686/508 1,16 13,8/10,7
(Vo
y = 2arcsin| — |, 2)

2D

where V) is the velocity of the plate being thrown; D
is the detonation velocity of the explosive; r is a
dimensionless parameter equal to the ratio of the
mass of the explosive charge to the mass of the plate
being thrown, v is the impact angle.

The design parameters of EW are presented in
Table 2.

2.3. Quality control methods for welded joints

Ultrasonic testing (UT) was performed using
a UD2 BP flaw detector with a DF5012 sensor to
assess the continuity of the welded joint. Ultrasonic
testing was performed in 3 stages: after EW, 14 days
after EW and after heat treatment (HT). HT was
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performed in an SNOL 8.2/1100 electric muffle
furnace at a temperature of 450 °C and held for
1 hour while cooling with the furnace.

Samples for metallographic testing were cut
using a DK7725 electrical discharge machine from
areas with satisfactory weld continuity in accordance
with the ultrasonic testing maps. The samples were
ground on abrasive paper with a grain size of 120 to
2500, then polished on felt with diamond paste with
a grain size of 1-2 pm on a LAP-1000 automatic
grinding and polishing machine. Final polishing was
performed on an AEP 2.2 electrochemical polishing
machine.

Metallographic ~ testing of sections was
performed on a METAL LV-34 optical microscope.
The images were obtained using an MC-5.3 camera.
Microhardness was measured using the Vickers
method on a PMT-3M microhardness tester under
a load of 50 g using the MMC-Hardness software
package. [Energy dispersive microanalysis of
structural components was performed on a Zeiss
ULTRA plus electron microscope with an INCA
350 XT Oxford Instruments attachment for X-ray
microanalysis. The tear strength of the samples was
studied on an Instron 1195 universal testing machine.
Samples for metallographic studies and tear strength
studies were selected according to the corresponding
schemes presented in [12].

3. Results and Discussion

After the UT, maps were compiled (Fig. 2),
where the continuity zones are shown as green areas.
The continuity of the joint after the UT was 35 % of
the total plate area (Fig. 2a).

After the EW, residual stresses arise in the
material. They arise as a result of local deformations
of the metal due to uneven heating during EW.
Residual stresses are mainly concentrated at the weld
interface [14]. If the level of residual stresses exceeds
the strength of the joint, this can lead to delamination
of the material. To determine the effect of residual
stresses on the continuity of the joint, UT was carried
out immediately after the UT and 14 days after the UT
experiments. In the second case, the continuity of the
joint was about 30 % of the total plate area (Fig. 2b).
The presence of residual stresses in the material led to
a decrease in the continuity of the joint.

Subsequent maintenance and UT showed that
the continuity of the joint did not change. Thus, it can
be concluded that within 14 days, complete relaxation
of residual stresses occurs in the weld joint boundary
area.

> By

@ ®)

Fig. 2. Ultrasonic testing maps of joint continuity:
a —immediately after EW; b — 14 days after EW

Further studies of the microstructure were
carried out on samples after the HT. It is known that
during the HT process, new phases can form
at the boundary of the connection of dissimilar
materials, which can affect the properties of the
connection [15-17].

Figure 3 shows the boundary of the
12Cr18Ni10Ti — Titanium — AIMg6 joint, which has
a rectilinear profile between AIMg6 and titanium, and
a wave-like profile between titanium and
12Cr18Nil0Ti. The wavelength at the boundary of
the 12Cr18Nil0Ti — titanium joint is about 150 pum,
and the height is about 25 pm.

Figure 4 shows the microstructure of the
12Cr18Ni10Ti-Titanium joint boundary [18, 19].
During the EW process, vortex zones were formed
(area 1), around which dynamic recrystallization

~ 12Cr18NilOTi

AlMg6

200 pm

Fig. 3. Weld interface
of 12Cr18Nil0Ti — Titanium — AIMg6
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“Titanium

Fig. 4. Microstructure of 12Cr18Nil10Ti — Titanium weld interface

zones were found (area 2). It is known that a large
amount of heat is released in the vortex zones, which
promotes the formation of dynamic recrystallization
zones in titanium. This process is typical for materials
with low thermal conductivity [18, 19].

Localized shear bands (LSB) were also found
(area 3). LSBs were formed in titanium at the joint

mechanisms that occur in some materials at high
deformation rates, for example, during EW. This term
describes a sharp increase in temperature and the
transfer of heat to a narrow region [20].

Figure 5 shows the microstructure and EDS
analysis results of the weld interface. The results
show that the titanium interlayer limits mutual

boundary, at an angle of approximately 45°. diffusion between 12Cr18Nil0Ti and AIMg6
It is known that LSBs are one of the failure (Fig. 5a). The vortex zone consists of areas of brittle
~ 12Crl18Nil0Ti T Element content, at. %
o Mg | Al [si] 1 [ o [ Fe|Ni
2 | 04 | 33 | 08| 05 | 184 | 653 | 93
0.1 23 1.5 0.4 183 | 64.6 | 9.8
- - 23 - 97.5 0.1 0.1 -
- 0.2 2 - 973 - 0.2 0.3
4.1 6.7 88.7 | 03 - - 0.2 -
2 6.7 91.2 - - - 0.1 -
(@
Element content, at. %

Al Ti Cr Fe Ni

32 0.3 18.8 67.4 10.3

34 0.3 18.9 67.7 9.7

1.9 97.7 0.1 0.2 0.1

2.6 97.2 0.2 - -

24 96.8 0.1 0.5 0.2

300/ im
()

Fig. 5. SEM-images and results of EDS analysis of MCM 12Cr18Ni10Ti — Titanium — AIMg6:
a — microstructure MCM; b — vortex zone of weld interface 12Cr18Nil0Ti — Titanium
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intermetallic phases and a mechanical mixture of
titanium with elements of corrosion-resistant steel
12Cr18Nil0Ti (Fig. 5b, No. 5). Such a structure is
usually observed in pairs of materials with close
density values, such as AI/Al [21], steel/steel [22].
Figure 6 shows the microstructure of the
interface between 12Cr18Nil0Ti and titanium.
During EW, a melted zones of about 3 um thickness
was formed at the interface. According to the Fe—Ti
phase diagram and the results of EDS analysis (Fig.
6, point 2), it was established that the molten layer
consists of the brittle intermetallic phase TiFe [23].

Figure 7 shows the Titanium — AlMg6 bond
boundary. During the EW process, a melted zone up
to 20 um thick was formed (Fig. 7a). The results of
the EDS analysis showed that the melt consists of
titanium particles surrounded by the AIMg6 alloy
(Fig. 7b).

The study of the MCM microhardness showed
that near the boundary of the 12Cr18NilOTi —
Ttitanium joint an increase in microhardness occurs,
which is associated with the formation of a hardening
zone with a width of about 200 um (Fig. 8).

e e S

zc o Element content, at. %
' No.
Al Si Ti Cr Fe Ni
1 2.6 1.4 0.9 18 67.5 9.6
2 2.9 0.9 40.6 11.4 37.9 6.3
3 22 0.4 97.1 0.1 0.1 0.1
Fig. 6. SEM-images and results of EDS analysis of weld interface 12Cr18Nil0Ti — Titanium
TR Element content, at. %
No.
(0] Mg Al Ti
: 1 13.6 0.2 2 84.2
2 14 6 75.3 4.7
3 32 6.4 90.4 -
(@)
D D Titanium No Element content, at. %
. ) O Mg Al Ti Fe
1 8.1 - 1.9 89.8 0.2
2 13.9 0.2 2 83.9 -
3 22 6.1 91.6 0.1 -
4 2.6 5.8 91.5 0.1 -
5 1.1 4 90 1.4 3.5
6 3.1 52 88 0.2 3.5
7 3.8 6.6 85.9 3.5 0.2
8 10 6.4 80.7 2.9 -
9 3.7 3.5 50.2 42.6 —
10 14.5 3.9 47.9 33.7 -
11 8 2.6 21.8 67.5 0.1
(b)

Fig. 7. SEM-images and results of EDS analysis of weld interface Titanium — AIMg6:
a — microstructure weld interface; b — microstructure of melted zone
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Fig. 9. Tear strength distribution along the MCM length

Figure 9 shows a graph of the strength
distribution along the MCM length. It is evident from
the graph that the strength wvalue is unevenly
distributed along the MCM length. As the distance
from the initiation point increases, the strength of the
joint increases to 230 MPa, and from a distance of
200 mm it decreases to 172 MPa, which is apparently
due to the spread of explosives and the influence of
unloading waves. At the same time, the average tear
strength was 160 MPa. The destruction of the
samples occurred along the titanium-AIMg6 joint
boundary.

4. Conclusion

In the course of the work, a multilayer composite
material consisting of 12Cr18Nil0Ti, titanium and
AlMg6 layers was obtained using the EW method.

As a result of the study, it was found that the
continuity zone of the welded joint is located in the
central part of the multilayer composite material and
occupies 35 % of the total area of the material.
It is shown that after EW, the continuity of the joint is
affected by residual stresses, which over time lead to
a decrease in the area of the continuity of the joint.
The study of the microstructure of the multilayer
composite material showed that the boundary of the
joint between AlMg6 and titanium has a rectilinear
profile, and between titanium and 12Cr18Nil0Ti —
wavy with a length of 150 um and a height of 25 um.
At the boundary of the 12Cr18Nil0Ti — titanium
joint, areas of dynamic recrystallization and vortex
zones with plastically deformed layers around them
are observed at the tops of the waves. It was found
that melted areas were formed at the AIMg6-titanium
joint boundary, which were titanium particles
surrounded by AIMg6 alloy.

It was revealed that in the 12Cr18NilOTi steel
layer near the joint boundary, hardening occurred to
a depth of ~200 um. The average tear strength of the
multilayer composite material was 160 MPa.

Thus, this study allows us to better understand
the fundamental features of the EW process of the
12Cr18Nil0Ti — Titanium — AIMg6 multilayer
composite material.
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Chemically resistant nanostructured protective coatings for metal surfaces
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Abstract: The aim of this study is to develop nanostructured protective coatings with high chemical resistance for metal
surfaces. To modify paints and varnishes, compositions based on carbon nanotubes (CNTs), bismuth oxide nanoparticles,
silicon dioxide, titanium dioxide, magnesium hydroxide and aluminum hydroxide were used. The introduction of
nanomaterials into acrylic paint and varnish material helps to increase the adhesive strength of coatings, so the best effect
was determined with the introduction of CNTs in the amount of 0.1 % — the adhesive strength increased from 2.0-2.2 MPa
to 2.9-3.1 MPa with a change in the nature of the separation of the paint and varnish coating from the substrate from fully
adhesive (100 %) to adhesive-cohesive. Evaluation of the chemical resistance of nanostructured paint and varnish coatings
modified with CNTs showed that when the coatings were exposed to an herbicide solution, they retained their weight
regardless of the concentration of the modifier, while their hardness did not change (H). Evaluation of the equilibrium
swelling rate made it possible to determine that paint and varnish coatings modified with bismuth oxide nanoparticles and
CNTs are resistant to solvents and acquire a more mesh structure in relation to coatings without additives. Scanning of
various sections of the sample surfaces on atomic force microscope (AFM) showed that when modified with bismuth
oxide and CNT nanoadditives, the surface becomes smoother, and the nanometer roughness decreases from 50-60 nm to
20-30 nm. A more significant reduction in protrusions is observed in coatings modified with CNTs, which indicates that
the coating is strengthened by reducing the size of depressions and pores.

Keywords: nanomaterials; nanostructured coatings; paint and varnish coatings and materials; adhesive strength; chemical
resistance; metal structures; carbon nanotubes; bismuth oxide.
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MJIA MeTAVIMYeCKHX IMOBEepXHOCTel
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Annoranusi: Llens paboTel 3aritouaercs B pa3pabOTKe HAHOCTPYKTYPHUPOBAHHBIX 3AIUTHBIX HMOKPHITUH C BBICOKOW
XUMHYECKOW CTOMKOCTBIO [UIS METaNTMIeCKUX MoBepxHocTed. s Momumpukamuy JTaKOKPaCOYHBIX MaTepHAIIOB
MIPUMEHSIINCH COCTaBbl HA OCHOBE yriiepoaHbIXx HaHoTpyOok (YHT), HaHOuacTHI OKCHIa BUCMYTa, AMOKCHAA KPEMHHUS,
JUOKCHIAa THTaHA, THAPOKCHIAa MarHus ¥ allOMHHUS. DBBeleHWe B aKpWIOBBIM JIAKOKPACOYHBIH Marepual
HaHOMAaTEPHAJIOB CIIOCOOCTBOBAJIO YBEIWYEHHIO aAT€3HOHHON MPOYHOCTU MOKPBITUH, TaK HAWITYUIIHHA 3P PEKT onpeneiacH
npu BBeAeann YHT, B xommdectBe 0,1 % — aare3noHHas mpodHOCTh moBbimaercs ¢ 2,0...2,2 mo 2,9...3,1 Mlla npu
W3MEHEHHH XapakTepa OTPhIBAa JIAKOKPACOYHOTO IOKPHITHA OT MOUIOKKH C TOJHOCTBIO anresumoHHoro (100 %) mHa
aJre3MOHHO-KOT€3UOHHBIN. OIIeHKa XMMUYECKOH CTOMKOCTH HAaHOCTPYKTYPHPOBAHHBIX JJAKOKPACOUYHBIX MOKphITHi ¢ YHT
MoKasaia, 4yTo IPH BO3JEHCTBUM Ha MOKPBITHS PAacTBOpa repOMIKJIa, OHU COXPAHSIOT CBOIO MAacCy BHE 3aBUCHMOCTH OT
KOHIICHTpaluu MoaudukaTopa, mpu 3TOM UX TBepAocTh He uaMensercs (H). OueHnka paBHOBECHOM cTeleHH HaOyXaHHS
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MO3BOJIMJIA OTPENENNTh, YTO JIAKOKPAaCOYHBIC MOKPBITHA C HAaHOYacTHIAMM OKcupa BucMmyTa u YHT oOmamator
YCTOWYHMBOCTBIO K PACTBOPUTENSIM M HPHOOpETAloT Oojee CeTdaTyr CTPYKTypy IO OTHOIIGHHIO K MOKPBITHAM 0e3
nobaBok. CKaHMpPOBAaHME PA3MUYHBIX yYacCTKOB IMOBEpXHOCTEH 00pa3moB Ha ACM mokaszasio, 94TO NpH MOAM(DUKAIIUN
HaHonoOaBkamMu okcuza BucMyTa n YHT mnoBepxHocTh craHOBHTCS Oojiee TiaJKOH, HAaHOMETPOBAas IIEPOXOBATOCTH
ymensbinaercsi ¢ 50...60 mo 20...30 M. bonee cymiecTBeHHOE yMEHBLIEHHE BBICTYIIOB HAOJIONAETCS Y TMOKPBITHHA
MouduimpoBanHbix YHT, 4T0o roBOpUT 00 YIIPOUHEHUH MOKPBITHS 32 CYET YMEHBILEHUS pa3MePOB YIIIyOJIeHUI U 1op.

KiroueBble c10Ba: HaHOMaTepHalbl; HAHOCTPYKTYPHUPOBAHHBIE TOKPBITHSA; JAKOKPACOYHBIE MOKPBITUS UM MaTEepPHAIIBI;
aJre3MOHHAs] MTPOYHOCTH; XHMHYECKas CTOMKOCTh; METaJUIMUECKHE KOHCTPYKLUH; YTJIEpOJHbIE HAHOTPYOKH; OKCHI
BHCMYyTa.

Jnsa murupoBanmsi: Pchel’nikov AV, Pichugin AP. Chemically resistant nanostructured protective coatings for metal
surfaces. Journal of Advanced Materials and Technologies. 2025;10(2):117-128. DOI: 10.17277/jamt-2025-10-02-117-128

1. Introduction

The surfaces of various metal products and
structures operating in industrial environments are
constantly exposed to aggressive action of various
environments: acids, alkalis, fuels and lubricants, salt
solutions, etc. Thus, one of the most important
properties of protective coatings of metal surfaces is
chemical resistance. The use of chemical-resistant
protective coatings is widespread in the oil and
chemical industries, and is also relevant, for example,
for anti-corrosion protection of structures at mineral
fertilizer production plants [1-3].

The need to address the issues of developing
chemical-resistant protective coatings for metals is
explained by a number of factors [1, 3-5]:

— corrosion damage (active exposure to liquids
and gases in chemical and petrochemical plants,
under the influence of severe temperature loads,
negatively affects the condition of metal structures,
pipes, tanks and other equipment);

—economic losses caused by corrosion damage,
leading to the need to replace or repair parts and
equipment;

— threat to human safety, including in the event
of damage to bridges, oil pipelines, aviation
equipment;

—negative impact on the environmental system
and human health due to uncontrolled destruction,
which can lead to leaks of hazardous substances into
the environment.

Hence, the use of chemically resistant coatings
can increase the service life of individual elements,
reduce the costs of repair work and reduce the
likelihood of the development of corrosion changes
inside structures.

One of the most effective methods for improving
technological and operational characteristics of
materials 1is their nanomodification, which has
become the basis for this study and was discussed in
the works of many researchers, who presented the
results of using nanomodifiers to create highly

effective composite materials for various purposes
[3-17].

Thus, the study aims to develop nanostructured
protective coatings with high chemical resistance for
metal surfaces.

2. Materials and Methods
2.1. Materials

Acrylic and pentaphthalic paints and varnishes
(AC-182, PF-115 — manufactured by LKZ Kolorit
Ltd., Russia) were used in the tests. They are widely
used for painting metal products and structures and
their choice was justified in other studies [3, 18, 19].
The paints and varnishes were modified using
compositions based on carbon nanotubes (CNT)
(Tuball Matrix 203 — Russia, OcSiAl), bismuth oxide
nanoparticles (BO) (Dongguan SAT nano technology
material Co., Ltd. — China), silicon dioxide (SiO;)

(Tarkosil T-20 — Russia), titanium dioxide (TiOy)
(Zhengzhou Kelai Chemical Co., Ltd — China),
magnesium hydroxide (Mg(OH);) and aluminum

hydroxide (Al(OH)3;) (Zibo Aotai New Material
Technology Co., Ltd. — China). The method of
dispersing nanomaterials is mechanical mixing [3].

2.2. Control methods

The chemical resistance of paint and varnish
coatings was assessed in accordance with Russian
Standard 9.403-2022. The adhesive strength of paint
and varnish coatings was determined in accordance
with Russian Standard 32299-2013. The hardness of
the coatings was assessed in accordance with Russian
Standard R 54586-2011.

Also, one of the simple and reliable methods for
determining the chemical resistance, as well as the
topological structure of coatings is the equilibrium
swelling method or the Flory-Rehner method, based on
the swelling of the coating in a solvent, followed by an
assessment of the equilibrium swelling rate [16]:
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V 2
Au=RT ln(l—(p)+(p+x1(p2+pL (pm——(p , (1)
M S

c

where p; is polymer density, g-cmﬁ3; V' is volume of
absorbed liquid, cm3; f is mesh functionality; M, is
average molecular weight of chain segments; x| is
polymer-solvent interaction parameter (known for
different polymer-solvent systems); R7 is the energy
required to transfer one molecule of solvent into the
polymer; ¢ is volume fraction of polymer in the
swollen sample.

The volume fraction of the polymer in the
swollen sample is found using formula (2):

mo/P
o=, (2
my/p+W;

where V7 is volume of solvent absorbed at
equilibrium at the end of the experiment, om’.

The main consequences of the calculations in
accordance with the Flory-Rehner equation and the
tests carried out are [20]:

— mesh polymer swelling is always limited;

—the degree of swelling of a mesh polymer
depends on the thermodynamic affinity of the
components and the density of the mesh;

— increasing the mesh density leads to a decrease
in the degree of swelling.

The tests were carried out by processing the
obtained data by calculating the equilibrium swelling
rate of specimens, excluding the estimation of the
mesh density parameter. Indicators for comparing the
test results of the specimens were carried out by
means of formulas 3 and 4, according to which the
equilibrium swelling rate is calculated.

m—mo
o= 100 %; 3)
my
Vp
oa=——-100 %, 4)
mgy

where m is weight (volume) of swollen specimen, g;
mg is weight (volume) of the initial specimen, g;
V' is volume of absorbed liquid, cm3; p is solvent
density, kg-mﬁ3.

According to the equilibrium swelling method,
the specimens were exposed in the solvent and the
changes in the parameters of mass, thickness, length
and width of the specimens were monitored at regular
intervals. The tests were continued until the

equilibrium state was reached, when the parameters
became unchanged. Based on the Flory-Rehner
theory, an increase in the mesh density leads to
a decrease in the degree of swelling, i.e. the smaller
the equilibrium swelling rate, the more mesh-like the
coating structure.

2.3. Analytic methods

The study of the linear dimensions of the
elements of the micro- and nanorelief surface
structures of the nanomodified coatings was carried
out using an atomic force microscope (AFM) based
on the INTEGRA Aura probe nanolaboratory
platform of NT-MDT company. A semi-contact
(intermittent-contact) method was used to produce
images; to increase the goodness of cantilever
oscillations and, consequently, to increase the
sensitivity, reliability, and wvalidity in the
measurements of weak forces between the probe and
the specimen, the study was carried out under low
vacuum conditions.

3. Results and Discussion

When determining the effect of nanomaterials on
the physical and mechanical properties of the
resulting coatings, it was found that the best adhesion
strength has coatings based on acrylic paint material
(AC-182) than on the basis of pentaphthalic
(PF-115). At the same time, the introduction of
nanomaterials contributes to an increase in the
adhesive strength of the coating. So, the best effect is
determined by the introduction of CNTs, in the
amount of 0.1 % — the adhesive strength increases
from 2.0-2.2 to 2.9-3.1 MPa with a change in the
nature of detachment of the paint coating from the
substrate from fully adhesive (100 %) to adhesion-
cohesive (Table 1).

Tests on the chemical resistance of paint
coatings were carried out by exposing paint coatings
to various chemical media (solvents, fuels and
lubricants, acids, alkalis, etc.). At the first stage of the
research rational concentration of chemical solutions
was determined. So, for example, 40 % aqueous
solution of herbicide (a mixture of dimethylamine,
potassium, sodium salts) was chosen, at which
changes in the properties of coatings occur, at which
it is possible to most adequately trace the different
effects of chemical solution on the coating.
Nanostructured paint coatings based on AS-182
enamel showed the greatest chemical resistance, the
results of the studies of which are presented
in Table 2.
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Table 1. Results of adhesive strength of paint and varnish coatings

Introduced additives

AC-182

PF-115

Adhesion strength, MPa / Detachment character (adhesive (A) — cohesive (K)), %

No additives
BO-0.5%
BO-1%
BO-2%

Si02 - 0.5 %
SiO2 - 1%
Si0 -2 %
CNTs—-0.01 %
CNTs - 0.05 %
CNTs—0.1 %

Mg(OH); — 0.5 %
Mg(OH), — 1%
Mg(OH), —2 %
AI(OH)3 - 0.5 %
Al(OH)3 — 1 %
Al(OH)3 -2 %

1.7-1.9/A100 - KO
2.6-2.8/A30-K70
2.9-3.1/A10-K90
24-2.6/A30-K70
2.0-2.2/A80-K20
2.3-2.5/A80—-K20
2.0-2.2/A80-K20
2.7-2.9/A90-K10
29-3.1/A90-K10
32-34/A50-K50
1.8-2.0/A100-KO0
20-2.2 /A80-KO
1.9-2.1/A90-K10
1.6-1.8/A100-KO0
1.7-1.9/A100 - KO0
1.5-1.7/A100 - KO

1.6-1.8/A100-KO0
24-2.6/A30-K70
2.5-2.7/A10-K90
2.3-2.5/A20-K80
1.9-2.1/A80-K20
2.1-2.2/A80—-K20
1.9-2.1/A20-K80
24-2.6/A70-K30
2.8-3.0/A70-K30
3.0-32/A75-K25
1.6 -1.8/A90 -K10
1.7-1.9/A100 - KO
1.8—-2.0/A100-KO0
1.7-1.9/A100 - KO0
1.6-1.8/A90-K10
1.7-1.9/A100 - KO0

Table 2. Chemical resistance of nanostructured coatings based
on enamel AC-182 when exposed to herbicides

Additive type

Before testing

Weight, g Hardness

A micrograph specimen

Weight, g Hardness

After testing

A micrograph specimen

(X230) (X230)
1 2 3 4 5 6 7
No additives 2.173 HB 2.159 B
1000GRTT L] 130006000
CNTs-0.01% 2.104 H 2.104 H
CNTs—-0.05%  2.063 H 2.063 H

BB 06 A AEARRELD
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Continuation of Table 2

1 2 3 4 5 6 7

CNTs—0.1% 2116 2H 2115 2H
Mg(OHn = 5 169 H 2.162 H
0.5 % ' ‘
Mg(OH)2 = 5 1g9 H 2.186 HB
1%
RERARBAEDNEFT
Mg(OH), -
o 2113 H 2.108 HB
Al(OH); — 5 45 2H 2.143 2H
0.5 % ' '
Al(OH)3 — 5 439 2H 2.136 2H
1%
AAARARRNERTRD f
AI(OH); —
o 2.127 3H 2.120 2H

RARNOAOEANCNE
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Continuation of Table 2

5 6 7

Si02 - 0.5 % 2.084 H

Si02 -1 % 2.126 2H
ﬂ ;

Si02 -2 % 2.160 2H

BO-0.5% 2.191 2H

BO-1% 2.166 2H

BO-2% 2.132 2H

ﬂmmﬁi|hn

2.080 H
\ i fpiz*—“‘f %
EAATAATAANAET
' o
% % 0, P
2.120 H
2.151 H
2.190 H
2.166 H
i
2.132 H

L,

IAAFRAROFEDRT

Table 2 presents data on chemical resistance of
paint coatings with different additives before and
after exposure to herbicide. The results of data
analysis revealed that the mass of the specimen
without additives decreased by 0.014 g, also the
coating became softer, as evidenced by the change in
hardness from HB to B. Nanostructured paint

coatings with carbon nanotubes retain mass according
to the test results, and regardless of the concentration
of the additive.

At the same time the hardness of such coatings
does not change (H), which indicates high chemical
stability of CNTs nanostructured coating. Also
modification of the paint material with bismuth oxide
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nanoparticles leads to chemically stable coatings, as
evidenced by the mass retention of the specimens and
insignificant change in their hardness from 2H to H.
According to the results of studies of the
equilibrium swelling rate (Tables 3, 4, Fig. 1), it was
also determined that the paint coating modified with

bismuth oxide nanoparticles and carbon nanotubes
has resistance to solvents, and also acquires a more
reticulated structure in relation to coatings without
additives, which also depends on the amount of
introduced additives.

Table 3. Results of tests of nanostructured coatings by the swelling method. Part 1

Specimen Soakir}g time of sp§cimens Change i.n specimen Change in specimen thickness,
in solvent, min weight, g mm
0 0.47 1.13
20 0.57 1.21
No additives 40 0.60 1.23
60 0.63 1.23
80 0.63 1.24
0 0.45 1.03
20 0.55 1.12
CNTs 0,05 % 40 0.59 1.17
60 0.60 1.17
80 0.60 1.17
0 0.51 1.23
20 0.62 1.30
CNTs 0,1 % 40 0.67 1.33
60 0.69 1.35
80 0.69 1.35
0 0.59 1.33
20 0.70 1.40
TiO2 0.5 % 40 0.78 1.45
60 0.80 1.47
80 0.81 1.47
0 0.63 1.56
20 0.69 1.64
TiO2 1% 40 0.77 1.66
60 0.79 1.75
80 0.81 1.81
0 0.64 1.46
20 0.74 1.535
BO 0.5% 40 0.79 1.615
60 0.82 1.72
80 0.84 1.72
0 0.42 1.0
20 0.5 1.03
BO 1% 40 0.53 1.07
60 0.54 1.1
80 0.56 1.1
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Table 4. Results of tests of nanostructured coatings by the swelling method. Part 2

Soaking time of specimens Change in specimen

Change in specimen

Volume equilibrium

Specimen in solvent, min length, mm width, mm swelling rate (o)

0 26.30 9.65
20 27.05 9.90

No additives 40 27.60 10.20 0.27
60 27.80 10.35
80 28.20 10.40
0 26.70 9.55
20 27.30 9.80

CNTs 0.05 % 40 27.90 10.50 0.22
60 27.90 10.50
80 27.90 10.50
0 26.50 9.68
20 27.40 9.77

CNTs 0.1 % 40 27.50 10.20 0.21
60 27.50 10.30
80 27.50 10.30
0 26.30 9.83
20 26.60 10.25

TiO2 0.5 % 40 27.65 10.55 0.27
60 27.70 10.80
80 27.70 10.80
0 26.60 9.58
20 27.50 9.64

TiO2 1% 40 28.20 9.81 0.29
60 28.30 10.00
80 28.50 10.00
0 26.55 10.10
20 27.45 10.30

BO 0.5% 40 27.70 10.45 0.24
60 27.80 10.60
80 28.00 10.60
0 26.70 10.18
20 26,8 10,82

BO 1% 40 27,00 11,00 0.24
60 27,6 11,05
80 27,6 11,15
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Fig. 1. The degree of swelling of modified acrylic protective coatings, depending on the duration of swelling:
1 — modification TiO7 1 %; 2 — without modifier; 3 — BioO3 1 % modification; 4 — CNTs modification 0.1 %

When bismuth oxide was added to the enamel,
the meshiness of the coating increased, as indicated
by the volume equilibrium swelling rate, which
decreased from 0.27 to 0.24 at 0.5 and 1 % additives.

A more significant effect on the formation of
dense molecular bonds was exerted by adding CNTs
into the composition, and the index of the volume
equilibrium swelling rate decreased from 0.27 to 0.22
at 0.05 % CNTs and to 0.21 at 0.1 % CNTs in the
enamel composition.

The results of studies on the example of
modifiers introduction into the paint material showed
that nanomodification leads to the formation of
denser mesh structures of coatings, which explain the
increase in their physical and mechanical properties
(adhesion strength, hardness, etc.) (Tables 1, 2)
[3, 18, 19].

Scanning of various surface areas of specimens
of nanostructured paint coatings, before chemical
action on them, on the atomic force microscope
showed that the surface becomes smoother nanometer
roughness decreases from 50-60 nm (Fig. 2a)
to 20-30 nm (Figs. 2b,c¢) when modified with
bismuth oxide and carbon nanotubes. Moreover, a
more significant reduction of protrusions is observed
in CNT-modified coatings.

At the same time, at the joint introduction of
bismuth oxide nanoparticles and carbon nanotubes,
the number and size of protrusions are minimized and
the Ra parameter decreases to 10-15 nm (Fig. 2d),
which indicates a strengthening effect of the joint
introduction and, consequently, hardening of the

coating by reducing the size of depressions and
pores [3].

Thus, microstructural analysis allowed us to
prove the existence of the optimal content of
nanoadditives to enhance the quality parameters of
protective paint coatings.

4. Conclusion

According to the results of this study it was
found that by using nanoscale materials it is possible
to produce effective nanostructured protective
coatings capable of reliably protecting metal surfaces
operating in a variety of aggressive chemical
environments. It is most effective to apply
nanostructured coatings when adding CNT-based
compositions and bismuth oxide nanoparticles.
It is more preferable to use acrylic paint materials to
obtain chemoresistant nanostructured protective
coatings. Thus, adding CNTs and bismuth oxide, the
resulting coating has high adhesive strength (more
than 3 MPa at cohesive detachment character up to
50% and higher), and also increased chemical
resistance that is expressed in decrease of coating
equilibrium swelling rate (from 0.27 to 0.21),
preservation of specimen weight and its hardness
(2H-H) caused by chemical media exposure.
The increase in chemical resistance of such coatings
is justified by the fact that they have a more hardened
mesh structure with a minimum size of recesses and
micropores in the surface.
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(b)

(©

@

Fig. 2. AFM-images of nanomodified coatings:
a — without additives, b — BO 1 %, ¢ — composition with CNTs 0.1 %,
d—-BO 1 % + composition with CNTs 0.1 %
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Electron beam lithography using SiO; as a sensitive layer
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Abstract: In this paper, we study the capabilities and some features of direct electron-beam lithography using a layer of

silicon dioxide SiO> (grown by thermal oxidation) as a resist sensitive to the action of the electron beam and a developing
composition based on an aqueous solution of dilute buffered hydrofluoric acid. Additional factors influencing the
lithography result (the existence of an initial period of exposure effect enhancement) are found. To explain this feature, |
a hypothesis about the mechanism of the influence of the electric charge introduced into the SiO; layer (during exposure)
on the process of further development of the latent image is proposed. As a measure eliminating the manifestations of
contamination phenomena, an approach using a sacrificial copper layer applied during the exposure period is proposed.
A rationale for choosing the metal of the sacrificial layer is given based on experimental observations and a hypothesis
about the possible chemical composition of contamination spots in the exposed areas. The parameters of the direct
lithography process on SiO; known from the literature are clarified. The nonlinear nature of the effect of the electron beam
on the silicon dioxide layer is found and simple empirical dependencies that allow a quantitative description of the result
of the lithography process for the case of large-scale structures are proposed. It is shown that even when using a sacrificial
copper layer, it is possible to achieve a lithographic process resolution of no worse than 30 nm.

Keywords: electron beam lithography; grayscale lithography; inorganic resists; contamination; charging effect.
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AnHoTtanusi: l3ydeHBI BO3MOKHOCTH ¥ HEKOTOPBIE OCOOCHHOCTH TIPSMOW JIIEKTPOHHO-TYYeBOH JHATOTpaduu

C HWCIOJIb30BaHUEM CJIOsl AWokcHuaa kpemHus SiO; (BBIpalIeHHOTO TEPMHUYECKHM OKHCICHHEM) B KaueCTBE PE3HCTa,
YyBCTBUTEIBHOTO K JEHCTBUIO OJIEKTPOHHOTO JIyda, W MPOSIBISIONIETO COCTaBa Ha OCHOBE BOJHOTO pPacTBOpa
pa3baBneHHOI OyQeprn30BaHHON TUIABUKOBOW KHCIOTHI. HaliieHbl MOMOMHUTENbHEIE (DAaKTOPHI, BAUAIONINE HA PE3YJIbTaT
mutorpadun (CyIIECTBOBaHHWE NEPBOHAYAIFHOTO IMEpHoa YCHICHUS JPQeKTa dKCIoHupoBaHUs). s oOBsICHEHUS
JIaHHOW OCOOCHHOCTH TIpeIJIOK€HAa THUIOTe3a O MeXaHW3Me BIHMSHHS BHeApeHHoro B ciod SiO; (B mporecce
SKCIIOHMPOBAHUS) JIEKTPUUECKOT0 3apsijia Ha MPOILecC JAIBHEHIIEro MposBIEHHUs CKPHITOro n3o0paxeHus. B kauectse
MepBbI, YCTPaHSIOMIEH NPOSBICHUS KOHTAMUHAIIMOHHBIX SBJICHUH, MPEATIOXKEH IOAX0/ C UCIOIb30BAaHUEM >KEPTBEHHOI'O
CJIOSI MEJIM, HAHOCUMOT'O Ha TEpUo]] NMPOoBeeHNs 3Kcno3nuuu. [IpuBeneHo 000CHOBaHME BBIOOpA METaJUIA SKEPTBEHHOTO
CJIOSI HA OCHOBE 3KCIIEPUMEHTAIBHBIX HAOIIOICHUI ¥ TUIIOTE3bI O BO3MOYXHOM XMMUYECKOM COCTaBE KOHTAMUHAIIMOHHBIX
IISITEH B 3KCHOHMPOBAHHBIX 00JIACTAX. Y TOYHEHBI U3BECTHBIC U3 JUTEPATyphl MMapaMeTphl polecca MpsIMon JuTorpapun

Ha SiO;. HaiimeH HenuHeWHBIA XapakTep 3(QQeKTa BO3ACHCTBUSA DIJICKTPOHHOI'O JIydya Ha CIIOW JUOKCHIA KPEMHHS,
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U TPEATIOKEHBI MPOCThIE 3MIUPUYECKHE 3aBUCHUMOCTH, MO3BOJISIONIUNE KOIMYECTBEHHO OINUCATh PE3ydbTaT MpoLecca
aurorpadun Ui Cilydas KpyITHOMAacIITaOHBIX CTPYKTyp. Iloka3aHo, 94TO maxke NMpH HCIOJIB30BAHUH KEPTBEHHOTO CIIOS
MeIM BO3MOXKHO JOCTID)KEHHE Pa3pelleHHs INTOrpaduuecKoro mpouecca He xysxe 30 HM.

KnroueBble cjoBa:
KOHTaMMHALus; 9P GEKT 3apsaKH.

AJIEKTPOHHO-JIy4YeBasi JjuTorpadus; IOJyTOHOBas JuTorpadus;

HEOPraHUYEeCKHE PE3HCThI;

Jna murupoBanusi: Zubov DN, Sokolov SA, Eganova EM, Yakovlev VB. Electron beam lithography using SiO;
as a sensitive layer. Journal of Advanced Materials and Technologies. 2025;10(2):129-140. DOI: 10.17277/jamt-2025-10-

02-129-140

1. Introduction

Direct electron beam lithography on thermally
grown silicon dioxide films has been known for a
long time. The relevance of such studies is related,
among other things, to the fact that silicon dioxide is
often included in various micro- and nanodevices.
However, most of such studies were conducted using
high-energy electron beams [1-8]. An interesting
feature of this process is high lithography resolution.
The works [1, 5-7] describe the process of direct
electron beam lithography on SiO, at an electron
energy of 300 keV and show the achieved half-step
resolution of 7.5 nm on a free SiO, membrane on

SizNy [1] and 5.4 nm in the work [7] (also on a free
membrane). The papers [3, 4, 8, 9] describe the
application of direct lithography on SiO,/Si/SiO,
layers with exposure to electrons with an energy of
50 keV to create elements with sizes of less than
10 nm [3, 9]. In the paper [10], the process of direct

electron beam lithography on SiO, was used to create
structures of field-effect transistors based on silicon
nanowires (electron energy during exposure is
30 keV). Among the papers in which the study of
electron beam lithography was carried out using low-
energy electrons (units of kiloelectron volts), the
paper [11] can be mentioned. One of the discovered
advantages of using electron beams with
comparatively low energies is the higher sensitivity
of SiO; to their impact. However, this paper did not

evaluate the capabilities of direct lithography on SiO,
in terms of resolution. The characteristics of electron
beam lithography (and in particular the resolution) on
SiO, films as a resist are of interest, since it is
precisely for electron beams with comparatively low
energies that an alternative mechanism for the
formation of latent images can be proposed,
potentially allowing for a significant increase in the
dose sensitivity of the lithography process.

An alternative mechanism for the formation of
latent images is the well-known phenomenon of
charging dielectrics irradiated by an electron beam.
This phenomenon is usually considered as a factor
that interferes with the exposure process in electron-

beam lithography and in the study of samples in a
scanning electron microscope. However, there are
works that show the fundamental possibility of using
this phenomenon to form microstructures [12, 13].
Thus, the paper [12] experimentally shows the effect
of an electric field created in a SiO, layer (using
quartz glass as an example) on the rate of its
dissolution in hydrofluoric acid. Thus, the presence of
a local electric charge in the SiO, dielectric layer
(formed under the action of an electron beam) can
lead to a change in the local etching rate of the
dielectric film. This mechanism is of interest because
the expected maximum dose sensitivity of the
lithography process is much higher than that usually
observed for SiO, films, and can be compared with
the sensitivity of resists with the so-called chemical
enhancement (i.e., on the order of units of uC‘cm_z).
This value can be estimated using a simple model of
a flat capacitor. Of course, the estimate obtained on
the basis of such a model will only be approximate.
Thus, the paper [12] presents the characteristic
electric field strength, at which the effect of changing
the etching rate of SiO, is observed (the first
hundreds of V- pmfl). Also, knowing the value of the

dielectric constant of SiO,, it is possible to calculate
the specific charge density on the plates in the flat
capacitor model using the known formula (1):

ngzssoE, (D)
S

where S is the plate area; Q is the total charge on the
plates; q is the specific charge on the plates; € and g
are the relative permittivity of the material and the
permittivity of vacuum, respectively; £ is the strength
of the electric field created by the charges in the
dielectric volume.

In reality, one can certainly expect the influence
of a particular spatial distribution of charges both in
the dielectric volume and in the solution layer
directly wetting the charged dielectric (double
electric layer), at least for the cases of small-sized
structures. For this reason, more accurate calculations
of real distributions will require taking into account
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the spatial distribution of charges in the volumes of
the contacting phases. If we take a typical value of
the dielectric permittivity of SiO; in the range of 3.7—
3.9, such an estimate gives a charge density of 3.3—
3.5 uC-cm72 at an electric field strength of
1000 V-pmfl (a value close in order to the dielectric
strength of silicon dioxide). The obtained value of the
specific charge will be a minimum estimate of the
dose required to implement the described lithography
mechanism. Of course, the real value may differ
significantly from this rough estimate due to
a number of factors: incomplete use of the charge
transferred by the electron beam (charge runoff,
reflection and generation of secondary electrons), the
structure of the oxide layer, the composition and
conditions of development, etc. However, even from
a preliminary rough estimate, one can conclude that
there are prospects for a significant improvement in
the dose characteristics of SiO, and materials based
on it as a resist for electron beam lithography.
It is also worth mentioning the paper [13], in which
the authors present the results of experiments on the
formation of graphene-like microstructures on SiO,
films (obtained by thermal oxidation) after their
exposure to an electron beam. According to the data
presented in this paper, sensitivity at the level of
hundreds of l,tC'cm_2 or better was achieved.
The authors of this paper particularly note that the
possibility of the mechanism of inducing the growth
of graphene-like structures due to the phenomenon of
contamination in the described experiments was
excluded, and thus, the most probable mechanism of
latent image formation is precisely the local charging
of the SiO, layer. In general, it can be noted that
despite the fact that the process of electron-beam
lithography on SiO; has been studied for a very long
time, many details of the processes taking place are
still unknown. Moreover, some characteristics of the
process are still unknown (in particular, the resolution
at low electron energies).

The main goal of the presented work is to
identify the main factors influencing the
characteristics of the process of direct electron-beam
lithography on SiO; films at electron energies within
10 keV.

2. Materials and Methods

2.1. Source materials and reagents

All experiments on electron-beam lithography

described in this work were carried out on SiO, films
with a thickness of 100—130 nm and 4.0 pm, which

were grown by thermal oxidation on substrates made
of single-crystal silicon with the orientation < 100 >.

The exposure of SiO, films was carried out on
an electron-beam lithography of the E-Line series by
Raith.

Aqueous solutions of dilute hydrofluoric acid
with a volume ratio of components HF (47 % by
weight) : NH4F (40 % by weight) : H,O (distillate)
equal to 1 : 6 : 93 were used as the developer.

2.2. Film application and property
determination methods

The metal films were deposited by magnetron
sputtering on a 208HR Cressington setup.
The nanostructures formed during lithography were
studied by atomic force microscopy (AFM) on an
NT-MDT Ntegra Prima AFM and transmission
electron microscopy (TEM) on a Jeol JEM-2100 Plus
TEM.

Numerical modeling of the electron penetration
depth in the broad beam approximation for 130 nm
and 4 pm thick SiO, films with a 12 nm thick
protective copper coating was performed in CASINO
version 2.48.

3. Results and Discussion

3.1. Exposure of SiO; films
without additional preparation

In the first series of experiments, silicon wafers
were used after oxidation without any additional
treatment, except for cleaning in solvents (rinsing in
acetone and isopropanol). In these experiments, SiO,
films (100-130 nm thick) were exposed to an
electron beam with subsequent development in a
solution of dilute buffered hydrofluoric acid. Samples
of the exposed SiO, film were studied using an AFM
and an optical microscope before and after the
development process. For such samples, darkening of
the SiO; film color was observed in the exposed areas
(starting with doses of several uC-cmfz). In addition,
characteristic changes were observed in the nature of
the surface relief of the film in the exposed areas after
development. The appearance of the relief after
development in many cases can be described as
a “sponge” protruding above the surface surrounded
by a uniformly etched oxide film. These changes in
the relief can be explained by incomplete masking of
the SiO; surface (due to numerous defects in such
“masking”). In this case, the “pores” of such a spongy
structure can extend below the level of the
surrounding unexposed oxide. Another feature of
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exposed structures on such samples is the frequently
observed blurring of the exposure zone due to the
formation of electrically charged areas inside the
oxide film and the distortion of the electron trajectory
during exposure. Observation of the above-described
spongy structures with high surface roughness clearly
indicates the presence of the so-called contamination
of the oxide surface during electron beam exposure.
This phenomenon radically worsens the quality of
direct electron beam lithography on SiO,, and for
exposure doses of tens of mC-cm ~ and higher makes
such lithography completely impossible without
taking special measures. The influence of this factor
on the resolution of the direct electron beam
lithography process on SiO; films is noted in the
previously mentioned works, for example [1, 2, 11].
The phenomenon itself has been known and studied
for a long time, since it often interferes with the
electron microscopy process [14]. The generally
accepted mechanism for the formation of
contaminant deposits is the decomposition of
adsorbed organic compounds (e.g., hydrocarbons
from the lubricant of a pump system). In terms of the
composition of the decomposition products, there are
different opinions — from polymer compounds [15] to
various carbon films [16—19]. Despite the fact that the
question of the nature of contaminant deposits has
a long history, there is still no complete understanding
of the mechanism of their formation, as well as their
composition and structure, despite examples of the
successful application of this phenomenon for the
formation of microstructures [20].

A  common method of combating this
phenomenon is to treat the surface of the exposed
SiO; film in oxygen plasma. This is what the authors
of [11] used. However, this approach has certain
drawbacks associated with the relatively harsh
physical impact on the oxide film in oxygen plasma.
In addition to the chemical effect of oxygen plasma
on contamination traces, a process of reactive ion
sputtering of the oxide film material is possible,
which in principle can affect the characteristics of the
lithography process (for example, the residual
roughness of the film and the resolution of the
lithography process).

During the described experiments, it was noted
that the contamination phenomenon is especially
strong at low electron energies (the first few keV).
It is also worth noting the extreme chemical stability
of contamination spots in the exposure zones — they
did not disappear even when exposed to a mixture of
concentrated nitric and sulfuric acids when heated to
80 °C for several minutes. It is noteworthy in
connection with the fact that such a mixture of acids

is used in the processes of nitration of aromatic
hydrocarbons and oxidation of graphite. For this
reason, it can be assumed that the nature of the
resulting contamination spots is not associated with
simple adsorption and/or decomposition to carbon
residue under the action of an electron beam of traces
of organic impurities that may be present in very
small quantities in the vacuum chamber during
sample exposure.

3.2. Elimination of SiO, contamination
of films exposed to metal coatings

To avoid the influence of contamination, further

experiments were carried out on samples with SiO;
films, onto which thin (about 10-15 nm) layers of
various metals (copper, platinum, tungsten) were
applied by magnetron sputtering. The main idea of
this approach is to remove contamination spots
formed during exposure before development together
with the underlying sacrificial layer of metal.
The choice of metal films as protective coatings is
also due to the fact that they are able to effectively
eliminate the manifestations of the charge
accumulated by the dielectric oxide layer under the
action of the electron beam (the “charging” effect).
The main conclusion from the experiments with
various metal coatings is that the efficiency of
eliminating the influence of contamination spots
depends on the nature of the metal used. Thus, for
tungsten, contamination spots had significantly
greater chemical resistance than in the case of copper
or platinum. This conclusion was made from
experiments in which the tungsten film was etched in
a mixture of aqueous solutions of H,O, and NHj
after exposure — strong contamination spots on the
tungsten were almost not affected by this mixture,
despite the fact that the original tungsten film was
completely removed in less than 5 min. In addition,
these spots also had significant mechanical resistance
to abrasion, which follows from the observation of
their preservation even after intensive wiping of the
sample with a cotton swab moistened with acetone
(the original tungsten film is mostly removed from
the surface of the sample under similar conditions).
In the case of copper and platinum films, no
fundamental difference in the chemical resistance of
the films in the contamination zones compared to the
unirradiated areas was observed. Thus, copper films
are completely removed together with contamination
spots in solutions of dilute nitric acid in a few
minutes. The set of observations made during the
experiments allows us to suggest that the nature of
contamination on different materials may be different
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(at least there are two alternatives). For SiO, and
tungsten, the nature of contamination spots can be
associated with the formation of very thin layers of
carbides (or other carbon-containing, carbide-like
compounds) of the corresponding element. Some

carbides (such as SiC and W,C) are known for their
chemical resistance and that is why they can work as
a mask during the development process. Metals such
as copper and platinum do not form stable carbides,
for this reason the nature and properties of
contamination spots for them will be different than
for materials based on carbide-forming elements.

3.3. Determination of the dose dependence

of the depth of structures formed in the SiO;
layer using direct electron beam lithography

For experiments on determining the dose
dependence of the depth of structures formed in the

Si0; layer using the direct electron beam lithography

method, samples with SiO, films on single-crystal
silicon wafers (with an oxide thickness from 100 nm
to 4 um, obtained by thermal oxidation of the silicon
substrate with the < 100 > orientation) and a metal
layer (copper or platinum, 10—15 nm thick) deposited
on the oxide were used. Such layers were chosen as
protective sacrificial layers because they demonstrated
the effectiveness of protection against contamination
and the charging phenomenon. Figure 1 shows
images of the surface relief of a developed sample
with an example of contamination (without
a protective sacrificial copper layer) and with
a protective coating (Ra is the average roughness).

A diluted buffered hydrofluoric acid solution

(40 % by weight) : H,O (distillate) components equal
to 1:6:93 (similar to that used in [11]) was used as
a developer. The development time was from 3 to
10 min, the temperature was 21°C. Thus, the
conditions of the experiments carried out allow us to
compare the results obtained in this work with the
results described in the paper [11]. It can be noted
that the qualitatively obtained results are in
agreement with the data of [11] — an increase in the
depth of structures in the dose range up to the first
hundreds of mC-cm > and then reaching a constant
value. A significant, although expected, difference is
a decrease in the dose sensitivity of the process by
approximately 2-3 times compared to the data
of [11]. This decrease is expressed in a less sharp
dependence of the depth of the obtained structures on
the exposure dose, and a shift in the dose of the
output at a constant (maximum) depth towards higher
dose values. In addition, in contrast to work [11], the
maximum sensitivity to the action of the electron
beam occurred at high values of electron energy —in
the range of 3—6 keV. All these results, at least at a
qualitative level, are quite expected, since they are
obviously associated with the shielding effect of the
protective metal layer. However, compared with the
data of work [11], the results obtained in this work
allow us to make a significant clarification — the
initial section of the dose dependence of the depth of
the structures on the exposure dose is not linear, but
more complex. In general, the dependence of the
depth of the formed structures observed in our
experiments can be described quite accurately by the
following empirical S-shaped dependence (2):

n

with a volume ratio of HF (47 % by weight) : NH4F h(D) = h, , )
D" +Dy,,
56 nm
-26 nm
(b)
Fig. 1. Surface relief of exposed and developed samples (according to AFM data):
a — without using a 12 nm protective copper layer at the exposure stage (in the exposed region Ra = 2.5-3.8 nm);
b — with a protective layer (in the exposed region Ra = 1.7 nm).
The average value of the SiO; surface roughness after development in unexposed regions Ra = 0.3-0.7 nm
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where hg, is a factor that specifies the maximum

(for a given electron energy and development
conditions) depth of the structures being formed,
i.e. a depth limitation for the case of obviously large
exposure doses (the “saturation” region); D is the
exposure dose; Dy, is the dose corresponding to half
of the maximum depth of the structures; n is an
empirical factor that determines the degree of
nonlinearity of the given dependence.

For the case of small exposure doses, this
dependence can be simplified to a power dependence
of the form (3):

n(D)=kD", 3)

where & is the coefficient of proportionality, it is
obvious that at D << Dy, k — hgy /D,’ZZ/Z . This type

of dependence can be useful, for example, for cases
of high electron energies in the beam, when the value
of Dy is large and the applied exposure doses are
obviously lower than this value. According to the
experimental results, all the specified parameters
show a dependence on the presence of a protective
layer and on the development conditions.
The experiments also show that they depend to

a much lesser extent on the thickness of the SiO, layer
(practically only in the form of a dependence on the
duration of time between exposure and development).

From the given dependences (experiment and
approximation), it is evident that there is an initial
section of the dependence corresponding to a weak
increase in depth with increasing dose and a section
of reaching an almost constant value. Accordingly,
the steepness of the dose dependence in the sections
before “‘saturation” is not constant, but has

a
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a maximum in the region of average values of
exposure doses. Based on this result, it can be
assumed that this feature can be used to improve the
dose sensitivity of the process, at least in some cases,
for direct electron-beam lithography on SiO,, by
additional uniform exposure of the entire sample area
with an electron beam — before or after exposure of
the structures themselves.

Also, within the framework of this work, studies
on the dependences of the depth of the structures
obtained during lithography on exposure doses on
much thicker SiO, films (4 pm) were conducted.
In the course of these studies, it was found that the
general nature of the dependence of the depth of the
structures after development has the same character
as on thin (130 nm) SiO, films (Fig. 2).

However, the quantitative ratios for a 4 pm
oxide film are somewhat different from those for
100-130 nm oxide films for electron energies greater
than 6 keV. In addition, an important feature was
discovered for 4 um films: if the film was developed
not within the next 4 hours after exposure, but after
3 days, the depth of the structures formed during
development was significantly greater (Fig. 3).

In other words, processes that increase the
average rate of its etching in a dilute solution of
buffered hydrofluoric acid (at least in the first

3 days) occur in SiO; exposed to an electron beam,

when stored at room temperature. For thin SiO; films
(130 nm), a similar phenomenon of increasing the
exposure efficiency after holding the samples (before
the development of the latent image of the structures)
was observed only for low electron energies
(1.5 keV) and to a significantly lesser extent (Fig. 4).

1,5 keV —m—
€ 40 2 keV —8—
c 2,5 keV ——
g)f 3 keV —a—
5 30 4 keV —¥—
o 5 keV —e—
2 6 keV —o—
2 20 7 keV —8—
2 8 keV —o—
é 10 10 keV —o—
)

0 : :
0 100 200 300

Exposition dose, mC/cm?2

Fig. 2. Dependences of the depth of structures formed in the oxide during 3 min of development
(less than 4 hours after exposure) in a solution of diluted buffered hydrofluoric acid on the exposure dose.
The initial thickness of the SiO; layer in the graph on the left is 130 nm, on the right — 4 um
(in all cases, a protective copper coating with a thickness of 12 nm was used during exposure)
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Fig. 3. Dependences of the depth of structures formed
in SiO7 (4 um thick) during 3 min of development,
for cases of development immediately (less than 4 hours)
and 3 days after exposure (in all cases, a protective coating
of 12 nm copper was used during exposure)
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It is worth noting that for the indicated cases
(for SiO, films with a thickness of 130 nm and 4 pm,
with a protective copper coating of 12 nm), numerical
modeling was carried out in the broad beam
approximation, which showed that the distributions of
specific energy losses by electrons (per unit volume)
in a silicon dioxide layer under the same protective
copper layer are practically independent of the
thickness of the SiO; layer (Fig. 5).

This simulation result is consistent with the
experiments for oxide films of different thicknesses
and also indicates the need to expand and refine the
model used to describe the processes occurring
during irradiation of the oxide layer by an electron
beam. At the same time, a comparison of the
simulation results and experimental data confirms the
conclusions of the paper [11] on the determining role
of the electron penetration depth, for cases of low
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Fig. 4. Dependences of the depth of structures formed in SiO; (130 nm thick) after 3 min of development,
for cases of development immediately (less than 4 hours), after 3 days and after 6 days after exposure
(in all cases, a protective coating of 12 nm copper was used during exposure)
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Fig. 5. Distributions of specific energy losses by electrons according to modeling

(in the same relative values on all graphs) by the volume of the SiO; layer (taking into account the influence
of the overlying protective layer of 12 nm copper) depending on the depth of the corresponding layer:
a — for a SiO; layer of 130 nm; » — 4 pm
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Fig. 6. Dependences of the depth of structures formed
in SiO7 (4 um thick) during 10 min of development,
for cases of immediate development (less than 4 hours)

energies, to the maximum depth of the structures

formed during development (parameter /Agy in the
equation of the S-shaped dependence given above).
Thus, for electron energies up to 2 keV, no significant
difference is observed in the depth of the structures
formed for either 3 min of development or 10 min of
development (Fig. 6).

This fact is easily explained if we take into
account that for low electron energies, the area of
their impact on the oxide layer is limited in depth.
With further etching of the underlying layers, there
will be no additional difference in the amount of
dissolved oxide. Reaching the maximum depth of the
structures for large exposure doses in the experiments
described in this paper is also consistent with the
observations of [11] on the existence of a maximum
value of the acceleration factor for the etching of the
exposed oxide. For the etching rate measured in the
described experiments (about 7.1 nm‘min”" for Si0,
in the above solution of diluted buffered hydrofluoric
acid at 21 °C), the acceleration factor reaches a value
of about 2.9 and higher, which indicates a sufficiently

high efficiency of oxide protection from
contamination by the copper layer.
All  parameters of the approximating

dependences of the depth of the formed structures on
the exposure dose (structures in the form of
homogeneous areas) presented in the graphs in this
paper are given in Table 1.

Table 1. Parameters of approximating dependences of the depth of formed structures on the exposure dose

Exposure time

Parameters of the approximating dependence

T(l)ljvcskirgzss enlilregilt,r?(r;V (dash — less than Dfi\rfri:(,)lirrlrilsnt for the depth of structures
4h),24h Nsat Dy, mC-cm * n
1 2 3 4 5 6 7
130 nm 1.5 — 3 18.6 108 1.82
130 nm 2.0 - 3 28.5 164 2.15
130 nm 3.0 - 3 64.6 139 2.13
130 nm 4.0 - 3 57.3 111 2.85
130 nm 5.0 — 3 63.7 134 2.91
130 nm 6.0 - 3 65.5 140 2.99
130 nm 7.0 - 3 66.8 236 2.54
130 nm 10.0 - 3 k=0.00143 1.71
130 nm 1.5 3 3 23.4 99 1.67
130 nm 1.5 6 3 21.4 86 1.83
130 nm 5.0 3 3 65.2 135 291
130 nm 5.0 6 3 66.3 138 2.90
130 nm 10.0 3 3 k=0.00220 1.65
130 nm 10.0 6 3 k=0.00238 1.63
4,0 pm 1.5 - 3 14.2 84 1.90
4,0 pm 2.0 - 3 35.5 80 1.90
4,0 um 2.5 — 3 45.9 85 2.11
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Continuation Table 1

1 2 3 4 5 6 7
4,0 pm 3.0 - 3 48.2 84 2.33
4,0 pm 4.0 - 3 48.1 98 2.54
4,0 pm 5.0 - 3 54.7 130 2.30
4,0 pm 6.0 - 3 89.7 260 1.92
4,0 pm 7.0 - 3 147 526 1.80
4,0 pm 8.0 - 3 k=0.00408 1.59
4,0 pm 10.0 - 3 k=0.00757 1.43
4,0 pm 1.5 - 10 24.0 157 1.45
4,0 pm 2.0 - 10 374 97 1.57
4,0 pm 2.5 - 10 62.2 93 1.65
4,0 pm 3.0 - 10 83.3 88 1.72
4,0 pm 4.0 - 10 134 114 1.95
4,0 pm 5.0 - 10 152 135 2.12
4,0 pm 6.0 - 10 203 188 2.08
4,0 pm 7.0 - 10 190 225 2.07
4,0 pm 8.0 - 10 k=10.0487 1.40
4,0 pm 10.0 - 10 k=0.0137 1.53
4,0 pm 1.5 3 3 22.0 103 1.67
4,0 pm 5 3 3 81.6 158 2.05
4,0 pm 10 3 3 k=10.0170 1.40

3.4. Determination of the resolving power
of direct electron beam lithography on SiO,
using an electron beam with low electron energies

One of the objectives of this work was to
determine the resolving power of direct electron-
beam lithography on SiO, using an electron beam
with low (within 10 keV) electron energies. These
experiments were performed on samples with a SiO;
layer thickness of about 130 nm and an additional
copper layer of 12 nm (magnetron sputtering). To test
the resolving power of the process, sets of structures
in the form of parallel lines and dot arrays with
different periods were used. The exposure parameters
were: electron energy of 10 keV at doses from 30 to
480 nC-cm " for structures in the form of parallel and
intersecting lines and from 0.075 to 1.2 pC for a dot
array. After exposure, the copper layer was removed
using a dilute (about 20 wt. %) nitric acid solution
(etching for 3 min). The actual development of the
latent image was carried out in an aqueous solution of
diluted buffered hydrofluoric acid with a volume ratio
of the initial components HF (aqueous solution 47 %

by weight) : NH4F (aqueous solution 40 % by

weight) : H)O equal to 1:6:93. The test structures
obtained after the development of the latent image
were studied using atomic force microscopy methods
(Figs. 7, 8).

In addition, for some of the structures obtained
in the described process, TEM-images (Fig. 9) of
their cross sections shown in the figure below were
obtained. These images allow a more accurate
assessment of the characteristics of the described
lithography process.

The obtained images of the structures (Figs. 7-10)
allow us to say that the resolution of the described
lithography process is in all cases no worse than
30 nm (in half-step resolution for a set of lines).
Figure 9 shows the profile for widely spaced parallel
lines, and Fig. 10 shows the profiles for lines with
a period of 60 nm (the densest arrangement, at which
the proximity effect is not yet noticeably evident).
The TEM (the most accurate characteristic of the
resolution) and AFM (a more rapid assessment, since
it does not require special sample preparation) data
provide a consistent assessment of the resolution of
the described lithographic process.
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Fig. 7. AFM-images of developed structures in the form of parallel and intersecting lines (with a period of 60 nm)

obtained by exposing (linear dose 480 nC-cmﬁl) a 130 nm SiO3 film (12 nm protective Cu layer)
and developing for 3 min in dilute buffered hydrofluoric acid
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Fig. 8. AFM-images of developed structures in the form
of an array of dots (with a period of 60 nm) obtained
by exposing (dose 1.2 pC per dot) a 130 nm SiO; film
(12 nm protective Cu layer) and developing for 3 min
in dilute buffered hydrofluoric acid

Fig. 9. TEM-images of cross-section of parallel line
structures (period 120 nm). SiO; layer initial thickness
130 nm (Cu protective layer 12 nm) developed for 3 min
in dilute buffered hydrofluoric acid
(linear dose 480 nC-cmﬁl)

Fig. 10. TEM-images of cross-section of parallel line
structures (period 60 nm). SiO, layer initial thickness
130 nm (Cu protective layer 12 nm) developed for 3 min
in dilute buffered hydrofluoric acid
(linear dose 480 nC-cmﬁl)

The following assessment criteria were used: the
line profile according to the TEM data and the relief
data of the structures from AFM (based on the
coincidence of the oxide levels at the tops of the
ridges between the line depressions and the level in
the unexposed area of the SiO; film). When forming
nanostructures in the form of individual dots,
a resolution of no worse than 25 nm (according to the
width of the transverse profile at half the depth) was
achieved.

4. Conclusion

The effects of contamination and charging
during exposure of SiO; films to an electron beam are
particularly pronounced when using relatively low
electron energies, especially in the range of keV
units. The nature of contamination has a clear
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dependence on the composition of the upper layers.
A correlation between the ability of the elements
constituting the upper layers to form stable carbides
and the chemical stability of contamination spots has
been noted. These phenomena, which have a strong
effect on the process of developing a latent image,
can be effectively eliminated even by thin
(10-15 nm) sacrificial layers of metals that do not
form stable carbides (for example, copper or
platinum).

The dose dependences of the depth of developed
structures for the process of direct electron beam
lithography on SiO, have an S-shape with an area of
greatest growth at average dose values and
subsequent reaching the maximum depth value.
Based on the described dose dependence, it is
possible to propose a method for increasing the
effective sensitivity of the described lithography
process by additional uniform exposure of the SiO,
layer to the electron beam. The characteristic
(primarily for thick SiO, films) increase in the depth
of structures during the first 3 days after exposure
suggests the presence of several mechanisms or
stages of the process of forming latent images in the
SiO, layer. Experimental data clearly indicate the
presence of processes occurring in the “activated”
areas of SiO, after the electron beam has ceased to
act. As a hypothesis explaining the mechanism of
these processes at a qualitative level, it is possible to
propose the process of draining volume charges from
the exposed areas.

The issue of the dependence of the depth of
structures on the time elapsed since the moment of
exposure is of great interest, since it has previously
been almost never considered in the literature and
requires further more detailed study from the point of
view of establishing the mechanisms of the processes
occurring in SiO, films, both during and after their
exposure to electrons. This information, together with
the temperature dependence (an estimate of the
activation energy of processes in the film after
exposure) can provide valuable information on the
kinetics of the processes taking place.

The resolution (not worse than 30 nm) achieved
in the described processes of -electron-beam
lithography on SiO, as a sensitive layer allows us to
talk about the possibility of their application in the
production of certain nanostructures, in particular
nanopores.
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Abstract: The paper presents a theoretical study of the sorption mechanisms of tripropylamine, triisopropylamine,
trihydroxypropylamines, and tetrapropylammonium chloride on the surface of copper phthalocyanine containing a metal
atom, using density functional theory. The critical points of QTAIM, IRI, and charge distributions in sorbate-sorbent
complexes were analyzed to investigate the interaction mechanism between the sorbate molecule and the surface.
It was found that trialkylamines exhibit a higher binding energy with the surface than trialkylaminoalcohols due to their
lower interaction energy with the solvent. In all cases, the binding of sorbate molecules to the surface is primarily driven
by electrostatic and dispersion interactions; however, the presence of bonds with orbital overlap significantly enhances the
stability of the complexes. The complex with the quaternary ammonium salt is the most stable due to a combination of
electrostatic and orbital interactions. In the complex with a quaternary ammonium cation, significant polarization of the
surface toward the crystal interior is observed, which may increase the interaction energy between molecules in the surface
layers and reduce the solubility of modified particles in polar solvents. In all complexes with orbital overlap, the
3d22 -orbitals of the copper atom contribute from the surface side.

Keywords: copper phthalocyanine; DFT; adsorption; trialkylamines; QTAIM; IRI; surface modification.
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Annotanus: [IpoBeneHO TEOpeTHUECKOE HCCIICIOBAHINE MEXaHU3MOB COPOIMH TPUIPONHIAMHUHA, TPHH30MPOIHIAMIHA,
TPUTHAPOKCUTIPOTIIIIAMIHOB U XJIOPHIA TETPAIPONMIAMMOHHS Ha TOBEPXHOCTH (DTaNONMaHWHA MEAHW, BKIIIOYAIOIIEH
aToOM MeTajyla Ha ypOBHE Teopud (YHKIHOHAJa IUIOTHOCTH. B KadecTBe HHCTPYMEHTOB HW3y4YEHUs] MeXaHH3Ma
B3aMMOJIEHCTBHA MOJIEKYNIBI copbaTa C TOBEPXHOCTBIO HCIONB30BAINCH Kputudeckue Toukn QTAIM, IRI
U paclpeleneHus 3apsIoB B KOMIUIEKcax copbar-copOeHt. OmnpeneneHo, 4To TPHUANKUIAMHUHBI UMEIOT 0oJiee BBICOKYIO
OHCPIrur0 CBA3UM € IMOBCPXHOCTHIO, YEM TPUAJIKWIAMHUHOCIIUPTHI, 3a CYET MEHBbIIIEH OHCPIuu BSaHMOﬂeﬂCTBMﬂ
¢ pactBoputeneM. Bo Bcex ciryuyasx CBsi3b MOJIEKYJI copOaTa ¢ MOBEPXHOCThIO B OCHOBHOM HMEET JJIEKTPOCTaTHUECKHI
W JTUCTIEPCUOHHBIM MEXaHW3M, OJIHAKO IPHUCYTCTBUE CBS3EH C IEPEKPBITHEM OpOHTANIC CYIIECTBEHHO YBEJIMYHBACT
CTaOMIBHOCTH KOMIUTIEKCOB. KOMILIEKC ¢ COJIBI0 YeTBEPTUYHOTO aMMOHHEBOTO OCHOBAHMUS SIBJIICTCSI CAMBIM CTaOMIIBHBIM
3a CUET COYETAHUS IJICKTPOCTATHYCCKOTO M OPOUTAIILHOTO MEXaHH3MOB. B KOMILIEKCE ¢ YETBEPTHYHBIM aMMOHHEBBIM
KaTHOHOM HAOJIOJIACTCs CYIISCTBEHHAS MOJSPU3aIlis MOBEPXHOCTH IO HANPABICHUIO BIIYOb KPUCTAUIA, YTO MOXKET
YBEJIMYMBATH SHEPTHIO B3aUMOJICHCTBUS MEXIY MOJIEKYJIaMH B MIPUITIOBEPXHOCTHBIX CIOSX M YMEHBIIATh PACTBOPUMOCTH
MOIU(UIMPOBAHHBIX TaKUM 00pa3oM YacTHIl B IOJIPHBIX pPACTBOPHUTEIAX. BO BceX KOMIUIEKCaX C IMEPEeKPBITHEM
opOuTanel Co CTOPOHBI IOBEPXHOCTH yYaCTBYET 3a’Z2 -opOuTanm aToMa MeJIu.
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1. Introduction

Surface modification of pigments is widely used
to impart specific characteristics, including surface
morphology, crystalline structure and particle size,
optical properties, and the rheological characteristics
of coatings and paints (CPs) formulated with these
pigments [1].

Among the most commonly used surface
modifiers are various surfactants (SAs) [2-5], high-
molecular-weight substances [3-5], silicon oxide
[3—4], as well as chemical functionalization of the
surface, such as sulfo groups [6].

For pigments used in liquid CP formulations, the
primary property determining pigment affinity for the
binder is the oleophilic-hydrophilic balance of the
surface. The higher the surface affinity, the easier the
pigment disperses and the more stable the CPs
formed with it are against sedimentation. When using
acrylic, polyurethane, and other water-based coatings,
efforts are made to increase surface hydrophilicity,
whereas for alkyd coatings, oleophilicity is preferred.

Copper phthalocyanine (phthalocyanine blue
pigment) is one of the most widely used organic
pigments and is commonly used in CPs with alkyd
binders. Although its surface is primarily oleophilic,
it contains regions capable of adsorbing water
molecules and other polar substances [7—8]. This can
lead to difficulties in obtaining stable suspensions in
alkyd binders when moisture impurities are present in
the pigment itself or in auxiliary substances [9].
These regions can be shielded by adsorbing
surfactants onto them. The most promising surfactants
for this purpose include trialkylamines, quaternary
ammonium bases, and their derivatives [10].

This study focuses on investigating the
interaction mechanism of trialkylamines and some of
their derivatives with the surface of copper
phthalocyanine containing a metal atom, as this is the
only part of the surface requiring shielding of
hydrophilic ~ sites [11].  Understanding the
fundamental principles of the interaction mechanism
between surfactants and the pigment surface will aid
in selecting the optimal modifier for specific
applications and producing materials with the desired
properties.

The selected surfactants must perform well in
both alkyd and aqueous environments (e.g., wet
pigment or flash paste production). Surfactants are

generally water-soluble, and their adsorption from an
aqueous medium is of particular interest because if
they adsorb well from water, they will also adsorb
well from an alkyd medium and onto dry pigment.
Therefore, this study will focus on the adsorption
mechanism of surfactants from an aqueous medium
onto the pigment surface. The structure of copper
phthalocyanine was assumed to correspond to the
B-modification, as this is the most commonly used
form in pigment applications.

2. Materials and Methods

For this study, trialkylamines and their
derivatives with a three-carbon chain length were
selected, as tripropylamine is the first in the series of
unbranched trialkylamines that adsorbs onto the
copper phthalocyanine surface with a negative Gibbs
free energy [11]. The structural formulas of the
studied surfactants are as follows:

— Tripropylamine
H3c\L /l/CH3
N
CH,
— Triisopropylamine

CH,

H3C4< CHy
~
H3C4< CHs
CHy
— Tris(1-hydroxypropyl)amine

HyC

OH
/1\/CH3
HO Il

OH

CHy
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— Tris(2-hydroxypropyl)amine

Ha ZHy

H
\l’/\N

CHy OH

CHy

— Tetrapropylammoniumchloride

CH;

_/—CH?
_/_N‘
HsC

CHy

For hydroxypropylamines, two adsorption
configurations were considered: with hydroxyl
groups oriented toward and away from the surface.

For tetrapropylammonium chloride, hydrolysis
of the molecule into a cation and chloride ion is
possible:

Ky
TetPACl< TetPA* +CI™. (D

Since tetrapropylammonium chloride is a salt of
a strong acid and a weak base, the resulting cation

recombines with a water molecule to form
tetrapropylammonium hydroxide:
TetPA™ + H,0 <> TetPAOH + H". ()

The overall reaction (1), (2) can be expressed as:

TetPACIl + H,0< TetPAOH + H" +Cl™.  (3)

At the same time, tetrapropylammonium
hydroxide itself undergoes hydrolysis:

K3
TetPAOH< TetPA™ + OH ™. 4)

Thus, in aqueous solution, tetrapropyl-
ammonium can exist in three forms: chloride,
hydroxide, and cationic. Their concentrations can be
estimated using the dissociation constants of chloride
and hydroxide (K| and K3). While these values are
not available for tetrapropylammonium, they are
known for the structurally and chemically similar
tetrabutylammonium: K; = 0.24; K, = 0.011 mol-L™’
at 298 K [12].

The equilibrium constant for the overall reaction
(3) is given by:

K- Cretaon X €y X C - K 107 _

Cretact X C,0 K5 Cy,o

=3.93x10""° mol-L™' (298 K), (5)

indicating a very low final concentration of
hydroxide.

Additionally, this can be demonstrated by
assuming an initial tetrapropylammonium chloride
concentration of up to 5% by mass (which is
typically the maximum surfactant concentration in
industrial processes involving organic pigments),
corresponding to a molar concentration of
0.225 mol.L ", Solving the equilibrium and mass
balance equations simultaneously, the results are
presented in Fig. 1.

Under these conditions, the concentration of
tetrapropylammonium hydroxide does not exceed
410" mol-L ™. Therefore, only the adsorption of the
chloride and cation species was considered in further
analysis.

The copper phthalocyanine surface was modeled
using a cluster consisting of four molecules.
The cluster geometry was based on experimental data
for the B-crystal modification [13], with all non-
hydrogen atoms fixed during geometry optimization
to maintain consistency with the crystal lattice
structure. The optimization process involved
adjusting the position of the sorbate molecule relative
to the surface, along with its internal coordinates.

C, mol-L!
0.144

0.124
0.104
0.08
0.06 CTe}_PACi
0.04+

CTeIPAOII
0.02-

005 010 015 C, molL"
Fig. 1. Concentrations of tetrapropylammonium
in the forms of chloride, hydroxide, and cation

at an initial tetrapropylammonium chloride concentration

of up to 0.225 mol-L™’
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To model the adsorption process, a two-layer
ONIOM scheme [14] was employed. The surfactant
molecules and the two nearest copper phthalocyanine
molecules were treated with a high-level method,
while the remaining two molecules were modeled
using a low-level method. The extended tight-binding
(XTB2) method [15] was used for the low-level
calculations, while density functional theory (DFT)
was employed for the high-level calculations.
Specifically, the *'SCAN-3¢ composite method [16]
was used for geometry optimization, and single-point
energy calculations were performed using the
®B97x/def2-SVPD method [17-19].

The solvent was modeled using the continuum
ALPB approach [20]. All geometry optimizations and
wavefunction calculations were conducted using the
ORCA 6 software package [21].

To determine the interaction mechanisms within
the sorbate-sorbent complexes, the following
approaches were used:

— Bader’s Atoms in Molecules (QTAIM) theory
[22, 23];

— Interaction Region Indicator (IRI) [24];

— Charge distribution analysis wusing the
Hirshfeld [25], Bader (AIM) [22], and CHELPG [26]
methods.

All calculations related to the interaction
mechanism were performed using the Multiwfn
software package [27], based on molecular orbitals
obtained from single-point calculations.

QTAIM analysis allows for the identification of
critical points corresponding to the maximum
electron density at the boundary between two atomic
basins, known as bond critical points (BCPs, type
(3,-1)). The presence of these points confirms the
existence of a bond between two atoms. The nature
and characteristics of this bond can be assessed by
evaluating key parameters at the BCP, including:

— Electron density (pgcp);

— Electron localization function (ELFgcp) [28];

— Localized orbital locator (LOLgcp) [29];

— The product of the second Hessian eigenvalue
sign and electron density (sign(Ay)*pgcp) [24];

— Lagrangian kinetic energy density (Ggcp) and
potential energy density (Vpcp).

For hydrogen bonds, the bond energy (kJ -molfl)

can be estimated from the electron density using the
equation [30]:

Ej; ~—933.33 pgcp +3.11. (6)

ELFpcp and LOLpcp values close to 1 (0.8-1.0)
indicate covalent bonding, while values below
0.5 suggest non-covalent interactions.

A negative sign(Ay)Xpgcp value confirms a
bonding interaction, with its magnitude reflecting
bond strength. A pgcp~0 value near zero is
characteristic of van der Waals interactions [24].
Hydrogen bonds exhibit pgcp values of approximately
0.02-0.05 for classical, 0.05-0.09 for strong, and
0.09-0.12 for very strong interactions [31]. Halogen,
pnictogen, and other donor-acceptor non-covalent
bonds have a broader pgcp range (0.004—0.12), but
within a specific bond type, pscp and bond energy are
typically linearly correlated [32, 33].

Reference [32] categorizes
interactions based on the (|V]/G)gcp ratio:

non-covalent

—(I"/G)gcp<1 as ppcp increases, interactions
resemble ionic (closed-shell) bonds;

— 1 <(V/G)gcp <2 - intermediate bonds;

—2<(|V/G)gcp — as ppcp increases, interactions
resemble covalent (shared-shell) bonds.

A comprehensive analysis of donor-acceptor
interactions in [33] provides correlation equations for
bond energy as a function of pgcp for three bond

types:
— Closed-shell
Ep ~-2768 pgcp +2.1; @)
— Intermediate
Ep ~—1487 pgcp +6.5; (®)

— Shared-shell

As seen from equations (7) — (9), hydrogen
bonds, which are described by equation (6), are closer
to shared-shell interactions, meaning they tend to
form molecular orbitals in the space between bonded
nuclei.

Only the critical points connecting the sorbate
molecule to the copper phthalocyanine cluster were
analyzed.

The contributions of individual orbitals to bond
formation were also assessed using a localized
molecular orbital (LMO) decomposition at the critical
point. The Pipek-Mezey localization method with
Mulliken population analysis was used in this study
[34, 35].

The IRI index highlights regions of attractive or
repulsive interactions. In these regions, the IRI
parameter, calculated using equation (10), approaches
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zero, while the sign(Ap)xp(r) value indicates
interaction strength and direction.
Vpl(r
IRI(r)zm. (10)
1.1
p(r)
Charge distribution analysis helps evaluate

electrostatic interactions between the surface and the
sorbed molecule. Charges were computed for the
high-level region from the wavefunction obtained
using the ©B97x/def2-SVPD method. The atomic
charges were determined for the surface copper atom
interacting with the sorbate, nitrogen and chlorine
atoms (for tetrapropylammonium chloride), and the
molecular fragments forming the sorbate-sorbent
complex:

—Frag. 1 — subsurface copper phthalocyanine
molecule;

— Frag. 2 — copper phthalocyanine molecule in
direct contact with the sorbate;

— Frag. 3 — sorbate molecule.

Additionally, for all sorbate-sorbent complexes,
formation energy was evaluated at the r’SCAN-3¢c
theoretical level.

Visualizations were created using the VMD
software [36].

3. Results and Discussion

The description of the obtained complexes and
their formation energies are presented in Table 1, and
their structures are shown in Fig. 2.

Tetrapropylammonium chloride has the highest
binding energy to the surface. The tetrapropyl-
ammonium cation and both isomers of tripropylamine
have approximately three times lower binding energy.
Amino alcohols exhibit the weakest interaction with
the surface among the studied surfactants, which can
be explained by the hydrophilic OH groups
increasing their interaction energy with the solvent.
This, in turn, makes adsorption onto the pigment
surface less favorable.

For the (3, —1) critical points, the values of
electron density, ELFgcp and LOLgcp, Gpcp and

Vscp energy densities were calculated, along with the
estimated bond energies assuming hydrogen bonding
(2) and using generalized formulas for weak
interactions (3) — (5). All values a represented in
Table 2.

The (|V)/G)gcp values indicate that nearly all
intermolecular interactions in the studied complexes
are predominantly electrostatic in nature. This
conclusion is further supported by the low ELF and
LOL values at the critical points. Only four bonds,
found in complexes 1, 2, 5, and 7, exhibit
(I"/G)gcp=1, all of which involve the interaction
between a surface copper atom and an atom within
the surfactant molecule. Comparing the complex
numbers with their formation energies from Table 1
reveals that the complexes containing a BCP with
(I"/G)gcp=>1 have higher binding energies than
those without such interactions (except for the
complex with the cation).

Table 1.The formation energy of sorbate-sorbent complexes of the studied surfactants
with a copper phthalocyanine cluster

Cu-N distance between the sorbate

Complex No. Sorbate type and its location Sorption energy and the surface. A
1 tripropylamine —48.03 3.235
2 triisopropylamine —48.52 4.252
3 tris-(1-hydroxypropyl)amine, -30.08 4.772

OH towards the surface
4 tris-(1-hydroxypropyl)amine, -33.20 3.729
OH away from the surface
5 tris-(2-hydroxypropyl)amine, —46.18 4.131
OH towards the surface
6 tris-(2-hydroxypropyl)amine, -39.00 3.719
OH away from the surface
7 tetrapropylammonium chloride —158.09 5.946
8 tetrapropylammonium cation -50.59 5.707
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Complex 7 Complex 8

Fig. 2. The structure of sorbate-sorbent complexes of the studied surfactants
with a copper phthalocyanine cluster is shown, with critical points (3, —1) for intermolecular interactions
between the sorbate and the surface, and pathways connecting them to the points (3, —3)
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The distance

Complex No. Interacting atoms between atoms, A PBCP (I"/G)scp ELFpcp LOLpcp Epn Ep
1 2 3 4 5 6 7 8 9
C66-H135 2.701 0.00757 0.81 0.0268  0.1426 -3.95 -18.84
N77-H121 3.178 0.00342 0.71 0.0080  0.0829 -0.09 -7.38
C79-H133 2.705 0.00678 0.75 0.0187  0.1216 -3.22 -16.66
| N75-H121 3.229 0.00292 0.67 0.0068  0.0766  0.39  —5.98
N75-H119 2.718 0.00756 0.86 0.0251 0.1384 395 -18.84
Cull14-N115 3.235 0.00806 1.00 0.0293 0.1483 441 541
N74-H125 2.730 0.00768 0.85 0.0250  0.1381 —4.05 -19.15
N72-H132 2.690 0.00719 0.90 0.0240  0.1357 -3.60 -17.81
C79-H135 3.014 0.00471 0.69 0.0138  0.1062 -1.29 -10.94
N77-H121 2.814 0.00638 0.81 0.0191 0.1227 -2.85 -15.56
Cul14-H119 2.527 0.01125 1.10 0.0407  0.1710 -7.39 -10.13
2 N76-H121 2.746 0.00703 0.84 0.0225  0.1321 345 -17.35
C59-H133 3.287 0.00258 0.66 0.0064  0.0749  0.71 -5.03
N70-H131 3.439 0.00173 0.63 0.0034  0.0555 1.50 -2.68
N74-H143 2.875 0.00614 0.82 0.0185  0.1210 -2.62 -14.89
N71-H143 3.452 0.00159 0.60 0.0031 0.0535 1.63 230
N77-0126 3.006 0.00837 0.84 0.0193 0.1233 470 -21.06
N75-0125 3.143 0.00685 0.82 0.0149  0.1097 -3.28 -16.86
3 Cul14-0127 3.162 0.00724 0.90 0.0176  0.1181 -3.64 -17.93
N74-0127 3.200 0.00682 0.79 0.0152  0.1108 -3.26 -16.78
C67-H139 3.143 0.00354 0.74 0.0086  0.0857 -0.20 -7.71
N70-H147 3.355 0.00189 0.64 0.0039  0.0595 .35  3.12
N71-H131 2.615 0.00871 0.90 0.02892 0.14738 -5.02 -22.02
4 Cul14-N115 3.729 0.00330 0.70 0.01062 0.09429 0.03 -7.02
N76-H133 2.513 0.01060 0.94 0.04046 0.17055 —6.78 -27.24
C80-H132 2.630 0.00835 0.79 0.02321 0.13375 —-4.68 -21.00
N71-H142 2.865 0.00486 0.82 0.01419 0.10742 -143 -11.37
Cull4-H131 2.615 0.00965 1.00 0.03282 0.15574 -5.89 -7.76
N73-0126 3.730 0.00238 0.66 0.00504 0.06684 0.89 —4.49
5 N76-H132 2.567 0.00947 0.91 0.03561 0.16141 -5.73 -24.12
N74-H133 2.730 0.00718 0.88 0.02505 0.13839 -3.59 -17.77
C63-H145 2.929 0.00483 0.77 0.01591 0.11312 -1.40 -11.28
C65-H139 3.688 0.00120 0.56 0.00285 0.05141 199 -1.23
C69-0127 3.858 0.00189 0.64 0.00437 0.06260 1.34 -3.14
C78-H144 2.884 0.00532 0.72 0.01646 0.11483 -1.86 —12.63
N77-H135 2.769 0.00652 0.85 0.02155 0.12947 297 -15.94
Cul14-N115 3.719 0.00360 0.69 0.01272 0.10237 -0.25 —-7.87
6 N74-N115 3.723 0.00356 0.68 0.01300 0.10341 -0.21 -7.75
C80-H136 2.584 0.00886 0.83 0.03023 0.15026 -5.16 —22.43
C67-H141 2.935 0.00545 0.76 0.01752 0.11809 -1.97 -12.98
C81-H134 2.654 0.00772 0.80 0.02334 0.13410 —-4.09 -19.27
C65-H138 2.989 0.00505 0.74 0.01620 0.11402 -1.61 —11.89
Cl1140-Cul 14 3.133 0.01350 1.19 0.05466 0.19402 949 -13.46
7 H143-N70 3.025 0.00420 0.74 0.01152 0.09773 -0.81 -9.52
H150-C67 3.133 0.00334 0.72 0.00986 0.09111 0.00 -7.13
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Continuation Table 2

1 2 3 4 5 6 7 8 9
H133-C81 2.813 0.00624 0.71 0.01767 0.11849 -2.72 -15.18
HI126-C61 2.766 0.00614 0.76 0.01781 0.11891 -2.62 —-14.91
7 N72-H120 2.629 0.00772 0.89 0.02805 0.14545 —4.10 -19.28
H127-C69 3.040 0.00499 0.72 0.01698 0.11649 -1.55 -11.72
H148-H101 2.579 0.00278 0.62 0.00635 0.07440 052 -5.59
H121-C84 2.996 0.00492 0.69 0.01777 0.11889 —-1.49 -11.53
N73-H146 3.160 0.00322 0.74 0.00752 0.08039 0.10 -6.82
Cull4-H147 2.746 0.00731 0.91 0.02333 0.13410 -3.71 -18.13
C81-H127 2.692 0.00745 0.79 0.02173 0.12991 -3.85 -18.53
C61-H129 2912 0.00542 0.71 0.01657 0.11516 -1.95 -1291
8 N72-HI121 2.612 0.00823 0.90 0.03131 0.15263 —4.58 -20.69
C69-C130 2.886 0.00634 0.76 0.02167 0.12981 -2.81 -1545
C89-H120 3.015 0.00463 0.72 0.01685 0.11611 -1.21 -10.72
H101-H142 2.640 0.00338 0.63 0.00946 0.08939 -0.04 -7.25
H109-H142 3.328 0.00060 0.43 0.00119 0.03427  2.55 0.45

LMO 279 (16.47%)

LMO 196 (31.57%)

- — = N p
[

LMO 306 (22.77%) _

Complex 1 (Cul14-N115) Complex 2 (Cul14-H119)

LMO 352 (30.17%)

LMO 260 (31.47%) - _1MO 315 (25.90%)

T LMO 350 (21.77%)

Complex 5 (Cul14-H131) Complex 7 (Cul 14-CI1140)

Fig. 3. LMO involved in interactions with (|V)//G)Bcp > 1, isosurface at 0.1 a.u.
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Letus take a closer look at the interactions where

(I"/G)pcp=1. Since these interactions are of an
intermediate type, possessing both orbital and
electrostatic contributions, it is useful to examine the
orbitals involved in their formation. Figure 3 presents
the contributions of localized molecular orbitals
(LMOs) to the BCP of these interactions, displaying
orbitals with contributions exceeding 10 %.

As shown in Figure 3, in all of the presented
interactions, the copper atom's 3d22 -orbital is

involved from the surface side, which can be
recognized by its characteristic shape.
The contribution from this orbital remains constant at
around 25 %.

On the sorbate side, in two cases, the molecular
orbitals of the C-H bond are involved in the
interaction (complexes 2 and 5). In complex 5,
a reorientation of the copper 3a’z2 -orbital (LMO 315)

occurs toward the sorbate molecular orbital
(LMO 260). It is also worth noting that the
interaction involves the C—H bond of the methylene
group adjacent to the nitrogen atom, which is the
most polarized.

In complexes 1 and 7, two orbitals are involved
from the sorbate side. In complex 1, these are the
lone electron pair of the nitrogen atom (LMO 121,
25.35 %) and the molecular orbital of the N-C bond
(LMO 279, 16.47 %). In complex 7, these are the p-
orbital (LMO 352, 30.17 %) and the sp-orbital
(LMO 350, 21.77 %) of the chlorine atom (atomic
orbital decomposition coefficients > 0.4 for the 3s

and 3p, electrons).

In complexes 4 and 6, the interaction involving
the nitrogen lone pair is also present, but it is much
weaker than in complex 1 and is based solely on the
electrostatic mechanism. This is likely due to the
distance factor; at »=3.2 A (complex 1), overlap
with the copper 3alz2 -orbitals is still possible, while

at »=3.7 A (complexes 4 and 6), it is no longer
possible. The critical distance for the overlap of
copper Sa’Z2 -orbitals and C—H molecular orbitals is

around 2.6 A (for complex 8, r=2.746 A and

(IM/G)pcp = 0.91).

Thus, the presence of orbital interactions
positively affects the stability of the sorbate-sorbent
complexes, but it does not explain the high adsorption
energy of tetra-n-propylammonium chloride, which is
characteristic of chemisorption. However, the highest
value of pgcp = 0.0135 indicates a weak non-covalent
interaction, which is further supported by the ELFgcp

and LOLgcp values.

The sums of the £y and Ep values for a single
complex do not match the calculated adsorption
energy. XEy always gives a lower value, while XEg
gives an overestimated value, except for complex 7.
The lower value of ZEy; can be explained by the fact
that most interactions are far from those with a shared
shell. The overestimated value of XEp can be
explained by the influence of the solvent, as
equations (3) — (5) were derived for the gas phase.

The results of the IRI calculations for the
investigated complexes are shown in Fig. 4.

For complexes 1-2 and 7-8, all peak values in
the binding region are within p~0 to 0.01 a.u., as
shown in Table 2. For complexes with amino
alcohols (3—6), additional peaks are observed in the
regions p~0.02 au. (complexes with hydroxyl
groups oriented toward the pigment surface) and
p~=0.017 a.u. (complexes with hydroxyl groups
oriented away from the pigment surface).
To understand what these interactions are, let us
construct a 3D map of the IRI parameter for one of
these complexes (Fig. 5).

As seen in Figure 5, these peaks correspond to
intramolecular H:-*OH bonds, so the corresponding
critical points (3, —1) did not appear in the table for
intermolecular interactions.

The presence of sufficiently extensive binding
regions with p~0 to 0.01 near nonpolar groups
(Fig. 5) indicates the significant role of dispersion
forces in the formation of sorbate-sorbent complexes.

The charges for the fragments, as well as the
copper atom on the surface, and the nitrogen and
chlorine atoms of the sorbate, are presented
in Table 3.

For all the complexes of tertiary amines and
amino alcohols, a similar pattern is observed. There is
a slight polarization of the surface (using the
Hirshfeld and AIM methods), with the subsurface
molecule becoming positively charged and the
surface negatively charged. Meanwhile, the sorbate
molecule acquires a small negative charge (Hirshfeld
and CHELPG methods) or remains neutral (AIM).
When looking at the fragment charges, only the
CHELPG method shows a small electrostatic
interaction between the sorbate and the surface.
Considering the centers of positive and negative
charges — the copper atom on the surface and the
nitrogen atom of the sorbate — attraction is possible in
all cases (AIM shows almost quantitative charges of
Cu' and N), but the distance between these centers is
quite large (see Table 1), which hinders effective
interaction.
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Fig. 4. IRI for sorbate-sorbent complexes

Fig. 5. Isosurface IRI = 1 for complex 5; / is the region of intramolecular hydrogen bonds in the sorbate molecule,
2 is the region of weak intermolecular interactions

For the tetra-n-propylammonium chloride interaction between the chlorine atom and the surface
complex, surface polarization is observed only when  more significant than that between the nitrogen atom
using the CHELPG method. It is noted that the and the surface in previous complexes.
occupancy of nitrogen and copper atoms is reduced For the tetra-n-propylammonium  cation
compared to the average value for complexes 1-6, complex, the strongest surface polarization is
which, together with the shorter Cu—Cl distance  observed. Both the Hirshfeld and CHELPG methods
compared to Cu—-N, makes the electrostatic = show charge transfer from the cation to the pigment
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Table 3. Charge distribution in sorbate-sorbent complexes

s Hirshfeld method CHELPG method AIM method

Z

L S A R S S A S R B
FErfizz® g izz® iz zen
1 0.17 -0.10 -0.07 036 —-0.09 - 0.09 0.13 -0.22 0.66 -0.65 - 0.18 —-0.19 0.01 1.04 -1.14 -
2 021 -0.12-0.09 034 -0.10 - 0.13 0.09 -0.22 0.71 -0.98 - 022 -0.22 0.00 0.99 -1.16 -
3 021 -0.17-0.03 035 -0.11 - 0.12 0.06 -0.19 0.65 -0.76 - 0.22 -0.21 -0.01 1.01 -1.18 -
4 025 -0.15-0.10 0.34 -0.10 - 0.17 0.07 -0.24 0.67 -098 - 0.26 —-0.26 0.00 1.00 -1.18 -
5 0.13 -0.08 -0.06 0.35 -0.11 - 0.06 0.11 -0.17 0.68 -0.73 - 0.14 -0.15 0.01 1.01 -1.12 -
6 0.19 -0.08 -0.11 035 -0.10 - 0.11 0.12 -0.23 0.70 -0.86 - 0.19 -0.19 0.00 1.02 -1.12 -
7 0.00 -0.01 0.01 0.38 0.10 —0.66 —0.08 0.20 —0.13 0.71 -0.27 —-0.82 0.00 —0.04 0.03 1.10 —1.09 —0.89
8 059 -0.40 0.81 026 0.10 - 055 -0.21 0.65 0.59 -0.06 - 0.61 -0.57 096 0.89 —-1.10 -

surface. Based on the charges on fragments 2 and 3,
substantial interaction is expected, and from the
absence of orbital overlap bonds in this complex, it
can be concluded that this interaction contributes
significantly to the adsorption energy. Significant
polarization directed into the surface may also
increase the stability of copper phthalocyanine
crystals through electrostatic interactions between the
molecules. This effect can occur during the
adsorption of any cations, but only cations whose
interaction energy with the solvent is small enough to
make adsorption favorable will effectively adsorb.
This effect can be used to stabilize (reduce the
solubility of) crystals in polar solvents.

4. Conclusion

Tertiary alkylamines generally have higher
binding energy with the copper phthalocyanine
surface in the aqueous phase than tertiary alkylamino
alcohols due to their lower interaction energy with
the solvent. The binding of sorbate molecules to the
surface mainly involves electrostatic and dispersion
mechanisms. However, the presence of bonds with
orbital overlap significantly increases the stability of
the complexes. Therefore, it can be concluded that for
effective surfactant adsorption on the copper
phthalocyanine surface, it is necessary to ensure the
overlap of sorbate molecule orbitals with the 3aiz2 -

orbitals of the copper atom on the surface.
The complex with a quaternary ammonium salt is the
most stable due to the combination of electrostatic
and orbital interaction mechanisms. In the complex

with the charged particle — the quaternary ammonium
cation — there is significant surface polarization
directed deep into the crystal, which may increase the
interaction energy between pigment molecules in the
subsurface layers and reduce the solubility of the
modified particles in polar solvents.
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Sorption dynamics of organic dyes from aqueous solutions
using activated carbon derived from peach modified with carbon nanotubes
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Abstract: This study synthesized nanocomposite activated carbon (AC) from plant raw materials (peach production
waste), modified with carbon nanotubes (CNTs). The first stage in obtaining all samples involved hydrothermal
carbonization (HTC) of peach pomace in an aqueous environment with the addition of a specific amount of CNTs, after
which the biomass was gradually carbonized and activated using an alkali (KOH) in an inert atmosphere. The aim of the
study was to evaluate the effect of CNTs on the structure and physicochemical and functional properties of the
nanocomposite AC. It was established that the carbon obtained from the initial mixture containing 0.05 wt. % CNTs
showed a specific surface area according to the BET model of 2876 m2-g71 and a total pore volume of 1.643 cm3-g71.
It is presumed that the interaction of the biomass with the nanotubes occurs at sites on the surfaces of the samples after
HTC, where functional groups are located. The sample with 0.05 wt. % CNTs exhibited minimal /p/Ig and dqgo values,
indicating a higher order of the carbon structure. For all carbons, the sorption capacity relative to synthetic dyes —
malachite green (MG) and Congo red (CR) — was determined. A general correlation was found between the changes in the
Ip/lg and djgo values and the activity of the AC samples. The AC with 0.05 wt. % CNTs demonstrated the highest

capacity for both dyes in static mode: 2987 rng~g71 for MG and 1201 mg-g{1 for CR, respectively. For this particular
sample, an assessment of the sorption kinetics was conducted.

Keywords: activated carbon; biochar; carbon nanotubes; peach processing waste; synthetic dyes; Congo red; malachite
green; adsorption dynamics; kinetics.

For citation: Kadum AHK, Burakova IV, Badin DA, Rybakova SO, Timirgaliev AN, Yarkin VO, Kuznetsova TS,
Dyachkova TP, Burakov AE. Sorption dynamics of organic dyes from aqueous solutions using activated carbon derived
from peach modified with carbon nanotubes. Journal of Advanced Materials and Technologies. 2025;10(2):154-166.
DOI: 10.17277/jamt-2025-10-02-154-166

JInHAMHKA COPOLMU OPraHUYeCKUX KpacurTeJiei
U3 BOAHBIX PACTBOPOB AKTUBUPOBAHHBIM YIJIeM M3 MePCHKaA,
MOAU(PUIIUPOBAHHOIO YIJIEPOAHBIMUA HAHOTPYOKAMU
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AnHoTanus: B pabore CHHTE3MpOBAIM HAHOKOMITO3UIIMOHHBIN aKTUBUPOBAHHEIN yToiib (AY) M3 paCTUTEIEHOTO CBHIPHS
(0TXOMOB TPOM3BOJCTBA TMEPCUKA), MOTUPHUIMPOBAHHOTO yriiepoaHbiMu HaHoTpyOkamu (YHT). Ilepmoii cramueit
MOJyYeHHsT BceX 00pasmoB Obuta rupporepManbHas kapOonmszanus (I'TK) mepcHKoBBIX BBDKHMOK B BOIHOH Cpefe
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¢ pobOaBieHHEM orpe/esieHHoro konmdectBa YHT, mocne ero 6nomaccy mo3TamHo KapOOHU3UPOBAIN M aKTHBHPOBAIH
¢ nomoitnpio menoun (KOH) B mueprtHoii cpene. Llens paGorel — oneHka BiusHus YHT Ha cTpykTypy H (U3HKO-
XHMHYECKHE U (DYHKIMOHAIbHBIE CBOMCTBA HAHOKOMIIO3MIIMOHHOrO AY. YCTaHOBJIEHO, YTO YroJib, MOJYYEHHBIA W3
ucxomHou cmecu, coxepxameii 0,05 mac. % YHT, mokaspiBaeT BeMMYHHY YIENBHOW MOBEpXHOCTH Mo moxaermu bOT,
paBHyt0 2876 Mz/l“, u 0Ot o0bem mop — 1,643 eM/T. [IpenmnonoxuTensHO, B3aNMOEHCTBIE OHOMACCHl ¢ HAHOTPYOKaMH
MIPOUCXOJUT Ha ydaCTKaxX IIOBEPXHOCTH O6p8.3HOB I10CJIC FTK, rac pacroJIOKCHBI (byHKIlI/IOHaJ'H)Hble I'pYIIIbI. O6pa3eu
¢ 0,05 mac. % YHT moka3piBaeT MEHUMaIIbHBIE 3HaYeHUS Ip/IG 1 d10(, YTO TOBOPUT O OOJIee BEICOKOW YHOPSIIOUYECHHOCTH
YIJIEpOMHOU CTPYKTYphL. Jlsi Bcex yriei ompeneisii COPOIMOHHYIO CIIOCOOHOCTH IO OTHOIICHHUIO K CHHTECTHUCCKUM
KpacuTeNnssM — MallaxuToBbli 3eieHbiii (M3) m konro kpacubeiii (KK). O6napyxena oOImas KOppelsius XapakTepa
n3MeHeHus1 nokasareneil /p/lg u djpp ¢ akTHBHOCTBIO 00pa3noB AY. HanOonbiryto eMKOCTb 1O 000MM KpacUTENIsIM
B cratuueckoM pexume mokasan AY ¢ 0,05 mac. % YHT: 2987 u 1201 mr/r mast M3 u KK coorBercTBEHHO.
Jlnst ykazanHoro oOpasiia MpoBeleHa OIeHKa KHHETUKH CcOpOIMHM B JAMHAMHYECKOM pexume. [lo pesympTaTam
OKCIICPUMCHTAJIBHBIX W TCOPCTHYCCKUX I/ICCJ'Ie]IOBaHI/lﬁ OIPEACICHbI TAKHUC BAXXHBIC I1OKA3aTCJIM IOITIOMICHUA, KakK
KOHCTaHTBI CKOPOCTH COpOIMHU 1 KO3PPuineHTh 1uddy3uu.

KnaioueBble ciioBa: aKTHBUPOBAaHHBIM Yroiib;, OHWOYrojb; YIJIEPOAHBIE HAHOTPYOKH; OTXOZBI IEepepabOTKH NEpPCHKa;
CHUHTETHYECKUE KPACUTENHN; KOHT'O KPacHBIN; MAJIaXUTOBBIH 3€JI€HBIN; TMHAMHKA aICOPOINN; KUHETHKA.

Jna ourupoBanmsi: Kadum AHK, Burakova IV, Badin DA, Rybakova SO, Timirgaliev AN, Yarkin VO,
Kuznetsova TS, Dyachkova TP, Burakov AE. Sorption dynamics of organic dyes from aqueous solutions using activated
carbon derived from peach modified with carbon nanotubes. Journal of Advanced Materials and Technologies.
2025;10(2):154-166. DOI: 10.17277/jamt-2025-10-02-154-166

1. Introduction esterification, and the process of grafted
copolymerization, resulting in the formation of
different functional groups on the material's surface
(hydroxyl, carboxylate, amide, amino, and ester
groups). Waste from bananas, coconuts, apricots,
peaches, etc., can be used as precursors for biochar
production for wastewater treatment [10-12].
Peaches are consumed in nearly all parts of the world
due to their unique flavor and aroma. The peach
processing industry discards many parts of the fruit,
including the pit and skin, referred to as "peach
waste," which is rich in hemicellulose, lignin, and
cellulose compounds, making these products valuable
for the production of effective biochar [13].

The authors [12] synthesized biochar from the
cladodes of the cactus Opuntia ficus-indica.
Modification of the biochar using NaOH resulted in
increased surface basicity. The maximum adsorption
capacities based on the Langmuir model were found
to be 1341, 49, and 44 mg-g ' for MG, Cu*" and Ni*",
respectively.

The sorption capacity of biochar derived from
date palm leaves [14] reached values of 334 mg-g71
for MG. In the study [15], biochar obtained from
banana peels was functionalized using microwave
pyrolysis. It was established that the maximum

Global consumption of clean freshwater is
increasing annually. However, its quality is
noticeably declining. This is partly related to the
problem of discharging untreated wastewater [1, 2].
More than 100,000 types of synthetic dyes are used in
the textile, paint, paper, leather, and printing
industries [3]. The discharge of wastewater from
industrial enterprises leads to the accumulation of
pollutants and has a negative impact on the
environment [4, 5]. Malachite green (MG) is
a common organic cationic dye used in chemical
processes, the textile industry, as a medical
disinfectant, and so on. Congo red (CR) is an azo dye,
an acid-base indicator, and is used in histology and
microscopic studies for staining fungal cell walls.
Furthermore, adsorption is one of the most effective
methods used for the removal of MG and CR [6, 7].

The choice of adsorbent is fundamental to the
successful development, effectiveness, and
implementation of the adsorption process. Activated
carbon from plant material can compete with
traditional coals due to its exceptional properties:
high porosity, large surface area, and the presence of
functional groups. Various methods of producing
biochar are known, including hydrothermal

carbonization (HTC), pyrolysis, and gasification [8, 9].

To enhance the adsorption capacity of biochar,
modification of target waste is carried out to create
active centers (functional groups) on its surface,
which can effectively retain dyes under suitable
conditions. Various methods of modification are
known, including the use of acids, bases, surfactants,

adsorption capacity for MG reached 2297.83 mg'g71
with a contact time of 120 min. The mechanism of
dye adsorption for MG included hydrophobic
interactions, the formation of hydrogen bonds,
7-1 interactions, and ion exchange.

The adsorption of Congo red (CR) was conducted
using activated biochar from Haematoxylum
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campechianum waste obtained through pyrolysis.
The maximum adsorption capacity, determined using
the Langmuir adsorption isotherm model, was found
to be 114.8 mg'g71 at 300.15 K, pH=5.4, and an
activated biochar dose of 1.0 g-Lﬁ1 [16]. Biochar from
Medulla Tetrapanacis modified with K,CO;showed
an adsorption capacity for CR of 584.17 mg: g_1 [17].
The adsorption capacity of the biochar from rice
husks for CR amounted to 42.918 mg-gfl, with
equilibrium adsorption occurring after 120 min.
The process of CR adsorption on biochar took place
through physical adsorption and chemisorption,
involving hydrogen bonds, electrostatic interactions,
and -7 interactions [18].

Another method for enhancing the sorption
activity of biochars is the creation of composites with
carbon structures (such as carbon nanotubes (CNTs),
graphene, etc.), metal oxides, and others [19, 20].
A method has been developed for obtaining CNT-
biochar nanocomposites using a surfactant derived
from hickory chips and sugarcane bagasse [21].
In one study [22], biochar was synthesized from
potato peeling waste (utilizing various activation
technologies) followed by modification with CNTs.

The objective of this work is to study the organic
dyes (MG and CR) adsorption dynamics on
a nanocomposite material — activated carbon (AC)
derived from peach pomace, modified with CNTs.
To achieve the research goal, samples of composite
biochars with varying mass percentages of CNTs
were synthesized, their physicochemical properties
were determined, and the kinetics of malachite green
sorption in a dynamic mode were assessed.

2. Methods and Materials

2.1. Preparation of activated carbon modified
with carbon nanotubes

Biochar was obtained through HTC in an
aqueous environment from biomass generated from
peach pomace, which was first dried and ground.
The carbon nanotubes  “Taunit-M”  (LLC
“NanoTechCenter”, Tambov) were added in dry form
(0.01, 0.05, 0.1, 0.5, 1 wt. %) to the powdered peach
material, and the resulting mixture was further
mechanically ground. The dispersed bulk material
was placed in a stainless steel autoclave, and distilled
water was added. The mass ratio of “bulk
material : water” was 1:3. The mixture was
processed in the autoclave at a temperature of 180°C
for 12 hours. The obtained HTC biochar was filtered

and washed with water to remove by-products of the
reaction and dried to a constant residual mass at
90 °C. The material was then subjected to thermal
carbonization at 150, 350, and 700 °C (for 1 hour at
each temperature) in an inert argon environment
(with a flow rate of 1.4 L~min_1). To obtain activated
carbon, the carbonized samples were mixed with an
alkali (KOH) in a mass ratio of 1:6, then treated in an
argon atmosphere at 400 and 750 °C (for 1 hour at
each temperature). The resulting material was washed
with distilled water until a neutral pH (~7) was
reached. It was then soaked in concentrated
hydrochloric acid for 24 hours. Afterward, it was
washed again until a neutral pH was achieved.
The washed material was dried at 90 °C until
a constant mass was obtained.

The obtained experimental samples of composite
activated carbon were stored in airtight plastic
containers.

2.2. Adsorption test
2.2.1. Static conditions

To preliminarily assess the sorption capacity of
the developed materials toward organic dyes MG and
CR, studies were conducted under limited-volume
conditions with the following fixed parameters: initial
dye model solution concentration — 1500 mg-Lﬁl,
pH =6, sorbent weight — 0.01 g, contact time —
30 min. The optical density of the synthetic dye
solutions was measured using a PE-5400V
spectrophotometer (Ekros, St. Petersburg, Russia) at
wavelengths A(MG) = 810 nm and A(CR) = 625 nm.

2.2.2. Dynamic conditions

Kinetic studies under dynamic conditions were
carried out using an experimental setup (Fig. 1).
A 100 mL stock solution of MG and CR with
a concentration of 1500 mgLﬁ1 was delivered by
a peristaltic pump (3) into a sorption cell (/)
containing the sorbent (mass 0.03 g) and circulated
back to the original reservoir (R). A parallel circuit
was used to deliver the solution to a cuvette located
in the spectrophotometer (2).

2.3. Analytical methods

The morphology of the materials was examined
using scanning electron microscopy (SEM) with
a TESCAN Vega III microscope (Czech Republic).
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Fig. 1. Laboratory setup for dynamic sorption
(R — reservoir with the initial solution; / — sorption cell; 2 — spectrophotometer, 3 — peristaltic pump)

To qualitatively identify functional groups, FTIR
spectra of the samples were recorded in attenuated
total reflectance (ATR) mode using a Jasco FT/IR
6700 spectrometer (Jasco International Co., Ltd.,
Japan) in the wavenumber range of 500 to 4000 cm .
Structural features of the samples were determined
based on Raman spectra, recorded with a DXR
Raman Microscope (Thermo Scientific Instruments
Group, Waltham, USA) using a laser excitation
wavelength of A = 532 nm. The phase composition of
the materials was determined from X-ray diffraction
(XRD) patterns obtained using a Thermo Scientific
ARL Equinox 1000 diffractometer (TechTrend
Science Co., Ltd., Taiwan).

To evaluate the thermal stability of the samples,
simultaneous thermal analysis was performed —
recording thermogravimetric (TG) curves and
differential scanning calorimetry (DSC) curves
simultaneously — using a NETZSCH STA 449 F3
Jupiter instrument (NETZSCH-Feinmahltechnik
GmbH, Selb, Germany) under an air atmosphere with
a heating rate of 10 K-min '. The specific surface
area and porous structure parameters were
determined using a high-precision surface area and
pore size analyzer TOP 200 (Altamira Instruments,
USA). The specific surface area (Sggr) Wwas
calculated using the Brunauer—-Emmett—Teller (BET)
theory, and the total pore volume (Viga) was
determined by the Barrett-Joyner—Halenda (BJH)
method.

3. Results and Discussion

3.1. Evaluation of physicochemical properties

SEM-images of the biochars (Fig. 2a—e) show
that all materials, regardless of treatment method,
possess a rough, irregular, and variably porous
structure. The morphology of the samples subjected
to HTC treatment (Fig. 2a) is mainly represented by
elongated grains (fibers) and microspheres. It was
found that the introduction of CNTs during the
hydrothermal carbonization stage results in
a reduction in the diameter of the microspheres —
from a size range of 200-250 nm to 100-200 nm
(for HTC biochar modified with CNTs).

The modified HTC biochar (Fig. 2b, ¢) contains
CNTs and catalyst particles with an average diameter
of approximately 35 nm. According to the obtained
images, the nanotubes are uniformly distributed
within the carbon matrix derived from peach biomass
and are directly encapsulated in the biochar
microspheres. The sample of activated carbon
modified with CNTs is characterized by inclusions up
to 10 nm in diameter and the presence of bridges
between the material grains. It is presumed that
during the alkaline activation process, partial
destruction of the CNT graphene structure occurred,
resulting in the formation of connecting “bridges”
between granules and an increase in surface defects
due to the formation of grooves.
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Mag - 150,00 KX

Thus, the incorporation of CNTs into the
biochar, regardless of the processing stage, led to
changes in the surface morphology and grain size of
the structural elements of the biochar. This suggests
the formation of a more favorable porous architecture
in the activated carbon for the removal of toxic
pollutants from aqueous media.

Fig. 2. SEM-images of raw HTC biochar (a),
HTC biochar with 0.05 wt. % CNTs (b, ¢),
and activated carbon (AC) with 0.05 wt. % CNTs (d, e)

To assess material changes under different
processing conditions, IR-spectra were analyzed for
the following samples: the original (HTC) and
modified (HTC/CNT _0.01 et al.) materials after
hydrothermal carbonization; the original carbonized
coal (CC) and modified (CC/CNT _0.01 et al.) after
thermal carbonization; and the original activated
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carbon (AC) and modified (AC/CNT 0.01 et al.)
after alkaline activation.

The IR-spectrum of the material obtained via
HTC treatment of the raw material (without CNTs)
(Fig. 3a) shows characteristic peaks attributed to:

— Stretching vibrations of O-H bonds in
hydroxyl groups and/or water molecules (broad peak
centered at 3423 cmﬁl);

— Asymmetric (2957 and 2922 cm ') and
symmetric (2865 cmﬁl) stretching vibrations of C—H
bonds in alkyl groups;

— Stretching vibrations of C=0 bonds in
carboxyl groups (1710 crn_l) and in carbonyl groups
conjugated with two aromatic rings (1627 cmﬁl);

— Various vibration modes of oxygen-containing
groups in cellulose fragments (group of peaks within
the broad band of 1000-1500 cmﬁl).

The addition of CNTs to the biomaterial does
not qualitatively alter the chemical composition of the
HTC products. A slight decrease in the intensity of all
absorption bands is observed, which may be due to
the chemical inertness of CNTs.

During carbonization (Fig. 3b), thermal
decomposition removes most of the oxygen-
containing functional groups. As a result, only the
peaks at 3423 and 1627 cm ' remain relatively
intense in the IR-spectra. The former is likely due to
adsorbed moisture, and the latter to the relatively high
stability of the carbonyl bond conjugated with two
aromatic rings. The intensities of peaks indicating the
presence of alkyl groups and cellulose fragments are
significantly lower compared to the spectra of HTC-
treated samples. There is no qualitative difference in
the composition of CNT-modified materials at this
stage.

After alkaline activation (Fig. 3c¢), no significant
changes are observed in the IR-spectra of the
samples. However, it should be noted that the
activated sample with the highest CNTs content has
the most “depleted” composition, as its IR spectrum
lacks peaks corresponding to alkyl and oxygen-
containing groups in the 1000—-1500 cm’! region.

Based on scanning electron microscopy data, it
can be assumed that the bonding between the
nanotubes and the biomass-derived matrix during
composite formation occurs at the sites originally
occupied by functional groups. This likely explains the
observed changes in the IR spectral characteristics.

All of the analyzed samples exhibit prominent D
(~1350 cm_l) and G (~1590 cm_l) bands in their
Raman spectra. The intensity ratio of these peaks
(Ip/lg) is commonly used to assess the degree of
graphitization in carbon materials, where a higher

Ip/lg value indicates a greater level of structural
disorder or defects in the sample [23, 24].
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Fig. 3. IR-spectra of carbon samples:
(a) after HTC; (b) after carbonization;
(c) after alkaline activation
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Fig. 4. Raman spectra of biochar samples

No significant differences are observed among
the Raman spectra of the analyzed samples (Fig. 4).
However, calculations show that as the CNTs content

increases up to 0.05 wt. %, the Ip/l; ratio initially
decreases and then increases. Notably, the sample
with 1 wt. % CNTs has a slightly lower /p/l; ratio
than the sample containing 0.5 wt. % CNTs (see
Table 1).

The non-uniform trend in the defectiveness
index with increasing CNTs content is likely due to
differences in the composite morphology and the
varying resistance of the components to alkaline
treatment at high temperatures.

The X-ray diffractograms of the analyzed
samples exhibit a qualitatively similar features
(Fig. 5). They show a broad halo with a peak at 20
around 12°, which is characteristic of amorphous
porous carbon materials[25], and a wide peak at 20
around 43°, which corresponds to the crystallographic
plane (100) of graphite [26].

120
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Fig. 5. XRD-patterns of biochar samples

Table 1. Influence of CNTs content
on the structural characteristics of the samples

Mass fraction

of CNTs, 0 0.01 0.05 0.1 0.5 1
wt. %

Ip/l 1.054 1.021 0.985 1.053 1.060 1.043
d100, A 2.114 2.111 2.101 2.111 2.117 2.101

,AC/CNT_0.1
/ACICNT_0.01 5 -
/# AC/CNT_0.05

™~ AC/CNT_0.5
~AC

The interplanar spacings (d}qo), calculated using
the Wulff-Bragg equation, are presented in Table 1.

It can be observed that the trend in the djgg

values correlates with the changes in the /p// ratio.
The increase in structural defects may be attributed
not only to the destruction of the surface or graphene
layers of the components but also to the presence of
an amorphous phase within the material. Particles of
this phase can potentially block pores and reduce the
sorption capacity.

_~ ACICNT_05
. ACICNT_1
. AC
I~ AC/CNT_0.05
1~ AC/ICNT_0.1
AC/CNT_0.01

204

DSC, uvimg

—

T
600
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)

Fig. 6. TG (a) and DSC (b) curves of biochar samples
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According to thermogravimetric analysis (TGA)
(Fig. 6), all samples exhibit relatively homogeneous
chemical composition due to the effective
decomposition of low-molecular-weight organic
components and the removal of volatile functional
groups during the carbonization and alkaline
activation stages. The TG curves display a single
prominent weight-loss region, which corresponds to a
peak in the DSC curve.

The addition of CNTs contributes to a slight
increase in the thermal stability of the resulting
composites. However, the sample with the highest
CNTs content shows the greatest initial mass loss on
the TG curve compared to the other composites,
likely due to its specific structural characteristics.

Particularly noteworthy is the correlation
between the DSC analysis results and the data from
Raman spectroscopy and X-ray diffraction. Samples
that showed a decrease in structural defects (lower
Ip/l values) also exhibited a lower exothermic effect
during thermo-oxidative degradation compared to the
unmodified material (without CNTs). The most
intense DSC peak is observed for the sample with
0.5 wt. % CNTs, which also exhibits the highest /p/l;

and d g values.

According to the data presented in Table 2, the
sample containing 0.05 wt. % CNTs demonstrates the
highest specific surface area and specific micropore
volume. As shown earlier, this material also has the
lowest Ip/lg and dy¢g values.

The decrease in surface area and porosity
parameters with increasing defectiveness can be
explained by the adverse effect of amorphous phase
inclusions on the sorbent's characteristics. As the
CNTs content exceeds a certain threshold, it
promotes the formation of amorphous phase particles
that block the pores.

Table 2. Specific surface area and specific micropore
volume of the base activated carbon and composite
sorbents with varying CNTs content

No. .Mass fraction.of CNTs SEET,] V“g“‘l: 1

in the composite, wt. % m-g cm’-g
1 - 2945 1.703
2 0.01 2700 1.456
3 0.05 2876 1.643
4 0.1 2757 1.601
5 0.5 2690 1.570
6 1 2057 0.653

3.2. Determination of adsorption capacity

3.2.1. Comparative testing of samples
under static conditions

The results of the liquid-phase adsorption studies
of organic dyes on the developed materials under
static conditions are presented in Fig. 7.

According to Fig. 7, the sample containing
0.05 wt. % CNTs exhibits the highest adsorption
capacity, with its capacity being 25 % greater than
that of the base activated carbon without CNTs.
Further increases in the CNTs content do not result in
a positive effect and are therefore not advisable.
It is worth noting that the variation in the sorption
activity of the composites toward organic dyes
generally correlates with the Raman spectroscopy and
X-ray diffraction data.

3.2.2. Adsorption dynamics

The experimental kinetic curves for the
adsorption of MG and CR dyes under dynamic
conditions are shown in Fig. 8a. For MG removal
using the nanocomposite, equilibrium in the sorption
system is reached within 30 min, while for CR it is
achieved within 10 min. The studied sorbent
demonstrates a high adsorption rate during the initial
period (up to 10 min).

Table 3 shows the models equations used in this
work to describe the mechanism of dye adsorption.
Tables 4 and 5 below present the results of the
mathematical analysis of the experimental data using
diffusion and chemical kinetic models.

The dependence  describing intraparticle
diffusion (Fig. 85) exhibits a multilinear curve.

3500 -
-&-MG

3000 -

-=CR
2500
2000 -

1500 A

1000 A?gﬁ\g o

500 ~

Adsorption capacities, mg g

0

0 01 02 03 04 05 06 07 08 09 1 1.1
Weight content of CNTs, wt. %

Fig. 7. Comparative adsorption capacity of peach-derived
activated carbons for MG and CR dyes
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Fig. 8. Kinetic curves of MG and CR dye adsorption (a) and kinetic models:
b — Intraparticle diffusion; ¢ — Boyd; d — Pseudo-first-order; e — Pseudo-second-order; f— Elovich model

Since the approximating line does not pass
through the origin, there is a boundary diffusion layer
effect; diffusion is not the rate-limiting step, and the
diffusion process is overlapped by a surface
adsorption stage [20]. These observations are
characteristic for both dyes. The diffusion rate

for MG is several times higher than for CR (for

0.5

example, k;q1 =3519.5 mg-gﬁl-min vs. kig =

=537.41 mg-gﬁl-minfo's). For the Boyd’s model, the
kinetic data were processed for ' <0.85, i.e., in the
initial period of adsorption. The correlation of
experimental data using Boyd’s equation (Fig. 8¢)
further confirms the influence of intraparticle
diffusion on the adsorption rate, making it possible to
calculate the effective diffusion coefficient (Table 5)
[27].
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Table 3. Kinetic model equations* [20, 27]

Model Equation
Pseudo-first-order model kyt
lg(Qe - Qt ) = lg(Qe ) -
2.303
Pseudo-second-order model t 1 1
— +—t

0 k0 0,
0, = 1n(aB)+—In(r)
B B

Elovich model

Intraparticle diffusion model 0, =k, PLUSIND
t =5 )

6 n=o |

Boyd F=1-— Z —exp(—Btnz);
TC2 n=l1 n2
Dr?
B=—
7"02

* t — adsorption time, min; Q, — adsorption capacity at equilibrium, mg~g71; 0O, — adsorption capacity at time ¢, mg-gﬁl;
k1 — rate constant for pseudo-first-order adsorption, minﬁl; ky — rate constant for pseudo-second-order adsorption,
g:mg min"'; kiy — intraparticle diffusion coefficient, mg'g"~min_0'5; ¢— boundary layer thickness (constant), mg-gfl;
o — initial adsorption rate, mg-g’l-min_l; B — desorption constant reflecting surface coverage and activation energy of
chemisorption, g-mgﬁl; F — fractional attainment of equilibrium; B — kinetic coefficient, minfl; D — effective diffusion

. 2 1 . . . .
coefficient, m™-s ; rp — average radius of sorbent particle, pm; Bt — dimensionless parameter.

Table 4. Parameters of chemical kinetics of dye sorption

E . Pseudo-first order Pseudo-second order Elovich
xperimental
Dies  adsorption ijamty, O, ki, e O, o, e o, B, -
me g mg-gf1 min”' mg~gﬁl g~mgf1 -min"’ mg-gﬁl-minf1 gmg
MG 2987 995.86 0.0854 0.9794 33333 0.00015  0.9982 532439.5 0.0038 0.9885
CR 1201 441.88 0.0884 0.9773 1250 0.00043  0.9998  22967.7  0.0074 0.9133
Table 5. Parameters of diffusion kinetic models for dye adsorption
Internal diffusion Boyd
Dies kid1 kid> kia3 C G C3 5 S a0 o
s L R B D107, ms" R
mg-g -min mg-g
MG 3519.5 190.68 73.463 2213.1 1996.8 2501.6 0.9794 0.9552 0.9241 0.1184 0.004 0.9699
CR 537.41 63.574 16.722 117.4 842.07 1087.5 0.9853 0.9654 0.9162 0.2091 0.007 0.9805

If the experimental results are well approximated
by the pseudo-second-order equation, the reaction
between the adsorbate and functional groups occurs
strictly stoichiometrically (one molecule occupies one
adsorption site) [20]. For both dyes, the data show

a strong correlation with this model, with R*=0.9998
and R*= 0.9982 (Fig. 8e; Table 4). The rate constants
are k, (MG) =0.00015 g-rng_l-min_1 and k, (CR)=
=0.00043 g'mg min .
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4. Conclusion

This study developed a method for producing an
effective sorbent nanocomposite based on activated
carbon derived from peach pomace, modified with
carbon nanotubes. The composite material was
prepared by HTC of the raw biochar with varying
mass fractions of CNTs, followed by thermal
treatment and alkaline activation. Characterization
confirmed the presence of CNTs on the surface and
within the structure of the biochar granules.
The material containing 0.05 wt. % CNTs showed the
most ordered carbon structure and exhibited the
highest porosity among all samples. Kinetic studies
under dynamic conditions determined the adsorption
capacity of the nanocomposite with 0.05 wt. % CNTs
for MG and CR, as well as the equilibrium sorption
times: MG — 2987 mg-gﬁ1 in 30 min, and CR —
1201 rng-g_1 in 10 min. It was established that the
adsorption process for both dyes proceeds via
a mixed diffusion regime, with the diffusion of MG
molecules occurring 6.5 times faster than that of CR.
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Design of carbon dioxide sorbents
in the context of the potential energy landscape
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Abstract: This article explores a modern approach to the design of carbon dioxide (CO;) sorbents based on the concept of

the potential energy landscape (PEL). The authors analyze the relationship between PEL characteristics and CO7 sorption
efficiency. The article demonstrates how the manipulation of PEL parameters enables the development of optimized
materials with desired sorption properties. The article examines the influence of the depth and distribution of energy

minima on the selectivity, capacity, and kinetics of CO; sorption. Various strategies for modifying the PEL, including
surface functionalization and the targeted introduction of defects, to achieve the desired sorption characteristics are
highlighted. Examples of different types of sorbents, such as MOFs, zeolites, and activated carbons, designed within the
framework of the PEL concept are presented. Potential applications of the developed sorbents in carbon capture and
storage technologies, as well as the synthesis of chemically valuable products have been considered. This review will be of
interest to materials science and energy specialists involved in the development of new sorption materials.
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AHHoTanus: PaccMoTpeH COBpeMEHHBIH MOAXOA K MPOEKTHPOBAaHHUIO cOpOeHTOB auokcuaa yriepona (CO2) Ha ocHOBe
KOHLeNnuuy Jangmadra noreHnuansHor sHeprun (JIIID). IlpuBenen anann3 B3auMOCBSI3M MEXIY XapaKTepUCTUKAMU
JIIID u sddexruBHocThI0 copbimm COj. IlokazaHo, kak u3MeHeHue napamerpoB JIIID mo3Bossier pa3pabaThBaTh
ONTHUMU3UPOBAHHBIE MaTepualibl C TPeOyeMbIMH COpPOLMOHHBIMU CBOWCTBaMHu. lcciaenoBaHO BIHMSHHE TIIyOMHBI

U pacmpeneneHus dHEPreTHIeCKNX MHHAMYMOB Ha CEJIEKTHBHOCTh, EMKOCTh U KHHETHKY copbunu CO;. Ob6cyxaaroTcs
pasnuuHbie crpareruu usMeHeHus JIIID, Brirouas (YHKIIMOHAIM3AIMIO MMOBEPXHOCTHU, I[CJICHANPABICHHOS BBEICHUC
IeEeKTOB JUIS JOCTIDKCHHS JKCIIAEMBIX COPOIIMOHHBIX XapaKTepUCTUK. [IpUBENCHBI NPUMEPHl PA3IUYHBIX THIIOB
copbenToB, Takux kak MOF, 1eOnuThI, aKTHBHPOBAHHBIC YTIIH, MPOCKTHPOBAHNUE KOTOPHIX OCYMICCTBISUIOCH B paMKax
koutenuu JIITD. PaccMOoTpeHBI OTEHIMATBHBIC IPUMCHEHUS pa3padOTaHHBIX COPOCHTOB B TEXHOJIOTUSAX YJIABIUBAHHUS,
XpaHeHUsl yriepo/ia, a TAKXKE CHHTE3 XMMHUUYECKH IIEHHBIX MPOoayKToB. O030p MpeCTaBIsIeT HHTEPEC /sl CIEUATNCTOB
B 00JIaCTH MATEPHUAIIOBEICHUS U SHEPTeTHKH, 3aHUMAIOIIMXCS Pa3pabOTKONH HOBBIX COPOLIMOHHBIX MATEPHAJIOB.
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KaioueBble cjioBa: IMOKCHI YIJIEpOAa; MOJEKYJSIPHOE MOJAEIHMPOBAHWE, COpPOLMS; KBAaHTOBAS XUMHMSA; JaHAIA(T

MOTEHUHUATbHON SHEPTUH.
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1. Introduction

With the ever increasing concentration of carbon
dioxide (CO,) in the atmosphere and the associated
alarming climatic changes — global warming and
suppression of certain ecological systems — the
development of effective methods for CO, capture is
becoming an increasingly urgent task [1].
The chemical and physicochemical properties of this
sorbate make the problem of CO, fixation complex.
It should be noted that CO, has an extremely low-
energy chemical structure, which determines its
phenomenal thermodynamic stability. It cannot be
efficiently decomposed into its simple constituents,
solid carbon and molecular oxygen. CO, does not
react chemically with other low-energy substances [1].
For example, even the most energetically successful
chemical interactions of CO, (with water and amines)
are reversible. The enthalpic increase of the Gibbs
free energy only partially compensates for the entropic
prohibition against reducing the conformational
freedom of the sorbed gas molecules [2].

Plants and some bacteria use CO; to produce
glucose, which is further converted to cellulose for
cell walls, starch as a form of chemical energy
storage, and proteins and lipids for the daily
functioning of living things. The thermodynamic
potential of CO; physisorption is also estimated to be
mediocre. Because of the lack of dipole moment of
this gas molecule, its electrostatic attraction to the
particles of potential sorbents (Lewis bases or
nanometer pore walls) is not strong enough. While
effective binding of CO, is in principle hardly
possible, many materials show a reasonably
satisfactory sorption capacity [2, 3].

Currently, promising approaches include CO,
adsorption by solid sorbents and absorption by liquid
sorbents [4]. In particular, porous materials [S5] stand
out due to their ability to utilize their high surface
area. In order to obtain the maximum practical benefit
from this group of materials, it is necessary to
optimize the diameters of the available pores as well
as their volumes [5, 6]. In turn, liquid sorbents can be
competitive in terms of their performance as they
have similar intermolecular interaction energies in
sorbent-sorbent and sorbent-sorbate pairs.
The resulting favorable enthalpic factor should

numerically exceed the unfavorable entropic factor.
The latter is always unfavorable in gas sorption
applications due to the increase in the order of the
system, i.e. the suppression of the degrees of freedom
of the bound sorbate [7]. In this case, the absolute
efficiency and rating of any test sorbent is determined
by its ability to selectively bind CO, and by the
kinetics of sorption and desorption.

The aim of this review was to consider the basic
principles of rational design of CO, sorbents on the
basis of the potential energy landscape (PEL)
concept. The review provides examples of
satisfactory theoretical realizations of this approach
to obtain more functional materials. The PEL
describes the dependence of the potential energy of
a system on its internal coordinates, where the system
under study consists of a certain number of atoms or
molecules that define fundamentally important
properties of the material.

2. The concept of potential energy landscape

The concept of PEL provides a powerful tool
for rational design of sorbents with given properties
[8—12]. Within the PEL concept, all possible values
of the potential energy of a system (or other suitable
thermodynamic potential) are unified by a single
mathematical function depending on a set of internal
coordinates of the system (Fig. 1).

Fig. 1. Model PEL calculated for a small area
of an arbitrary CO; sorbent: x, y are arbitrarily chosen
linear directions on a multidimensional surface;
“Energy” is the total potential energy of the system;
“The PEL” is the potential energy landscape
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The concept of PEL is close in meaning to the
concept of phase space, with the difference that PEL
does not operate with instantaneous values of atomic
momentum when a point within the space is given.
Both PEL and phase space are mathematical
models and have no  material analogs.
The multidimensionality of the PEL does not allow
one to visualize all its surfaces simultaneously, but
suggests mechanisms for analyzing the PEL by
means of differential analysis for multidimensional
functions.

The PEL concept is applied to analyze systems
having many possible states with different stability.
In the context of molecular modeling, the PEL makes
it possible to:

— Determine the geometry of molecules: Minima
on the PEL correspond to the most stable
conformations of molecules;

— Study mechanisms of chemical reactions:
A reaction pathway on the PEL corresponds to
a transition from one minimum (reactants) to another
(products) through a saddle point (transition state).
The height of the barrier between minima determines
the activation energy of the reaction;

— Analyze molecular dynamics: PEL allows to
simulate the movement of atoms in a molecule and to
study transitions between different conformations.

Theoretical methods for studying the PEL of
a material or working system include any
mathematical algorithm that supports the physically
relevant evolution of the system geometry, i.e. the
change of its internal variables in the direction of
a systematic decrease of the total energy of the
z-matrix. These include classical and ab initio
molecular dynamics, Monte Carlo Metropolis,
iterative algorithms for minimizing the forces acting
on each atom in the system, and algorithms for
finding the global minimum of energy with a
stochastic component, such as the periodic kinetic
energy injection method [13—16]. The most valuable
information provided by the latter is the list of low-
energy stationary points. The obtained minima of the
potential energy of the system are uniquely
characterized in terms of total energy and geometrical
parameters (z-matrix of the structure). The total
energy depends on the Hamiltonian applied to the
model system. It is useful to express this quantity in
terms of the detected global minimum belonging to
the PEL. Among the most relevant groups of model
Hamiltonians, we would like to highlight the
following three, which are characterized below.

First, we deal with the molecular-mechanical
Hamiltonians. In standard applications they represent
the integral potential energy by the sum of

independent equations for the interatomic Coulomb
(~R_12) and London (~R_6) forces and the
interelectronic repulsion forces (~R712). If covalent
bonds are present in the system, bond, valence plane
angle and valence dihedral angle equations must be
defined [17-19]. These equations specify a harmonic
or more complex dependence of the energy of the
system on its actual deviation from the initially given
equilibrium value. Such interaction potentials do not
imply the breaking and forming of covalent bonds,
but adequately reproduce the thermal motion of
atoms at sufficiently high temperatures and pressures
[20-23]. Molecular mechanical potentials are still
actively used in biophysical and materials science
research projects [24], including the design of
sorption materials for CO».

Second, Density Functional Theory (DFT)
provides the optimal balance between the accuracy of
capturing the electronic structure of the material and
the cost of the computational cycle. DFT is
ubiquitously used in materials science problems,
including the analysis of possibilities for improvement
of previously known sorbents [14, 25-28].
The screening of possible directions for improving
the properties of the base material is performed by
testing the PEL for each structural modification
option in terms of thermodynamic potentials.
In particular, PEL scans are often performed along
the assumed coordinates of the chemisorption
reaction and physisorption process to identify
activation barriers and preferred sorption centers in
the case of functionalized materials.

Third, semiempirical Hamiltonians — both
derived from Hartree-Fock theory and based on
simplified Density Functional Theory — provide
a rather comfortable balance between the size of the
system and the duration of the numerical calculation
[29-32]. It seems possible to improve the
computational performance by more than three orders
of magnitude compared to Hartree-Fock and most
DFT methods. Unfortunately, none of the semi-
empirical methods solve the problem of increasing
the computational cost by three orders of magnitude
while increasing the problem size by only a factor of
two [30]. Because of the relatively low computational
cost, semiempirical Hamiltonians are particularly
important for the study of PEL, which requires
extensive initial scans to qualitatively understand the
shape of the landscape [30, 33-35].

Certain PEL properties can be obtained or
verified by experimental physical methods [36—40],
such as structural analysis (XRD, AFM),
spectroscopy (FTIR, Raman, NMR) and, to a large
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extent, modern electron microscopy (REM, SEM,
TEM). The measurement of the heat of adsorption by
chemical calorimetry techniques allows determining
the binding energy of CO, to the sorbent. On the
other hand, by measuring adsorption isotherms,
adsorption capacity and adsorption kinetics can be
determined to better parameterize and confirm the
main patterns on the PEL. A combination of
theoretical and experimental methods is the most
relevant philosophy of modern materials science.
In this case, the more resource-intensive part is
delegated to molecular modeling methods.

3. Results and Discussion

The development of more efficient materials for
primary CO, sorption is being actively pursued
worldwide. While some technologies have already
been implemented in industry, e.g. amine scrubbing
[40], many still need to be improved and made more
competitive [38—41]. However, the largest group of
methods is of purely academic interest [21, 24, 42-45].
The main reason for this situation is the excessive
cost of the proposed materials. Systematic research
on the PEL characteristics of economically inefficient
materials can pave the way for their cheaper
production.

Let us consider some currently used and
promising carbon dioxide sorbents to which the
concept of potential energy landscape has been
applied.

3.1. Using inorganic compounds

According to the principle of chemistry of
inorganic compounds, the reactions of carbonate
formation can be a basic solution. For example,
strong bases — hydroxides of calcium, sodium,
potassium, lithium — have good CO; sorption
parameters. Calcium and iron oxides are also worth
mentioning [1, 46]. A PEL study using a combination
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of global minimum search and molecular dynamics
simulations for an alkaline earth metal salt with
a weakly coordinating anion showed that calcium
tetrakis (pentafluorophenyl)-borate traps 5.5 CO,
molecules per calcium atom, while barium tetrakis
(pentafluorophenyl)-borate traps 3.6 CO, molecules
per calcium atom [46]. Iron oxide reacts with CO,
and moisture to form iron carbonate, effectively
removing CO, from the environment. This is widely
used as an absorber in food packaging and industrial
applications.

3.2. Using organic compounds

Among the organic sorbents, ionic liquids should
be mentioned [7]. This term covers a large group of
solvents with a very wide temperature range of the
liquid state. Due to the liquid aggregate state of the
sorbent, gas absorption occurs with its entire volume
(Fig. 2). Many ionic liquids form hydrogen bonds of
varying strength with one of the oxygen atoms of
CO;. Thus, the sorbent and the sorbate develop an
affinity between them [23, 47-50]. Lanyun Wang et
al. performed molecular dynamics calculations for
hybrid systems containing ionic liquids, metal cations
and CO,, which showed that in [Bmim][BF4]-MBF4,
the Na' ion has the least tendency to aggregate and

form an M" layer, making it difficult for CO, to
contact the anion. In addition, Na™ has the strongest
attraction to the [BF4] anion, which favours the
expansion of the [Bmim][BF4] space and
consequently an increase in the number of CO,
molecules absorbed. This is in agreement with the
experimental data. On the other hand, the addition of
other metal cations weakens the ability of the [Ac]
anion to chemically bind to CO,, which is the main
reason for the decrease in the absorption capacity of
the system [23].
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Fig. 2. Phosphonium and sulfonium ionic liquids with aprotonic heterocychc anions for CO, chemisorption.
Reproduced from the author's open-access source [51]
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The authors of this article have investigated the
mechanism of carbon dioxide sorption by sulfonium
and phosphonium ionic liquids (Fig. 2) through the
formation of intermediate products — ylides.
To evaluate the efficiency of sorbents, electronic
properties were calculated, charge transfer was
studied, and geometrical parameters of compounds
were estimated [51].

3.3. Using liquid membranes

CO; is separated from other gases by liquid
membranes, which are thin layers of liquid. Liquid
membranes selectively allow CO; to pass through
while retaining other gases due to the different
binding strengths of different gases. The liquid layer
can be sandwiched between two gas-permeable
membranes or deposited on a porous substrate

[52-54]. Hao Dong et al. investigated the CO,/H,
sorption selectivity of graphene oxide based
membranes with different ionic liquids. PEL
calculation by density functional theory method and
binding energy determination explained the
preferential permeation of CO, over H, and the
anomalously high values for graphene oxide with
CymimBF, ionic liquid [52]. Compared to traditional
gas separation methods such as cryogenic distillation,
liquid membranes require less energy. In addition,
membrane systems are generally more compact than
other gas separation technologies. In a supported
liquid membrane, the liquid phase is retained in the
pores of the porous substrate. In an emulsion
membrane, the liquid phase is dispersed as an
emulsion in another liquid. This technology is used in
natural gas purification, CO, capture from flue gas
waste and separation of gases such as CO,, H,S and

N, in the petrochemical industry [42, 55-58].
Guangyao Yu et al. studied the reduction reaction of
carbon dioxide on graphene substrate doped with
magnesium, nickel and nitrogen. The PEL calculation
and the resulting charges, electronic state densities
and Gibbs energies confirmed the assumption that
both magnesium and nickel centres are jointly
involved in the reaction [55]. The study of the PEL of
a sorbent in direct contact with the pollutant gas is the
most obvious application of the PEL concept.
The same applies without reservation to the solution
of competitive absorption problems. The knowledge
of the parameters of the corresponding PEL
dramatically changes the speed of the design of a new
material, although it requires experimental
verification.

3.4. Development of polymeric membranes

PEL can be of great support for the synthesis of
polymeric membranes in which the most successful
structural patterns are purposefully combined to
accelerate CO, absorption kinetics and increase
sorbent capacity. Understanding the activation
barriers of the process and the specificity of steric
factors makes it possible to design the most
promising new sorbents.

3.5. CO; capture using biological systems

Microalgae such as chlorella and spirulina are

capable of absorbing CO, during photosynthesis [59].
This is an environmentally friendly and sustainable

way to capture CO,, which can be used to produce
biofuels and other valuable products. Some enzymes,
such as carboanhydrase, can catalyze the hydration
reaction of CO,, converting it into bicarbonate.

This approach can be used to create biological CO,
capture systems [59].

3.6. PEL study to evaluate the efficiency
of CO; sorption

In the context of gas sorption by a solid or liquid
material, the PEL determines the interaction of a CO,
molecule with the sorbent surface [60—63]. In cases
where CO; is fixed by the entire volume of the
sorbent, the difficulty of PEL analysis increases
significantly because of the number of landscape
dimensions involved. For example, the minima on the
PEL correspond to stable states of the sorbed
molecule, and the depth of the minimum
characterizes the energy of its binding to the sorbate.
A sorbent can have different types of active centers

with different CO, binding energies. This is shown
on the PEL as multiple minima of different depths.
The barriers on the PEL determine the kinetics of
sorption and desorption and indicate the relative
simplicity or complexity of activation of these
processes. A comparison of the activation barriers
present on the PELs allows the researcher to
understand the microscopic scenario in which the
physical and chemical processes induced in the
system will unfold [15, 27, 28, 64, 65]. Note that each
PEL contains information about a large number of
behavioral scenarios, but only the lowest energy
scenarios are projected in the real world. In systems
confined at high temperatures and pressures, the
probabilities of high-energy and low-energy scenarios
are balanced as the limiting role of activation barriers
on PELs is offset [66—68].
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Table 1. Relationship between PEL characteristics and CO, sorption efficiency

o Distancg: between Enthalpy' Bindingenergy
Sorbent Coordination centers  adsorption center  of the formation, o7 Source
and CO,, nm kJ-mol ! kJ-mol

Study of geometrical parameters
[emim][T{O] C(CO,)-0O(T1O) 0.235 29.8 [14]
[emim][Tf2N] O(CO,)-H(emim) 0.236 233 [14]
amino-functionalized C(CO,)-N(FG) 0.137 +9.36 [16]
graphene (FG)
—CH»-COO ™ C(CO2)-O 0.254 19 [39]
—CH,-NH-CO-CH>— C(COL)-O 0.289 9 [39]
—CH>-N(CO),-C¢H3—  C(CO2)-O 0.295 8 [39]
~CH,-O-CHp— C(CO2)-0O 0.275 10 [39]
—CHs—O—CgHy— C(CO2)-O 0.318 4.4 [39]
—CH2-Si—~(OCH3)3 C(COy)-0O 0.293 1.3 [39]
bmim 0O(CO»)-H 0.231 14 [39]
TBA 0O(CO»)-H 0.267 6.7 [39]
TBP O(CO,)-H 0.324 3.7 [39]
BMPYRR 0O(CO»)-H 0.262 9.3 [39]

Study of chemical reaction path
indazolide C(COp)-N —68 [15]
1,2,4—triazolide C(CO»)-N —46 [15]
benzimidazolide C(COy2)-N —40 [15]
3—trifluoromethyl- C(CO»)-N -6 [15]
pyrazolide
[P2224][BENZIM] C(CO»)-C(P2224) 0.157 -132 [27]
[P66614][BENZIM] C(COL)-C(P66614) 0.158 -129 [27]
[P2224][2MTBENZIM]  C(CO,)-C(P2224) 0.159 =71 [27]
[P66614] C(CO,)-C(P66614) 0.158 -127 [27]
[2MTBENZIM]
tetracthylammonium C(COy)— 0.152 -23 [28]
1,2,3- N(triazolide)
triazolide

Study ofmolecularconformations
Dialkylcarbonates(DAC)  C(C0O,)-O(DAC) 0.246 —11.6 (D8C) [25]
[Bmim][BF4] [23]
[Bmim][BF4]-[Li][BF4] [23]
[Bmim][BF4]- [23]

Na][BF4 . .

%ani[m] [B]F4]—[K] BF4] o awon 23]
[Bmim][Ac] cation/metal- CO;.  COjy<cation — CO3 [23]
[Bmim][Ac][Li][Ac] [23]
[Bmim][Ac]-[Na][Ac] [23]
[Bmim][Ac]-[K][Ac] [23]
[Ca][TFPB] 0(CO,)Ca 0.22 -8 [46]
[Ba][TFPB] 0(CO,)-Ba 0.30 -7.8 [46]
CimimBF;4 1.01 [52]
C4mimBF4 1.32 [52]
CgmimBF4 1.54 [52]
C4mimPFgq 1.34 [52]
C4mimOTf 1.44 [52]
C4mimNTf 1.82 [52]
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Table 1 shows the relationships between some

parameters characterizing the CO, sorption efficiency
and the PEL for a number of sorbents studied.
Geometric parameters, chemical reaction pathways,
and molecular conformation studies were considered
as options for applying the PEL concept.
The following descriptors were selected for analysis:
distance between interacting centers, enthalpy of
formation, and binding energy. The distance between
interacting centers is an important parameter that
reflects the force of attraction between the particles.
The bond length determined by this distance indicates
the nature of the interaction — electrostatic or covalent
— and is inversely proportional to the bond strength:
the smaller the distance, the stronger the bond.
The distances for the sorbents shown in Table 1 range
from 0.137 nm between CO, carbon and nitrogen of
functionalized graphene, corresponding to a covalent

bond, to 0.324 nm between CO,; oxygen and
hydrogen  of  tetrabutylphosphonium  (TBP),
corresponding to an electrostatic  interaction.
The enthalpy of formation, whose negative value
indicates the exothermic character of the process, is
also an important factor that often favors sorption.
For amine-functionalized graphene, the enthalpy of
addition of the CO, molecule is positive,
+9.36 kJ-mol . This indicates a lower stability of the
obtained compound compared to the starting
materials. A negative enthalpy of formation, as in
[P2224][BENZIM] —132  kl-mol ', [P66614]
[BENZIM] -129 kJ-mol”' and others, indicates the
stability of the formed product. Finally, the binding
energy, which characterizes the strength of the
interaction between the elements of the system, is
directly correlated with the bond strength and
corresponds to the depth of the potential well on the
PEL.

The PEL of a sorbent is determined by its
chemical composition and surface structure. The key
factors affecting the PEL are as follows.
The chemical nature of the adsorption centers
determines the intermolecular interactions between
the sorbent and the sorbate. The introduction of
functional groups capable of interacting specifically
with CO; can increase the binding energy and
selectivity of adsorption (Fig. 3). For example, amine,
hydroxyl, and carboxyl groups exhibit relatively
strong electrostatic interaction with the bound gas
molecules [69—71]. This increases the enthalpic gain
in absorption and adsorption applications by liquid
and solid porous materials. The porosity and specific
surface area of the sorbent have a positive effect on

its CO, sorption capacity. At the same time, such

(2)

(3)

Fig. 3. The use of aminated cations representing different
families of ionic liquids for CO; chemisorption.
Thermodynamic modeling based on the PEL concept.
Reproduced from the author's source [76] with permission
from Elsevier. CopyrightElsevier 2024

sorbent characteristics can worsen the sorption and
desorption kinetics. The manifestation of this effect
should be expected in case of the presence of
“pockets” in the porous sorbent sample, which are
difficult to access for sorbate particles. The correct
design of hierarchical porous structures is the primary
task in the application of the PEL concept.
A developed porous structure with a large specific
surface area provides a large number of sorption
centers and, consequently, a high sorption capacity of
the material [5, 71-75].

Achieving a perfect match between the pore
diameter of the synthesized material and the effective
diameter of the CO, molecule is considered
a challenge for current chemical nanotechnology.
Visible success in the controlled production of pores
with a strictly required diameter could fundamentally
change the situation with the adsorption of
greenhouse gases. These gases are (in order of their
negative impact on the planet's atmosphere) water
vapor, CO,, methane, ozone, and nitrous oxide.
It is not difficult to see the similarity in the size of the
molecules of the most harmful greenhouse gases.
Having a cheap way to synthesize a material of
random chemical composition with a significant
number of pores with an effective diameter of about
0.5 nm could take the current state of this field of
research to a new level. Even if such a nanomaterial
does not provide the desired selectivity towards
dinitrogen and dioxygen, it would easily capture
harmful emissions from industries.

Currently, it is believed that efficient adsorption
of CO; requires micropores (less than 2 nm), which

provide a sufficiently strong interaction with CO,.
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In turn, mesopores, 2—50 nm, satisfy the requirement
for rapid transport of CO,; molecules to the
adsorption centers. Surface morphology, such as
defects and roughness, can influence the availability
of adsorption centers and adsorption kinetics [77-80].

3.7. Development of sorbents
by functional groupsgrafting

The introduction of functional groups into the
sorbent surface is one of the most effective ways to
modify the PEL towards its affinity for CO,.
As Lewis bases, amines form chemical bonds with
CO,, resulting in significant chemisorption energy.
Nevertheless, the reaction of amine-functionalized
material with CO; is reversible [16]. In the
development of new sorbents, it is important to
consider the sorption energy, as CO, desorption and
sorbent regeneration are still required [81-84].

Hydroxyl groups only form hydrogen bonds
with CO,. This ensures moderate gas adsorption
energy and consequently cheaper desorption.
Carboxyl groups, on the other hand, are also capable
of forming hydrogen bonds with CO,; and can
participate in ionic interactions that are sufficiently
strong by the standards of physisorption processes.
The PEL directly reflects these non-covalent
interactions and makes the search for optimal
structural parameters more rational. Further grafting
of the sorbent has minor effects to the PEL.

3.8. The use of porous materials

It should be reiterated that, in addition to the
presence of molecular fragments with the properties
of Lewis bases in the sorbent composition [16], the
hierarchical porous structure should be considered as
an independent factor stimulating the sorption
capacity. When located in a very narrow pore, the
CO, molecule is attracted by the London forces
simultaneously to all its walls. Because of this, the
enthalpy of adsorption more than doubles compared
to the above mentioned two-nanometer pores.
The developed porous structure with high specific
surface area is an important factor for efficient CO,
adsorption.

Activated carbons possess the high specific
surface area and relatively adjustable porous structure
desired by researchers. Such carbon materials are
highly reactive, i.e., they can be easily functionalized
with carboxyl, hydroxyl, or amine groups [85, 86].
For example, the previously well-studied oxidized
graphite and graphene samples, which also

preferentially contain spz-hybridized carbon atoms,
can be applied [86]. Activated carbon definitely
represents a suitable starting platform for the

improvement of CO, sorbents. The PEL concept
assists in comparing the thermodynamic effect in the
case of different types of grafting of the initial carbon
material.

3.9. The use of zeolites

Zeolites are crystalline aluminosilicates that also
have a fairly ordered porous structure [87-90].
The pore size and chemical composition of zeolites
can be varied to a certain extent by chemical methods
to optimize the adsorption properties [89, 90].
The thermodynamic stability of this group of sorption
materials promotes their large-scale application in
environmental technologies [91-93].

3.10. Metal-organic frameworks

Similarly, metal-organic frameworks (MOFs)
represent a new class of porous materials with high
specific surface area and tunable structure [71].
The research interest in MOFs in the context of CO,
sorption is primarily due to their structural diversity
and suitable pore sizes [94-97]. More importantly, it
seems uncomplicated to use MOF active centers to
intercalate additional sorption active centers. A full-
fledged study of the PEL of MOFs has still not been
carried out, despite many localized problems in this
field solved using DFT [98, 99]. PEL is crucial to
understand the limiting capacities of MOF structures
with respect to greenhouse gases. The practical
difficulty in analyzing the PEL for different MOF
structures is that the unit cell size of these periodic
structures is too large [71] to allow a full PEL
sampling by DFT methods with a plane-wave basis
set.

3.11. Composite materials

The design of composite materials combining
the properties of different components with
individual adsorption properties can achieve
synergetic effects and improve the adsorption
performance of the new product [16, 76, 100—102].
Carbon-based composites have attracted paramount
attention in this context because carbon chemistry is
extremely diverse and the techniques for its
realization are not badly documented as of today.
The incorporation of metal oxide nanoparticles into
the carbon matrix allows to increase the binding
energy of the thus obtained new sorbent material with

CO,. Improved MOF-based composite materials can
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be obtained in a similar manner [71, 103, 104].
Combinations of MOFs with polymers show
improved mechanical properties and thermodynamic
stability of the sorbent. The flexible polymer chains
are able to partially penetrate the MOF pores because
of the matching size. Thus, more perfect atom
packing variants are achieved. At the same time, the
polymer contains groups important for CO, sorption,
and the obtained material can be considered for gas
binding. The combined effect of the combination of
micropores and functional groups can be quite large
in the context of practical applications of the
composite material.

3.12. Nanotubes and zeolites

By combining carbon nanotubes with various
substances, sorbents with high adsorption capacities
and good regenerability can be created [60, 66].
In turn, zeolites allow to achieve high selectivity for
CO,, but only under the condition of proper selection
of the pore hierarchy, which thermodynamically
favor the retention of this gas. Note that the size of
pores and the variation of their diameters in materials
based on silicon compounds, in most cases is
significantly larger compared to carbon materials. In
turn, the preparation of zeolites for adsorption tasks is
often cheaper and can be a more relevant solution for
large industrial applications.

3.13. Electrochemical adsorption of carbon dioxide

A recent workable method of electrochemical
CO; capture, in which a charged carbon cathode is
the adsorbent, has been proven by the authors of this
review using molecular modeling [105] (Fig. 4).
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Fig. 4. One of the measurements of the PEL,
the linear distance between the CO, carbon atom
and the carbon atom of the positively charged graphite
layer, characterizing the electrochemical chemisorption of
CO3 on the graphite cathode. Reproduced
from the author’s source [105] with permission
from Elsevier. Copyright Elsevier 2024

The point is that when voltage is applied to the
cathode, the carbon structure constituting it receives
additional n-filled orbitals. Due to this, the carbon
partially acquires the chemical properties of nitrogen.
A nucleophilic addition reaction occurs with the
formation of a covalent bond carbon (sorbent)-carbon
(CO») [106].

According to the calculated PEL plots, this bond
is kinetically stable up wuntil the cathode is
disconnected from the current source [105].
The developed sorbent can be used in solid state.
Thus, a more significant chemisorption energy is
added to the physisorption energy due to the London
interaction with the pore walls. A reformulation of
the method in which the nano-organized carbon
(graphene, nanotube, graphite) is dispersed in some
suitable solvent that supports exfoliation is probably
also possible [16]. Since electrochemical adsorption
relies on an electrical energy source rather than
a chemical one, as more traditional methods of CO,
capture, its implementation and scaling appear to be
more efficient [105].

The PEL modifications presented in this work
are summarized in Table 2.

4. Conclusion

We have reviewed all relevant chemical
compounds and materials that can be expected to
improve CO; sorbents and noted the applicability of
the PEL concept to the given objectives. All the
discussed promising materials should be categorized
into three groups. The first includes amine scrubbing
technology related solutions in which the
chemisorption centers are the same amino group
cleaved to a liquid carrier, for example, an ionic
liquid cation [102]. The second group includes solid
porous materials with complex hierarchical pore
structure based on carbon, silicon or MOF [99, 107].
The third group includes combinations of structural
fragments belonging to the first and second groups
recombined into a single material. For example, an
extensive surface of activated carbon, decorated with
amino groups [16], solves the problem of sorbent
volatility in the case of classical amine scrubbing [40].

The PEL concept is a powerful tool for the
rational design of porous CO, sorbents. Further
development in this area involves systematizing the
design of new materials with specific properties.
Using nanotechnologies and composite materials
opens up broad opportunities for creating highly
efficient CO, sorbents. Applying more precise
quantum-chemical methods and developing new
experimental techniques will allow to more accurately
reveal the types of CO;-sorbent interactions depending
on the sorption's specificity and purpose [16].
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Table 2. Strategies for changing the potential energy landscape

Type of PEL changing

Source

Modification of the sorbent surface

Grafting amino groups onto the graphene surface changes the PEL and creates active centers for
interaction with sorbate molecules. Quantum-chemical calculations, including calculation of electron
density distribution, electrostatic potential and thermodynamic potentials, allow to study the interaction of
sorbate with the modified surface

In order to study the mechanism of sorption during cellulose modification to produce a polyionic liquid,
both experimental studies and molecular dynamics calculations were carried out. Modeling allowed to
establish the key role of anion in the sorption process and to reveal the peculiarities of interaction of each
element in the system

Functionalization of ionic liquid cations by amino groups for CO, sorption. The sorption capacities of the
new compounds were determined by calculating thermodynamic potentials

Modification of fullerene C-60 by grafting amino groups yields a non-volatile compound promising for
CO3 sorption. Quantum chemical calculations including charge distribution, dipole moment and HOMO-
LUMO energy analyses, as well as calculation of the Gibbs energy change (AG) upon interaction with
CO3 are used to evaluate the sorption capacity of the modified fullerene

Introduction of defects

The incorporation of magnesium, nickel and nitrogen into the carbon matrix, as well as the calculation of
Gibbs energy, allowed the identification of the centers involved in the electroreduction of CO;

Nickel and nitrogen atoms were deposited on a carbon carrier. Thermodynamic potentials were calculated
for the modified system. The study shows that Ni plays an important role in CO» activation, providing a
low energy barrier for Ni—C bond formation and facilitating further CO; reduction

Charge transfer to the sorbent

Modification of the sorbent surface by introducing additional negative charge changes the PEL. In the
case of graphene, the negative charge is responsible for lowering the energy barrier and reducing the

[16], [85]

[38]

[76],
[102]

[100]

[55]

[56]

[105],
[106]

thermal effect of the reaction, which contributes to the increase of its sorption properties

PEL is an important tool for the theoretical and
modeling study of substances and materials.
Incorporating it into the working program of a
materials research group makes it possible to consider
potential energy as a physical property at the atomic
level. Meanwhile, although experimental research on
materials allows for the acquisition of indirect energy
descriptors, it cannot compare to the spatial
resolution of the microscopic results provided.
Even the interpretation of new types of electron
microscopy relies to some extent on the PEL
modeling. As convincingly demonstrated in this
review, the specific features of PELs can be
correlated with macroscopic properties of materials
Oor processes.

The PEL concept can be used to develop carbon

dioxide sorbents for various industries that emit CO,
or require CO, capture. Currently, fossil fuel-fired
thermal power plants, cement and metallurgical

plants, oil refineries, and chemical plants are the main
producers of carbon dioxide [1-3, 18, 24, 53].

Technological optimization of sorption and
desorption process parameters will allow for
increased efficiency and cost-effectiveness of the
CO, capture process in the future. Currently, our
expert opinion leans toward microporous silicon and
carbon materials, along with MOFs that have the
right elemental composition to trigger electrostatic
interaction between the sorbent and the sorbate
[98, 99]. When discussing competing materials
science solutions, it should be understood that the
winning technology is almost always the cheapest.
Developing commercially successful methods for
obtaining narrow pores with small diameter variation
should be prioritized.
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