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ÈÍÔÎÐÌÀÖÈß ÄËß ÀÂÒÎÐÎÂ  
Ñáîðíèê íàó÷íûõ òðóäîâ «Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿» (ÍÍÍ) ïóáëèêóåò åù¸ 

íåîïóáëèêîâàííûå è íå íàõîäÿùèåñÿ íà ðàññìîòðåíèè äëÿ îïóáëèêîâàíèÿ â èíûõ èçäàíèÿõ íàó÷íûå 

îáçîðû è îðèãèíàëüíûå ñòàòüè, ñîäåðæàùèå è õàðàêòåðèçóþùèå ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è 

òåîðåòè÷åñêèõ èññëåäîâàíèé â îáëàñòè ôèçèêè, õèìèè, áèîëîãèè, òåõíèêè, ìåòîäîâ ñèíòåçà, îáðàáîò-
êè è äèàãíîñòèêè íàíîðàçìåðíûõ ñèñòåì è íàíîìàñøòàáíûõ ìàòåðèàëîâ: êëàñòåðîâ, íàíî÷àñòèö, 
íàíîòðóáîê, íàíîêðèñòàëëîâ è íàíîñòðóêòóð (àïàòèòîïîäîáíûõ è äð. áèîñèñòåì, àìîðôíûõ è êîëëî-
èäíûõ íàíîðàçìåðíûõ ñèñòåì, íàíîñòðóêòóðíûõ ïë¸íîê è ïîêðûòèé, íàíîïîðîøêîâ è ò.ä.).  
 Ñáîðíèê ÍÍÍ íå ïóáëèêóåò: ñòàòüè ïîëåìè÷åñêèå, êëàññèôèêàöèîííûå è óçêîñïåöèàëüíûå, 
ñîäåðæàùèå ðåøåíèÿ ñòàíäàðòíûõ çàäà÷; ñòàòüè îïèñàòåëüíûå è ìåòîäè÷åñêèå (åñëè ìåòîä íå ÿâëÿ-
åòñÿ ïðèíöèïèàëüíî íîâûì); ñòàòüè, â êîòîðûõ èçëàãàþòñÿ îòäåëüíûå ýòàïû èññëåäîâàíèÿ èëè ìà-
òåðèàë, ðàçäåë¸ííûé íà íåñêîëüêî ïîñëåäîâàòåëüíûõ ïóáëèêàöèé; ñòàòüè î ðÿäîâûõ èññëåäîâàíèÿõ, 
íå ïðåäñòàâëÿþùèõ îáùåãî èíòåðåñà è íå ñîäåðæàùèõ çíà÷èìûõ âûâîäîâ.  
 Ñòàòüè ïóáëèêóþòñÿ íà îäíîì èç äâóõ ÿçûêîâ: àíãëèéñêîì èëè óêðàèíñêîì.  
 Ñòàòüè, â îôîðìëåíèè êîòîðûõ íå ñîáëþäåíû ñëåäóþùèå ïðàâèëà äëÿ ïóáëèêàöèè â ÍÍÍ, âîç-
âðàùàþòñÿ àâòîðàì áåç ðàññìîòðåíèÿ ïî ñóùåñòâó. (Äàòîé ïîñòóïëåíèÿ ñ÷èòàåòñÿ äåíü ïîâòîðíîãî 

ïðåäñòàâëåíèÿ ñòàòüè ïîñëå ñîáëþäåíèÿ óêàçàííûõ íèæå ïðàâèë.)  
 1. Ñòàòüÿ äîëæíà áûòü ïîäïèñàíà âñåìè àâòîðàìè (ñ óêàçàíèåì èõ àäðåñîâ ýëåêòðîííîé ïî÷òû); 
ñëåäóåò óêàçàòü ôàìèëèþ, èìÿ è îò÷åñòâî àâòîðà, ñ êîòîðûì ðåäàêöèÿ áóäåò âåñòè ïåðåïèñêó, åãî 

ïî÷òîâûé àäðåñ, íîìåð òåëåôîíà (ôàêñà), àäðåñ ýëåêòðîííîé ïî÷òû.  
 2. Èçëîæåíèå äîëæíî áûòü ÿñíûì, ñòðóêòóðèðîâàííûì (ðàçäåëàìè «1. Âñòóï», «2. Åêñïå-
ðèìåíòàëüíà/Òåîðåòè÷íà ìåòîäèêà», «3. Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ», «4. Âèñíîâêè», «Âíåñêè 

ñï³âàâòîð³â», «Öèòîâàíà ë³òåðàòóðà»), ñæàòûì, áåç äëèííûõ ââåäåíèé, îòñòóïëåíèé, ïîâòîðîâ, äóá-
ëèðîâàíèÿ â òåêñòå äàííûõ òàáëèö, ðèñóíêîâ, ïîäïèñåé ê íèì. Àííîòàöèÿ è ðàçäåë «Âèñíîâêè» 

äîëæíû íå äóáëèðîâàòü äðóã äðóãà. ×èñëîâûå äàííûå ñëåäóåò ïðèâîäèòü â îáùåïðèíÿòûõ åäèíèöàõ.  
 3. Îáú¸ì ñòàòüè äîëæåí áûòü íå áîëåå 5000 ñëîâ (ñ ó÷¸òîì îñíîâíîãî òåêñòà, òàáëèö, ïîäïèñåé ê 

ðèñóíêàì, ñïèñêà ëèòåðàòóðû) è 10 ðèñóíêîâ. Âîïðîñû, ñâÿçàííûå ñ ïóáëèêàöèåé íàó÷íûõ îáçîðîâ 

(íå áîëåå 22000 ñëîâ è 60 ðèñóíêîâ), ðåøàþòñÿ ðåäêîëëåãèåé ÍÍÍ íà îñíîâàíèè ïðåäâàðèòåëüíî 

ïðåäîñòàâëåííîé àâòîðàìè ðàñøèðåííîé àííîòàöèè ðàáîòû.  
 4. Â ðåäàêöèþ îáÿçàòåëüíî ïðåäîñòàâëÿåòñÿ ïî e-mail (èëè íà êîìïàêò-äèñêå) ôàéë ðóêîïèñè 

ñòàòüè (ñ èëëþñòðàòèâíûì ìàòåðèàëîì), íàáðàííûé â òåêñòîâîì ðåäàêòîðå Microsoft Word 2003, 
2007 èëè 2010 ñ íàçâàíèåì, ñîñòîÿùèì èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé), íàïðèìåð, 
Smirnov.doc.  
 5. Ýëåêòðîííàÿ âåðñèÿ ðóêîïèñè äîëæíà ñîäåðæàòü àííîòàöèþ (200–250 ñëîâ) ñòàòüè (âìåñòå ñ 

5–6 êëþ÷åâûìè ñëîâàìè) è 5–7 èíäåêñîâ PACS (â ïîñëåäíåé ðåäàêöèè ‘Physics and Astronomy 

Classification Scheme 2010’—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition; 
ñì. PACS numbers (imp.kiev.ua)). Òåêñòû óêðàèíîÿçû÷íûõ ñòàòåé äîëæíû òàêæå ñîäåðæàòü çàãëà-
âèå ñòàòüè (âìåñòå ñî ñïèñêîì àâòîðîâ è àäðåñàìè ñîîòâåòñòâóþùèõ ó÷ðåæäåíèé), ðàñøèðåííóþ 

àííîòàöèþ (300–350 ñëîâ), êëþ÷åâûå ñëîâà, çàãîëîâêè òàáëèö è ïîäïèñè ê ðèñóíêàì íà àíãëèé-
ñêîì ÿçûêå. Êðîìå òîãî, ñîäåðæàíèÿ àííîòàöèé íà óêðàèíñêîì è àíãëèéñêîì ÿçûêàõ äîëæíû áûòü 

èäåíòè÷íûìè ïî ñìûñëó.  
 7. Ðèñóíêè (öâåòíûå, ÷åðíî-áåëûå èëè ïîëóòîíîâûå ñ ãðàäàöèåé ñåðîãî) äîëæíû áûòü ïðåä-
ñòàâëåíû â âèäå îòäåëüíûõ ôàéëîâ (ïðåäïî÷òèòåëüíî â ãðàôè÷åñêèõ ôîðìàòàõ TIFF, EPS èëè 

JPEG) ñ íàçâàíèÿìè, ñîñòîÿùèìè èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé) è íîìåðà ðèñóíêà, 
íàïðèìåð, Smirnov_fig2a.tiff. Êà÷åñòâî èëëþñòðàöèé (â òîì ÷èñëå ïîëóòîíîâûõ) äîëæíî îáåñïå÷è-
âàòü èõ âîñïðîèçâåäåíèå ñ ðàçðåøåíèåì 300–600 òî÷åê íà äþéì. Äîïîëíèòåëüíî ðèñóíêè ïðåäî-
ñòàâëÿþòñÿ â ôîðìàòå ïðîãðàììû, â êîòîðîé îíè ñîçäàâàëèñü.  
 8. Íàäïèñè íà ðèñóíêàõ (îñîáåííî ïîëóòîíîâûõ) íàäî ïî âîçìîæíîñòè çàìåíèòü áóêâåííûìè îáî-
çíà÷åíèÿìè (íàáðàííûìè íà êîíòðàñòíîì ôîíå), à êðèâûå îáîçíà÷èòü öèôðàìè èëè ðàçëè÷íîãî òèïà 

ëèíèÿìè/ìàðêåðàìè, ðàçúÿñíÿåìûìè â ïîäïèñÿõ ê ðèñóíêàì èëè â òåêñòå. Íà ãðàôèêàõ âñå ëè-
íèè/ìàðê¸ðû äîëæíû áûòü ÷¸ðíîãî öâåòà è äîñòàòî÷íûõ òîëùèí/ðàçìåðîâ äëÿ êà÷åñòâåííîãî âîñïðî-
èçâåäåíèÿ â óìåíüøåííîì â 2–3 ðàçà âèäå (ðåêîìåíäóåìàÿ øèðèíà ðèñóíêà — 12,7 ñì). Ñíèìêè äîëæ-
íû áûòü ÷¸òêèìè è êîíòðàñòíûìè, à íàäïèñè è îáîçíà÷åíèÿ äîëæíû íå çàêðûâàòü ñóùåñòâåííûå äåòà-
ëè (äëÿ ÷åãî ìîæíî èñïîëüçîâàòü ñòðåëêè). Âìåñòî óêàçàíèÿ â ïîäòåêñòîâêå óâåëè÷åíèÿ ïðè ñú¸ìêå 

æåëàòåëüíî ïðîñòàâèòü ìàñøòàá (íà êîíòðàñòíîì ôîíå) íà îäíîì èç èäåíòè÷íûõ ñíèìêîâ. Íà ãðàôèêàõ 

ïîäïèñè ê îñÿì, âûïîëíåííûå íà ÿçûêå ñòàòüè, äîëæíû ñîäåðæàòü îáîçíà÷åíèÿ (èëè íàèìåíîâàíèÿ) 
îòêëàäûâàåìûõ âåëè÷èí è ÷åðåç çàïÿòóþ èõ åäèíèöû èçìåðåíèÿ.  
 9. Ôîðìóëû â òåêñò íåîáõîäèìî âñòàâëÿòü ñ ïîìîùüþ ðåäàêòîðà ôîðìóë MathType, ïîëíîñòüþ 

ñîâìåñòèìîãî ñ MS Office 2003, 2007, 2010.  
 10. Ðèñóíêè, à òàêæå òàáëèöû è ïîäñòðî÷íûå ïðèìå÷àíèÿ (ñíîñêè) äîëæíû èìåòü ñïëîøíóþ 

íóìåðàöèþ ïî âñåé ñòàòüå.  
 11. Ññûëêè íà ëèòåðàòóðíûå èñòî÷íèêè ñëåäóåò äàâàòü â âèäå ïîðÿäêîâîãî íîìåðà, íàïå÷àòàí-
íîãî â ñòðîêó â êâàäðàòíûõ ñêîáêàõ. Ñïèñîê ëèòåðàòóðû ñîñòàâëÿåòñÿ â ïîðÿäêå ïåðâîãî óïîìèíà-
íèÿ èñòî÷íèêà. Ïðèìåðû îôîðìëåíèÿ ññûëîê ïðèâåäåíû íèæå; ïðîñèì îáðàòèòü âíèìàíèå íà ïî-
ðÿäîê ñëåäîâàíèÿ èíèöèàëîâ è ôàìèëèé àâòîðîâ, áèáëèîãðàôè÷åñêèõ ñâåäåíèé è íà ðàçäåëèòåëü-
íûå çíàêè, à òàêæå íà íåîáõîäèìîñòü óêàçàíèÿ âñåõ ñîàâòîðîâ öèòèðîâàííîé ðàáîòû è (â êîíöå 



²ÍÔÎÐÌÀÖ²ß ÄËß ÏÅÐÅÄÏËÀÒÍÈÊ²Â ² ÀÂÒÎÐ²Â 

 ISSN 1816-5230. Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿. 2025 XIV 

êàæäîé ññûëêè) å¸ öèôðîâîãî èäåíòèôèêàòîðà DOI, åñëè òàêîâîé èìååòñÿ ó ñîîòâåòñòâóþùåé ïóá-
ëèêàöèè (è óêàçàí íà å¸ èíòåðíåò-ñòðàíèöå èçäàòåëüñòâà):  
1. T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian); 

https://doi.org/10.15407/ufm.09.01.001  
2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012); 

https://doi.org/10.1103/PhysRevB.86.035418  
3. A. Meisel, G. Leonhardt, und R. Szargan, Röntgenspektren und Chemische Bindung [X-Ray Spectra and 

Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).  
4. J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moskva: Mir: 1974) 

(Russian translation).  
5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Alloys. 

V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.  
6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds. 

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington, 
D.C.: U.S. Govt. Printing Office: 1964).  

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25–31, 
1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Ukrainian).  

8. T. M. Radchenko, Vplyv Uporiadkuvannya Defektnoyi Struktury íà Transportni Vlastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the 

Mixed Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for 

Metal Physics, N.A.S.U.: 2015) (in Ukrainian).  
9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov 

Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Published 

November 21, 1979) (in Russian).  
10. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metallich-

eskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, Â22 

F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).  
11. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashchenij [On the Nature 

of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. 
No. 1, 1998) (in Russian).  

Ñëåäóåò ïðèìåíÿòü îáùåïðèíÿòûå ñîêðàùåíèÿ íàçâàíèé æóðíàëîâ è ñáîðíèêîâ òðóäîâ:  
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf; 
http://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html; 
http://www.ams.org/msnhtml/serials.pdf. 

Îáÿçàòåëüíûì òðåáîâàíèåì ÿâëÿåòñÿ ïðåäîñòàâëåíèå äîïîëíèòåëüíîãî ñïèñêà öèòèðîâàííîé ëèòåðà-
òóðû (References) â ëàòèíñêîé òðàíñëèòåðàöèè (ñèñòåìà BGN/PCGN; ðåêîìåíäóåìûå òðàíñëèòåðàòî-
ðû: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). Ïîñëå òðàíñëè-
òåðèðîâàííûõ íàçâàíèé êíèã, äèññåðòàöèé, ïàòåíòîâ è ïð. íàäî ïðèâîäèòü â êâàäðàòíûõ ñêîáêàõ èõ 

àíãëîÿçû÷íûé ïåðåâîä. Ïðè òðàíñëèòåðàöèè ñòàòåé èç ÍÍÍ íàäî èñïîëüçîâàòü íàïèñàíèå Ô.È.Î. àâ-
òîðîâ, ïðèâåä¸ííîå òîëüêî â àíãëîÿçû÷íîì îãëàâëåíèè ñîîòâåòñòâóþùåãî âûïóñêà, è îôèöèàëüíîå 

òðàíñëèòåðèðîâàííîå íàçâàíèå ñáîðíèêà (ñì. òàêæå ñàéò).  
 12. Êîððåêòóðà àâòîðàì ìîæåò áûòü âûñëàíà ýëåêòðîííîé ïî÷òîé â âèäå pdf-ôàéëà. Íà ïðîâåðêó 

êîððåêòóðû àâòîðàì îòâîäÿòñÿ 5 ðàáî÷èõ äíåé, íà÷èíàÿ ñî äíÿ, ñëåäóþùåãî çà äàòîé îòïðàâêè 

êîððåêòóðû. Ïî èñòå÷åíèè óêàçàííîãî ñðîêà ñòàòüÿ àâòîìàòè÷åñêè íàïðàâëÿåòñÿ â ïå÷àòü. Èñïðàâ-
ëåíèÿ ñëåäóåò îòìåòèòü è ïðîêîììåíòèðîâàòü â ñàìîì pdf-ôàéëå ëèáî îôîðìèòü â âèäå ïåðå÷íÿ 

èñïðàâëåíèé è ïåðåñëàòü (îò èìåíè óïîëíîìî÷åííîãî ïðåäñòàâèòåëÿ êîëëåêòèâà àâòîðîâ) ïî ýëåê-
òðîííîé ïî÷òå â àäðåñ ðåäàêöèè.  
 Ðóêîïèñè ìîæíî íàïðàâëÿòü íåïîñðåäñòâåííî â ðåäàêöèþ ÍÍÍ ïî ïî÷òîâîìó àäðåñó: áóëüâàð 

Àêàä. Âåðíàäñêîãî, 36, êàá. 210; 03142 Êèåâ, Óêðàèíà ëèáî ÷ëåíó ðåäàêöèîííîé êîëëåãèè (ñîñòàâ 

ðåäêîëëåãèè óêàçàí íà 2-é ñòðàíèöå îáëîæêè). Ýëåêòðîííûé âàðèàíò ñòàòüè íàïðàâëÿåòñÿ ïî e-
mail: tatar@imp.kiev.ua (ñ òåìîé, íà÷èíàþùåéñÿ ñëîâîì ‘nano’).  
 Â ñîîòâåòñòâèè ñ äîãîâîð¸ííîñòüþ ìåæäó ðåäàêöèåé ÍÍÍ è ó÷ðåäèòåëÿìè ñáîðíèêà, ðåäàêöèÿ 

ñ÷èòàåò, ÷òî àâòîðû, ïîñûëàÿ åé ðóêîïèñü ñòàòüè, ïåðåäàþò ó÷ðåäèòåëÿì è ðåäêîëëåãèè ïðàâî 

îïóáëèêîâàòü ýòó ðóêîïèñü íà àíãëèéñêîì (óêðàèíñêîì) ÿçûêå, è ïðîñèò àâòîðîâ ñðàçó ïðèêëàäû-
âàòü ê ðóêîïèñè ïîäïèñàííîå àâòîðàìè «Ñîãëàøåíèå î ïåðåäà÷å àâòîðñêîãî ïðàâà»:  

Óãîäà ïðî ïåðåäà÷ó àâòîðñüêîãî ïðàâà  
Ìè, ùî íèæ÷å ï³äïèñàëèñÿ, àâòîðè ðóêîïèñó «                 », 
ïåðåäàºìî çàñíîâíèêàì ³ ðåäêîëå´³¿ çá³ðíèêà íàóêîâèõ ïðàöü «Íàíîñèñòåìè, íàíîìàòåð³àëè, 
íàíîòåõíîëîã³¿» ïðàâî îïóáë³êóâàòè öåé ðóêîïèñ àíãë³éñüêîþ (÷è òî óêðà¿íñüêîþ) ìîâîþ. Ìè ï³ä-
òâåðäæóºìî, ùî öÿ ïóáë³êàö³ÿ íå ïîðóøóº àâòîðñüêîãî ïðàâà ³íøèõ îñ³á, óñòàíîâ àáî îðãàí³çàö³é. 
Ï³äïèñè àâòîð³â:   (ÏÐ²ÇÂÈÙÅ ²ì’ÿ, äàòà, àäðåñà, ¹ òåëåôîíó, e-mail)  

 Ïðè ýòîì çà àâòîðàìè ñîõðàíÿþòñÿ âñå îñòàëüíûå ïðàâà êàê ñîáñòâåííèêîâ ýòîé ðóêîïèñè. Àâ-
òîðû ìîãóò ïîëó÷èòü îïóáëèêîâàííûé âûïóñê ñî ñâîåé ñòàòü¸é â ðåäàêöèè ñáîðíèêà ïî âûøåóêà-
çàííîìó àäðåñó (òåë. ¹¹: +380 44 4241221, +380 44 4249042), à òàêæå çàãðóçèòü pdf-ôàéë ñòàòüè ñ 

ñàéòà ñáîðíèêà: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.  
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Size Effects in ‘Symmetric’ Magnetically Ordered Three-Layer Films 
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Size effects in the magnetoresistive properties of the magnetically ordered 

‘symmetric’ Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S sandwiches obtained by the layer-by-
layer metal condensation with the subsequent heat treatment in the tempera-
ture range of (3–5) 102

 K are studied experimentally and theoretically using 

the generalized Dieny formulas [1, 2]. At small (large) thickness values of the 

covering magnetic layer in comparison with the total thickness of the inter-
faces, non-magnetic interlayer, and basic magnetic layer, the numerical val-
ue of the magnetoresistance ratio  is negligible due to the shunting of the 

covering-layer resistance by the resistance of the basic magnetic layer, non-
magnetic layer, and interfaces (resistance shunting of the basic layer, non-
magnetic interlayer, and interfaces by the covering magnetic-layer re-
sistance). In the absence of the shunting effect, i.e., when the covering mag-
netic-layer thickness coincides with the thickness of the interfaces, interlay-
er, and basic magnetic layer, the value  in a ‘symmetric’ three-layered film 

acquires its maximum value. In the case of an increase in the non-magnetic-
layer thickness (interface thickness between the basic magnetic layer and the 

spacer), provided that the magnetic-layer thickness of the metal and the in-
terfaces (magnetic-layer thickness of the metal, spacer, and interface be-
tween the overlapping magnetic layer and the interlayer) do not change, the 

magnetoresistance ratio decreases monotonically with an increase in the 
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Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 619–632 
https://doi.org/10.15407/nnn.23.03.0619 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



620 O. I. MOKHONKO, Yu. M. SHABELNYK, Yu. O. KOLESNICHENKO et al. 

spacer (interface) thickness due to an increase in the scattering probability of 

the majority charge carriers within their volumes that leads to a decrease in 

the interplay between the magnetic layers due to the spin-polarized charge 

carriers and, as a result, to a decrease in the magnetoresistance ratio in a 

‘symmetric’ magnetically-ordered sandwich. 

Ðîçì³ðí³ åôåêòè â ìàãíåòîðåçèñòèâíèõ âëàñòèâîñòÿõ ìàãíåòîâïîðÿäêî-
âàíèõ «ñèìåòðè÷íèõ» ñàíäâ³÷³â Fe0,8Ni0,2/Cu/Fe0,8Ni0,2/S, îäåðæàíèõ ìå-
òîäîì ïîøàðîâî¿ êîíäåíñàö³¿ ìåòàëó ç ïîäàëüøèì òåðì³÷íèì îáðîáëåí-
íÿì ó ä³ÿïàçîí³ òåìïåðàòóð (3–5) 102

 Ê, áóëî äîñë³äæåíî åêñïåðèìåíòà-
ëüíî òà òåîðåòè÷íî ç âèêîðèñòàííÿì óçàãàëüíåíèõ ôîðìóë Äüºí³ [1, 2]. Çà 

ìàëèõ (âåëèêèõ) çíà÷åíü òîâùèíè ïîêðèâíîãî ìàãíåòíîãî øàðó ïîð³âíÿ-
íî ³ç çàãàëüíîþ òîâùèíîþ ì³æôàçíèõ ïîâåðõîíü íåìàãíåòíîãî ïðîøàðêó 

òà áàçîâîãî ìàãíåòíîãî øàðó ÷èñëîâå çíà÷åííÿ êîåô³ö³ºíòà ìàãíåòîîïîðó 

 º íåçíà÷íèì ÷åðåç øóíòóâàííÿ îïîðó ïîêðèâíîãî øàðó îïîðîì áàçîâîãî 

ìàãíåòíîãî øàðó, íåìàãíåòíîãî øàðó òà ì³æôàçíèõ ïîâåðõîíü (øóíòó-
âàííÿ îïîðó áàçîâîãî øàðó, íåìàãíåòíîãî ïðîøàðêó òà ì³æôàçíèõ ïîâåð-
õîíü îïîðîì ïîêðèâíîãî ìàãíåòíîãî øàðó). Çà â³äñóòíîñòè åôåêòó øóíòó-
âàííÿ, òîáòî êîëè òîâùèíà ïîêðèâíîãî ìàãíåòíîãî øàðó çá³ãàºòüñÿ ç òîâ-
ùèíîþ ³íòåðôåéñ³â, ïðîì³æíîãî øàðó é îñíîâíîãî ìàãíåòíîãî øàðó, çíà-
÷åííÿ  ó «ñèìåòðè÷í³é» òðèøàðîâ³é ïë³âö³ íàáóâàº ñâîãî ìàêñèìàëüíîãî 

çíà÷åííÿ. Ó ðàç³ çá³ëüøåííÿ òîâùèíè íåìàãíåòíîãî øàðó (òîâùèíè ³íòå-
ðôåéñó ì³æ îñíîâíèì ìàãíåòíèì øàðîì ³ ñïåéñåðîì), çà óìîâè, ùî òîâ-
ùèíà ìàãíåòíîãî øàðó ìåòàëó òà âíóòð³øí³õ ³íòåðôåéñ³â (òîâùèíà ìàã-
íåòíîãî øàðó ìåòàëó, ñïåéñåðà é ³íòåðôåéñó ì³æ ïåðåêðèâàëüíèì ìàãíå-
òíèì øàðîì ³ ïðîì³æíèì øàðîì) íå çì³íþþòüñÿ, â³äíîøåííÿ ìàãíåòîî-
ïîðó ìîíîòîííî çìåíøóºòüñÿ ç³ çá³ëüøåííÿì òîâùèíè ñïåéñåðà (âíóòð³-
øíüîãî ³íòåðôåéñó) ÷åðåç çá³ëüøåííÿ éìîâ³ðíîñòè ðîçñ³ÿííÿ îñíîâíèõ 

íîñ³¿â çàðÿäó â ¿õí³õ îá’ºìàõ, ùî ïðèâîäèòü äî çìåíøåííÿ âçàºìî÷èíó 

ì³æ ìàãíåòíèìè øàðàìè çà ðàõóíîê ñï³í-ïîëÿðèçîâàíèõ íîñ³¿â çàðÿäó é, 

ÿê íàñë³äîê, äî çìåíøåííÿ â³äíîøåííÿ ìàãíåòîîïîðó â «ñèìåòðè÷íîìó» 

ìàãíåòîâïîðÿäêîâàíîìó ñàíäâ³÷³. 

Key words: magnetically ordered ‘symmetric’ sandwich, giant magnetore-
sistance effect, magnetoresistance ratio, generalized Dieny formula, shunt-
ing effect, interfaces, basic and covering magnetic layers, interlayer. 

Êëþ÷îâ³ ñëîâà: ìàãíåòîâïîðÿäêîâàíèé «ñèìåòðè÷íèé» ñàíäâ³÷, åôåêò 

ã³ãàíòñüêîãî ìàãíåòîîïîðó, êîåô³ö³ºíò ìàãíåòîîïîðó, óçàãàëüíåíà ôîð-
ìóëà Äüºí³, åôåêò øóíòóâàííÿ, ³íòåðôåéñè, áàçîâèé ³ ïîêðèâíèé ìàãíåò-
í³ øàðè, ïðîì³æíèé øàð. 

(Received 13 December, 2024) 
  

1. INTRODUCTION 

The development of modern micro- and nanoelectronics requires the 

development and introduction of the new functional elements based on 

the magnetically inhomogeneous film materials. These materials also 
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include three-layered and multilayered nanocrystalline structures ob-
tained using the latest technologies, namely, periodic systems consist-
ing of the alternately applied layers of various materials, in particular, 
the ferromagnetic and non-magnetic metals [3–10]. The interest in the 

study of the three- and multilayered films is due to the fact that they 

exhibit effects, which cannot be realized in the homogeneous film con-
ductors [11, 12]. Structures, where the spin-dependent scattering of 

charge carriers is observed in the volume of magnetic metal layers and 

at the interfaces of a multilayered conductor, due to their wide appli-
cation, are of particular interest [4–12]. 
 Despite a significant number of experimental and theoretical 
studies of the film materials with the spin-dependent scattering of 
electrons, a number of questions remain unsolved. Thus, there is a 
need to develop and test the simple theoretical models of size ef-
fects in the magnetoresistive properties in the magnetically inho-
mogeneous structures. The development of theoretical models can 
solve the problem of predicting the behaviour of magnetoresistance 
values in the multilayered magnetically ordered systems with 
changes in the thickness of the metal magnetic layer, non-magnetic 
interlayer, and interfaces. The solution of such problems is possible, 
only if a comprehensive approach to the study of the physical prop-
erties of film systems is used. 
 The goal of this work is to study experimentally and theoretically 
the size dependence of the giant magnetoresistance (GMR) in the 
‘symmetric’ magnetically ordered three-layered films (sandwiches) 
based on a ferromagnetic Fe0.8Ni0.2 alloy and a non-magnetic copper 
interlayer using generalized Dieny formulas [1, 2]. 

2. METHODS AND TECHNIQUES OF EXPERIMENT 

Multilayered film systems with a layer thickness of 1–50 nm were 
obtained in a vacuum chamber at a residual atmospheric gas pres-
sure of 10 4 Pa. Alternating film condensation was carried out as a 
result of the metal evaporation from the independent sources. The 
starting materials for obtaining Fe0.8Ni0.2 layers were massive alloys 
of the corresponding composition. 
 The study results of the chemical composition of the original al-
loy and the obtained films show that they coincide within the meas-
urement error that did not exceed 2%. 
 Film condensation was carried out at room temperature of the 
substrate with a speed 0.5–1 nm/s depending on the evaporation 
modes. Layer thickness was controlled during the film condensation 
by a quartz resonator with an accuracy of 10%. An industrial reso-
nator of the ÐÃ-08 type was used for this. The ultrathin-layers’ 
thickness was calculated by the condensation time at a known con-
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densation rate. The effective thickness of such layers was deter-
mined with an error of 10–15%. 
 The measurements of longitudinal and transverse magnetore-
sistance, as well as the thermomagnetic film processing, were car-
ried out in a device under the conditions of ultrahigh oil-free vacu-
um at a residual atmospheric gas pressure of 10 6–10 7 Pa in a 
magnetic field with induction up to B 0.2 T. 

2. RESULTS OF EXPERIMENTAL RESEARCH 

The conducted experimental studies of the field dependence of the 
magnetoresistance in the magnetically ordered three-layered 
Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S films made it possible to establish the na-
ture of the magnetoresistive effect (Fig. 1). As can be seen in Fig. 1, 
the field dependence of magnetoresistance for the samples with the 
magnetic layer thickness dm 20–30 nm and the nonmagnetic Ñu-
interlayer thickness dn 5–15 nm are isotropic in nature. As a re-
sult of this, the mechanism of asymmetric spin-dependent electron 
scattering in the volume of the magnetic metal layers is implement-

 

Fig. 1. Dependence of the longitudinal (||) and transverse ( ) magnetore-
sistance ratio  on the induction of the magnetic field Â for a ‘symmetric’ 
three-layered structure Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S with dF 20 nm, dN 6 
nm (a—as-deposited film; b—Òann 400 K; c—Òann 550 K; d—Òann 700 
K). Measurement temperature is of 300 K. 
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ed (the giant magnetoresistance effect). In the investigated struc-
tures, a change in the magnetic configuration, i.e., the transition 
from the antiferromagnetic interaction to the ferromagnetic inter-
action, occurs under the influence of a relatively weak external 
magnetic field. As a result of the change in the magnetic configura-
tion, the sample resistance decreases, i.e., the GMR effect is real-
ized. It is also worth noting that the sample annealing at a temper-
ature of 700 K does not lead to a change in the character of the iso-
tropic field dependence of magnetoresistance, except for a change in 
the amplitude of the effect and an expansion of the magnetoresis-
tive loops. The reason to preserve the isotropic nature of magneto-
resistance is to preserve the individuality of individual layers even 
during the high-temperature annealing (Òann 700 K) that is espe-
cially important for the applied usage. 
 Figure 2 shows the dependence of the magnetoresistance ratio value 

(MRR) on the magnetic covering-layer thickness dm2 (the layer con-
denses on the non-magnetic interlayer) normalized to the basic mag-
netic-layer thickness dm1 const (the layer condenses on the substrate) 
in the three-layered ‘symmetrical’ Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S films. The 
specified dependence has a non-monotonic character, and the rea-
sons for this behaviour are analysed in detail in the theoretical 
analysis of the corresponding size dependence (see subsection 3). At 
the same time, we note that, with the extremely small covering 
magnetic layer thickness (up to 5–10 nm), magnetic solid solutions 
are not formed and, accordingly, the magnetic covering layer is not 
formed. As a result, the giant magnetoresistance effect is not ob-

 

Fig. 2. Dependence of the magnetoresistance ratio  (1) on the covering 
magnetic-layer thickness dm2 normalized to the thickness dm1 const of the 
basic-layer thickness dm1 const of a three-layered Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S 
film annealed at a temperature of 700 K. The basic magnetic-layer thick-
ness is dm1 20 nm and the non-magnetic-interlayer thickness is dn 6 nm. 
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served in the ‘symmetrical’ sandwich. 
 Figure 3 shows the dependence of magnetoresistance ratio  (1) on 

the copper-layer thickness normalized to the magnetic layer thickness 

dm const of a three-layered Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S film 

(dm dm1 dm2 20 nm) annealed at a temperature of 700 K. The max-
imum MRR value is observed at the minimum non-magnetic-layer 

thickness dn  6 nm, at which the sample remains structurally solid. 
 A further increase in the copper-layer thickness leads to a de-
crease in the MRR, caused by an increase in the probability of the 
spin-polarized charge carriers scattering in the interlayer volume. 
As a result, it leads to a decrease in the interaction between the 
magnetic layers and a disappearance of the GMR effect. 

3. THEORETICAL ANALYSIS OF THE DIMENSIONAL 
DEPENDENCE OF MRR ON THE THICKNESS 
OF THE COVERING MAGNETIC LAYER 

The effect of giant magnetoresistance [11, 12] in a magnetically or-
dered three-layer film is quantitatively described by the magnetore-
sistance ratio , which is determined by the change in the specific 
resistance ( (0) ( ))ap p B  of the sandwich as a result of its remag-
netization by the external magnetic field by induction B, normal-
ized to the resistance ( )p B : 

 ( (0) ( )) ( ) (0) ( ) 1ap p p ap pB B B . (1) 

 

Fig. 3. Dependence of the magnetoresistance ratio  on the non-magnetic-
layer thickness normalized to the thickness dm const of the magnetically 
ordered sandwich Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S (dm dm1 dm2 20 nm) annealed 
at a temperature of 700 K. 
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Here, (0)ap  is the specific resistivity of a conductor averaged over 
the sandwich thickness in the absence of an external magnetic field, 
i.e., when the antiferromagnetic configuration is implemented in the 
sandwich (directions of the spontaneous magnetization vectors M in 
the magnetic-metal layers are antiparallel); ( )p B  is the specific re-
sistivity of a sample averaged over the thickness of a magnetically 
ordered three-layered film in the presence of an external magnetic 
field, i.e., when a ferromagnetic configuration is realized in the 
sandwich (directions of the spontaneous magnetization vectors M in 
the magnetic metal coincide). 
 It is experimentally and theoretically substantiated that the di-
mensional dependence of transport coefficients (conductivity, spe-
cific resistivity, magnetoresistance, etc.) on the metal layer thick-
ness, both in the non-magnetic [13–15] and in the magnetic [16–19] 
multilayered structures, depends on the ratio between the thickness 
of the metal conductor layers. Thus, in particular, the nature of 
MRR  behaviour depending on the change in thickness dm2 of the 
covering magnetic layer normalized to the thickness dm1 of the basic 
magnetic layer, i.e., on 2, 1 2 1m m m md d d  (dm1 const), depends on the 
inequality sign between thickness dm2 and total thickness 2di of the 
interfaces, thickness dn of a non-magnetic layer, and thickness dm1, 
i.e., on dm1 dn 2di. 
 In this case, if, for the lengths of free path electrons s

ijl  (j 1, 2) 
in the transition regions between the spacer and the metal magnetic 
layers, the inequalities ,s s s

ij mj nl l l  are fulfilled ( ,s s
mj nl l —the lengths 

of free path spin-polarized electrons in the j magnetic layer and in 
the non-magnetic layer, respectively, ( )s —the spin indices, 
which determine the projection sign of the electron spin on the di-
rection of the spontaneous magnetization vector M in the magnetic 
conductor layer) and 1/2( )s

ij Dl Dt  (D—diffusion coefficient, tD—
diffusion time) [20, 21], then, the separation boundaries of the 
metal layers can be modelled by the metal layers with a thickness di. 
Then, thickness dm2 of the covering magnetic layer is naturally 
normalized to the total thickness dm1 dn 2di and, accordingly, the 
approximating Dieny formula [1] can be written as follows: 
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, 1 , 1
2, 1

2, 1

, 1 , 1
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1 2
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1 2
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n m i m
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m m

n m i m

d

d d
d

d

d d

, (2) 

where dn,m1 dn/dm1 and di,m1 di/dm1 are thickness dn of the non-
magnetic layer and thickness di of the separation boundary between 
the magnetic layer and the spacer, respectively, normalized to 
thickness dm1 of the basic magnetic layer. 
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 Let us investigate formula (2) for the boundary values of thick-
ness dm2 of the magnetic layer. In the area of small values of thick-
ness dm2 of the covering layer compared to the total thickness of the 
interfaces, spacer and basic magnetic layer, i.e., when the inequality 

 2, 1 , 1 , 11 2m m n m i md d d , (3) 

holds, the magnetoresistance ratio  increases linearly with an in-
crease in thickness dm2 of the covering magnetic layer (Fig. 2): 

 2, 1
2, 1 2, 1 , 1 , 1

, 1 , 1

( ) (1 2 )
1 2

m m
m m m m n m i m

n m i m

d
d d d d

d d
, (4) 

and the giant magnetoresistance effect, as follows from the asymp-
totic formula (4), is insignificant. This is due to the fact that, in 
the indicated thickness interval (3) of the covering magnetic layer, 
its resistance is shunted by the basic magnetic layer, interfaces, and 
non-magnetic interlayer. As thickness dm2 increases, the current 
value in the covering magnetic layer increases that leads to an in-
crease in the MRR (Fig. 2). It also follows from expression (4) that, 
if the thickness of the covering and basic magnetic-metal layers is 
fixed (unchanged), the MRR value decreases linearly with the in-
creasing thickness of the non-magnetic layer (interface thickness di) 
(for more details, see subsection 4 and 5). 
 In the case of fulfilment of the opposite inequality compared to 
expression (3), 

 2, 1 , 1 , 11 2m m n m i md d d , (5) 

the asymptotic formula for (dm2,m1): 

 , 1 , 1 1
2, 1

2, 1 2

1 2 2
( ) n m i m m n i

m m
m m m

d d d d d
d

d dd

1 ndn,n, , (6) 

only if inequality dm2,m1 1 dn,m1 2di,m1, correctly describes the 
size dependence (dm2,m1), i.e., the MRR decreases. This is due to the 
fact that, with an increase in thickness dm2 of the covering layer, 
the opposite situation is observed, namely, the resistance of the 
basic magnetic layer, non-magnetic layer, and interfaces are shunt-
ed by the resistance of the covering magnetic layer (Fig. 2). In fact, 
as experimentally established [4, 8, 23, 24], in the specified region 
of thickness of the covering magnetic layer, the magnetoresistance 
ratio  decreases exponentially with the increasing value of dm2. 
Such a discrepancy between the results of experimental studies and 
the corresponding theoretical calculations is due to the fact that, in 
the case of performing a ‘strong’ inequality (5), the covering mag-
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netic-metal layer becomes thick, i.e., the length of free path 2
s
ml  of 

the spin-polarized charge carriers becomes significantly less than 
thickness dm2 of the covering magnetic layer 2 2( )s

m ml d . As a con-
sequence, the covering and basic magnetic-metal layers become ‘in-
dependent’ in the sense that there will be no interaction between 
them through the spin-polarized charge carriers (electrons do not 
pass from one magnetic layer to another) and, as a result, the giant 
magnetoresistance effect will not be observed. 
 Considering the opposite behaviour of the MRR  (increase in the 
area of small thickness dm2, decrease in the area of large values dm2) 
for the boundary values of dm2, it is advisable to investigate expres-
sion (2) for the presence of an extremum. In other words, we will 
find thickness dm2, at which the GMR effect will be either maxi-
mum or minimum. To do this, we differentiate expression (2) by 
dm2,m1 and equate the obtained result to zero. As a result, we get the 
transcendental equation: 
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whose approximate solution is as follows: 
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 If equality (8) is fulfilled, the MRR  value acquires an extreme 
value, and according to the sign of the second derivative with re-
spect to dm2,m1 from the MRR (2), 
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at the extreme thickness (8), 

 
2, 1

2

2
2, 1

( ) 0.148
m m

extr

m m

d
d

dd
, (10) 

we can confirm that the magnetoresistance ratio (2) reaches its 
maximum (amplitude) value. 
 Analysing expression (8), we see that, when equality dm1 const is 
fulfilled, an increase in either the interlayer thickness, dn, or the 
interface thickness, di, or both dn and di values, leads to a shift of 
the magnetoresistance ratio maximum towards the larger values of 
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thickness dm2 of the covering magnetic-metal layer. At the same 
time, an increase in thickness dm1 of the basic magnetic layer, under 
the condition that the thicknesses di and dn are constant, shifts the 
MRR maximum towards the smaller values dm2. 

4. THEORETICAL ANALYSIS OF MRR DEPENDENCE ON NON-
MAGNETIC-LAYER THICKNESS 

In the experimental study of the magnetoresistance ratio  depend-
ing on the change in the non-magnetic-interlayer thickness dn, in 
order to avoid the shunting effect, the magnetic layer thicknesses 
are usually chosen to be equal to each other (dm1 dm2 dm). There-
fore, it is natural to normalize the interlayer thickness dn in the 
Dieny formula [1, 2] by twice the magnetic layer thickness and 
twice the interface thickness, i.e., the MRR can be written in the 
following form: 

 

,

,
,

,

,

exp
2(1 )

( )
1

2(1 )

n m

i m
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d
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, (11) 

where dn,m is the non-magnetic-layer thickness dn normalized to the 
magnetic-layer thickness dm, and di,m—the interface thickness di 
normalized to the thickness dm. 
 In case of the inequality fulfilment as follows: 

 , ,2(1 )n m i md d , (12) 

formula (11) can be presented approximately in the form 
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,

,
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d
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d
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i.e., MRR (dn,m) decreases linearly with the increasing non-magnetic 
layer thickness (Fig. 3). This decrease is due to the fact that, with 
an increase in the non-magnetic-layer thickness, the probability of 
the spin-polarized charge-carriers’ scattering in the volume of the 
non-magnetic layer increases. It leads to a decrease in the interac-
tion between the magnetic-metal layers through the spin-polarized 
charge carriers and, as a result, to a decrease in the giant magneto-
resistance value. 
 In the case of the opposite, in comparison with (12), inequality 
dn,m 2(1 di,m), i.e., when the spacer is thick enough, the magnetic 
metal layers become independent in the sense that the spin-
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polarized charge carriers do not pass from one magnetic layer to 
another through a non-magnetic interlayer. Therefore, in formula 
(11), the exponent will asymptotically go to zero, the MRR  will 
also go to zero ( 0) and, accordingly, the giant magnetore-
sistance effect will be absent due to the lack of interaction between 
the magnetic layers due to the spin-polarized charge carriers. 

5. THEORETICAL ANALYSIS OF MRR DEPENDENCE 
ON INTERFACE THICKNESS 

In the case of an experimental study of the magnetoresistance-ratio 
( ) dependence on the interface thickness, the following should be 
done. After obtaining a two-layered film comprising a basic magnet-
ic layer (deposited on a substrate) and the non-magnetic interlayer, 
the obtained sample should be diffusion-annealed over a certain pe-
riod of time. Subsequently, the spacer should be coated with a cov-
ering magnetic layer, and the resistance of the resulting sandwich 
should be measured in the antiparallel and parallel sample configu-
rations. 
 By increasing the time of diffusion annealing, it is possible to 
obtain the separation boundaries of different thickness di1 between 
the non-magnetic layer and the basic magnetic layer. This allows us 
to study the MRR dependence on the interface thickness di1, provid-
ed that the interface thickness di2 between the overlaying magnetic 
layer and the interlayer does not change (di2 const). 
 Within the limits of this model, assuming that the magnetic met-
al layer thicknesses in the magnetically ordered sandwich coincide 
again, the MRR (di1,i2) can be written in the following form: 
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where di1,i2 di1/di2 is the interface thickness di1 between the basic 
magnetic layer and the non-magnetic interlayer normalized to the 
thickness di2 const, dm,i2 dm/di2, and dn,i2 dn/di2, the magnetic-
metal layer thickness dm and the non-magnetic-interlayer thickness 
dn are normalized to the interface di2 thickness, respectively. 
 If the inequality 

 1, 2 , 2 , 21 2i i m i n id d d  (15) 

is met, formula (14) can be written approximately as follows: 
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i.e., the MRR decreases linearly with an increase in the interface 
thickness di1. This decrease is caused, as in the case of an increase 
in the layer thickness, by the fact that, with an increase in the in-
terface thickness, the interaction between the magnetic-metal layers 
through the spin-polarized electrons decreases and, as a result, this 
leads to a decrease in the giant magnetoresistance value. 
 In the case of the opposite, in comparison with inequality (15), 
inequality di1,i2 1 2dm,i2 dn,i2, i.e., when the interface is thick 
enough, the magnetic-metal layers become independent. For this 
reason, in formula (14), the exponent will asymptotically go to zero. 
As a result, the MRR (di1,i2) will also go to zero ( 0), and the 
GMR effect will be absent due to the lack of interaction between the 
magnetic layers due to the spin-polarized charge carriers. 

6. CONCLUSIONS 

Thus, it was established experimentally and theoretically that the 
effect the giant magnetoresistance effect in a magnetically ordered 
‘symmetrical’ three-layered film in the region of small thickness dm2 
of the covering magnetic layer, in comparison with the thickness of 
the basic magnetic layer, interlayer, and interfaces, i.e., when ine-
quality dm2,m1 dn,m1 2di,m1 is fulfilled, is negligible due to the re-
sistance shunting of the covering layer by the resistance of the 
basic layer, interfaces, and non-magnetic layer. 
 In the case of implementation of the opposite inequality 
dm2,m1 1 dn,m1 2di,m1, i.e., in the area of large thickness of the 
covering layer, the opposite effect is observed, namely the effect of 
resistance shunting of the basic layer, non-magnetic interlayer, and 
interfaces by the resistance of the covering magnetic layer and, ac-
cordingly, the value of the MRR will also be very small. 
 If equality dm2,m1 1.146(1 dn,m1 2di,m1) is fulfilled, the MRR  
acquires a maximum value due to the absence of the shunting effect 
that shifts towards the larger values of thickness dm2 with an in-
crease in thickness dn of the interlayer and thickness di of the inter-
faces, provided that dm1 const. In the case of an increase in thick-
ness dm1, under the condition of constant values di and dn, the max-
imum MRR shifts towards the smaller values of thickness dm2. 
 With an increase in the non-magnetic-interlayer thickness dn (in-
terface thickness dn), provided that the thickness of the basic and 
magnetic-metal layers, the interface thickness di (layer thickness dn 
and interface thickness di2) do not change, the magnetoresistance 
ratio monotonically decreases due to a decrease in the interaction 
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between the magnetic-metal layers due to the spin-polarized charge 
carriers. 
 Note that the above formulas can be used to substantiate the size 
dependence of the MRR on the metal-layer thickness in the mag-
netically ordered multilayer structures. 
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MXenes are emerging materials that find significant applications in EMI 
shielding. Ferrites, carbon, cotton fabrics, and polymer composites of 
MXenes are said to improve EMI shielding. These composites are flexible 
with low weight exhibiting high conductivity and large surface area. The 
shielding effectiveness depends on parameters like reflection and absorp-
tion. Hence, the shielding efficiency may be enhanced by tailoring the 
MXenes’ composite to suitable absorption and multiple reflections. 
MXenes are two-dimensional materials, which are rapidly expanding in 
view of their high conductivity, thermal stability, water dispersibility, 
and easy-process ability. Their effective EMI shielding makes them more 
significant in electromagnetic applications. This review aims to discuss 
the shielding effectiveness (SE) obtained by MXenes and their composites. 
The shielding parameters related to total attenuation (SET), attenuation 
due to absorption (SEA), attenuation due to reflection (SER), and attenua-
tion due to multiple reflections (SEM) of an electromagnetic wave are dis-
cussed. These values determine shielding effectiveness of a given materi-
al. If the value of SET 30 dB, it signifies best efficiency; if  SET 10 dB, 
no shielding exists, while, if SET is between 10 dB and 30 dB, it denotes 
minimum effective range of shielding. 

Ìàêñ³íè º íîâ³òí³ìè ìàòåð³ÿëàìè, ÿê³ çíàõîäÿòü çíà÷íå çàñòîñóâàííÿ ó 
çàõèñò³ â³ä åëåêòðîìàãíåòíèõ çàâàä (ÅÌÇ). Ââàæàºòüñÿ, ùî ôåðèòè, âó-
ãëåöü, áàâîâíÿí³ òêàíèíè òà ïîë³ìåðí³ êîìïîçèòè íà îñíîâ³ ìàêñ³í³â 
ïîë³ïøóþòü çàõèñò â³ä ÅÌÇ. Ö³ êîìïîçèòè º ãíó÷êèìè, ëåãêèìè òà 
ìàþòü âèñîêó åëåêòðîïðîâ³äí³ñòü ³ âåëèêó ïëîùó ïîâåðõí³. Åôåêòèâ-
í³ñòü çàõèñòó çàëåæèòü â³ä òàêèõ ïàðàìåòð³â, ÿê â³äáèâàííÿ òà âáèðàí-
íÿ. Òîìó åôåêòèâí³ñòü çàõèñòó ìîæå áóòè ï³äâèùåíà øëÿõîì îïòèì³-
çàö³¿ êîìïîçèòó ìàêñ³í³â äëÿ â³äïîâ³äíîãî âáèðàííÿ òà áàãàòîðàçîâîãî 
â³äáèâàííÿ. Ìàêñ³íè º äâîâèì³ðíèìè ìàòåð³ÿëàìè, ÿê³ øâèäêî íàáè-
ðàþòü ïîïóëÿðíîñòè çàâäÿêè âèñîê³é ïðîâ³äíîñò³, òåðì³÷í³é ñòàá³ëüíî-
ñò³, çäàòíîñò³ äèñïåð´óâàòèñÿ ó âîä³ òà ëåãêîñò³ îáðîáëÿííÿ. ¯õí³é åôå-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
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êòèâíèé çàõèñò â³ä ÅÌÇ ðîáèòü ¿õ á³ëüø çíà÷óùèìè ó åëåêòðîìàãíåò-
íèõ çàñòîñóâàííÿõ. Öåé îãëÿä ìàº íà ìåò³ îáãîâîðèòè åôåêòèâí³ñòü åê-
ðàíóâàííÿ (SE), îäåðæàíó çà äîïîìîãîþ ìàêñ³í³â òà ¿õí³õ êîìïîçèò³â. 
Ðîçãëÿäàþòüñÿ ïàðàìåòðè åêðàíóâàííÿ, ïîâ’ÿçàí³ ³ç ñóêóïíèì çàãàñàí-
íÿì (SET), çàãàñàííÿì ÷åðåç âáèðàííÿ (SEA), çàãàñàííÿì ÷åðåç â³äáè-
âàííÿ (SER) òà çàãàñàííÿì ÷åðåç áàãàòîðàçîâå â³äáèâàííÿ (SEM) åëåêò-
ðîìàãíåòíî¿ õâèë³. Ö³ çíà÷åííÿ âèçíà÷àþòü åôåêòèâí³ñòü åêðàíóâàííÿ 
êîíêðåòíîãî ìàòåð³ÿëó. ßêùî çíà÷åííÿ SET  30 äÁ, öå îçíà÷àº íàé-
âèùó åôåêòèâí³ñòü; ÿêùî SET  10 äÁ, åêðàíóâàííÿ â³äñóòíº, à ÿêùî 
SET çíàõîäèòüñÿ ì³æ 10 äÁ ³ 30 äÁ, öå îçíà÷àº ì³í³ìàëüíî åôåêòèâíèé 
ð³âåíü åêðàíóâàííÿ. 

Key words: MXenes, MXenes’ composites, EMI shielding, shielding effec-
tiveness. 

Êëþ÷îâ³ ñëîâà: ìàêñ³íè, êîìïîçèòè ìàêñ³í³â, åêðàíóâàííÿ â³ä åëåêò-
ðîìàãíåòíèõ çàâàä, åôåêòèâí³ñòü åêðàíóâàííÿ. 
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1. INTRODUCTION 

High-frequency electromagnetic waves in the range of gigahertz 
harm commercial IT devices and defence devices due to interference 
with devices input signal [1]. This type of interference is called 
electromagnetic interference (EMI), which leads to EMI pollution. 
This phenomenon affects the efficiency and durability of the device. 
Besides this, human health will be affected by EMI pollution that 
includes cancer. It is inevitable to save humankind and electronic 
devices from this EMI pollution. Hence, shielding of electromagnet-
ic interference using certain materials is of prime importance. 
Shielding materials may be classified into metals, which exhibit re-
flection, as well as absorption ferrites, which have absorption only 
[2, 3]. Shielding by reflection utilizes Faraday’s cage principle and 
by absorption dealing with permeability [4, 5]. The main principle 
behind EMI shielding is to design an effective material (shield) that 
reflects incoming electromagnetic waves or to absorb energy in the 
form of heat. Figure 1 shows the mechanism of EMI shielding [6]. 
As shown in this figure, the incident electromagnetic waves are re-
flected by the shields’ surface. 
 The extent of reflection depends on the electron density (availa-
bility of free electrons) and conductivity. It is reported that the EM 
waves will be reflected, if the shielding material is highly conduc-
tive with large number of charge carriers [7]. If a shield with re-
flection dominance is used, the effectiveness will be reduced due to 
creation of secondary waves. To overcome this drawback, shields 
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with absorption dominance with varying dielectric and magnetic 
losses are preferred [8–10]. Graphene and MXenes prove to be po-
tential materials for EMI shielding [11, 12]. It is reported that 
foaming materials (foamed polymers blended with carbon nanotubes 
(CNTs)) effectively enhance dispersion, which improves shielding 
efficiency [3]. Highly conductive MXenes lead the race due to lim-
ited usage of graphene/carbon-based materials [13, 14]. 
 High metallic conductivity, mechanical flexibility, and customi-
zable surface chemistry of MXenes made them rapidly growing [15–
17]. The path travelled by electromagnetic waves in the shield and 
the energy dissipated prior to transmission depend on the structural 
design [18–20]. Apart from this, heat dissipation may affect stabil-
ity and duration of the device [21]. This drawback can be minimised 
by using MXenes having layered structure and high temperature 
stability [22]. In addition, secondary reflections affect environment 
that can be overcome through green EMI shielding. In this context, 
development of green M-Ti3C2Tx MXene/hydroxyethyl cellulose 
composite film was of importance. This film exhibited good shield-
ing performance confirming absorption-dominant EMI shielding 
[23]. Hence, absorption dominated MXenes’ composites are pre-

 

 

Fig. 1. EMI-shielding mechanism (a, b) [6]. 
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ferred for EMI shielding over secondary reflections. Based on the 
above brief introduction, we provided a comprehensive analysis re-
garding the role of MXenes and their composites in EMI shielding 
with focus on high-frequency devices. 

2. PARAMETERS OF EMI SHIELDING 

EMI-shielding effectiveness (SE) is given by the ratio of transmitted 
power Pt and incident power Pi: SE 10logPt/Pi. It is reported that 
the total EMI-shielding effectiveness (SET) is purely a function of 
SEA (absorption loss), SER (reflection loss) and SEM (multiple reflec-
tion loss) of electromagnetic waves, which propagate through the 
shielding material (Schelkunoffs theory). The total shielding effec-
tiveness is given by SET SEA SER SEM. 

3. STRUCTURE OF MXenes 

MXenes (pronounced as ‘max-eens’) are 2D nanomaterials discov-
ered in 2011. They belong to ceramics class within the 2D materi-
als. MXenes are made of bulk crystal MAX. Their structure consists 
of molecular sheets derived from titanium nitrides and titanium 
carbides making them exhibit high conductivity and volumetric ca-
pacitance inherently. MXenes are known for various applications in 
medicine, sensing, and energy storage, etc. MXenes can be easily 
structured by ordering millions of carbon, transition metals, and 
nitrogen with emphasis on stable arrangement. These ceramics pro-
duce 3D materials, when substituted with Ti3AlC2 powder in hydro-
fluoric acid through selective removal of aluminium. Two-
dimensional Ti3C2 nanosheets (MXenes) can be derived through ex-
foliation. MXene is similar to graphene with different properties. 
MXene was first demonstrated in 2011 by transforming the three-
dimensional Ti3AlC2 materials representing MAX phase into a 2D 
material [24]. Figure 2 displays the journey of MXenes during 
2011–2021. 
 MXenes gained prominence with high conductivity and mechani-
cal flexibility as compared to other materials. They can be moulded 
into nanoparticles, nanosheets of single layer and multilayers. 
MXenes easily form composites with other materials. The structure 
of MXenes enhances their mechanical flexibility and stretch ability 
making them feasible for EMI shielding. 
 MXenes are derived from MAX phases, whose formula is given 
by Mn 1AXn, where ‘n’ 1, …, 4; ‘M’ represents early transition 
metal, ‘A’ represents A-group element, ‘X’ represents nitrogen or 
carbon. 
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 They have edge-sharing structure with distorted XM6 octahedral 
loaded by single planar layers of A-group element [26]. 3D MAX-
phase structure is displayed in Fig. 3. 
 MXenes are derived from MAX phases through selective etching 
of A layers (Fig. 4). Different preparation methods for MXenes are 
reported in Ref. [28]. 

4. MXenes in EMI Shielding 

High electrical conductivity is required for any material to be used 
as EMI shield. 2D MXenes can be processed to have large surface 
area and low density as compared to heavy metals, stretch ability 
(foldable devices), and easy-process ability [29]. Conductivity of 
two-dimensional MXenes ranges between 5 to 20 000 S/cm based on 
composition with least conductivity required being 1 S/cm [30]. 
MXene films possess high electrical conductivity with multilayered 
2D MXene sheets. This structure helps them to absorb the incident 
electromagnetic wave as compared to conventional shielding materi-
als. Various forms of MXene films are available and are capable of 
attenuating the energy with efficient shielding. MXene with a sin-
gle layer having 2.3 nm thickness could prevent EM interference 
[31]. With suitable modification of MXenes’ structure by adding 
pores or dielectric domains, reflections from multiple interfaces in 
the shield can be enhanced that reduces the strength of electromag-
netic waves. In addition, electromagnetic-waves’ absorption can be 
achieved by increasing polarization losses through chemical compo-
sition. Using the technique of capacitive loss, dipoles can be pro-
duced by negatively charged surface on applying electromagnetic 

 

Fig. 2. Journey of MXenes from 2011 to 2021 [25]. 
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field to reduce its energy [32, 33]. This is due predominance of di-
polar polarization gigahertz-frequency range. These characteristics 
signify MXenes as potential materials for EMI shielding in electron-
ic devices. 
 The impact of heat treatment after etching on dielectric and wave 
absorption on MXene was reported. Fifty percent annealed MXenes 
exhibit a minimum reflection loss of 48.4 dB at 11.6 GHz with 
good absorbance and shielding. MXenes of unit thickness exhibited 
76.1 dB, when untreated, and 67.3 dB, when annealed. Absorbing 
and total shielding effectiveness values were found to be 24.2 dB 

 

Fig. 3. Crystal structure of MAX phases [27]. 

 

Fig. 4. Representation of MAX phase [6]. 
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and 32 dB [34]. MXene of 0.8 mm-thickness with sandwich struc-
ture demonstrated EMI-shielding effectiveness above 70 dB in X-
band [35]. MXene with large area, smooth surface, and high electri-
cal conductivity exhibited the mean and absolute shielding effec-
tivenesses equal to 55.7 dB and 48.800 dB cm2 g 1. These results in-
dicate that EMI-shielding effectiveness of MXenes may be enhanced 
with different manufacturing techniques [36]. Hence, it can be in-
ferred that MXenes can be considered EMI shields. As per the men-
tioned examples, large surface area, multilayered structure, and 
high electrical conductivity of MXenes significantly contribute to 
increase EMI shielding. 

4.2. MXenes and Polymer Composites in EMI Shielding 

Conductive polymer composites (CPCs) with conductive fillers are 
highly considered for EMI shielding. They are of lightweight, eco-
nomical, resistive to corrosion and can be easily processed [37–40]. 
Even though these materials exhibit high electrical conductivity, 
increased impedance mismatch and dielectric loss act as major 
drawback [41, 42]. In addition, CPCs filled with fillers are thick 
and not adaptable to use and lose their mechanical strength. Hence, 
MXene and polymer composites, wherein the polymer acting as 
binder increases the mechanical strength, make them suitable for 
EMI-shielding materials [43]. This combination was first tested in 
2018. An ultrathin MXene/cellulose nanofibres-composite paper 
with excellent mechanical property reported tensile strength of 
135.4 MPa and strain near to 16.7% [44]. These materials can be 
used in robot joints, weapon equipment, and flexible electronics. 
Similarly, a composite of polyvinylidenefluoride, MXene and nickel 
was synthesized and reported with good EMI-shielding properties 
[45]. In addition, multilayered films of MXene, polydimethylsilox-

 

Fig. 5. MXenes with various functional groups [6]. 
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ane (PDMS) and boron nitride were synthesized with spin-coating 
method. 
 Figure 6, a [46] shows the synthesis and Fig. 6, b shows the 
shielding mechanism of the prepared film. These films reported SE 
of 35.2 dB for an 11-layered material with thermal conductivity of 
3.29 kV/mm at 10.9 GHz. In addition, SEA was greater than SER. 
 Figure 6, b explains the mechanism behind this effect. As shown 
in this figure, electromagnetic waves, which are incident on 
BN/PDMS layer, are penetrated directly. The waves, which strike 
PDMS/MXene, are divided into two beams, in which one beam re-
flects back and the remaining part transmits through the interior 
layer. The existence of alternative multilayer enhances the quantity 
of reflection and scattering, which attenuates the waves continuous-
ly. Hence, it is inferred that SE depends on the number of 
MXene/PDMS layers. Considering this, fabrication of less-layered 
Ti3C2Tx/epoxy composites using casting method, was reported [47]. 

 
a 

 
b 

Fig. 6. Synthesis (a) and shielding (b) mechanism of MXene, PDMS and BN 
composites [6, 44]. 
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In addition, SE was of 41 dB with 15% loading, when annealed. 
This was by 37% higher as compared to without annealing. This 
can be attributed to formation of large number of dipoles post an-
nealing. 

4.3. MXenes and Cotton Fibre Composites in EMI Shielding 

Cotton and their composites are becoming prominent in view of 
their advantages over synthetic textiles [48–50]. Electronic equip-
ment with conductive cotton fabrics has the ability of blocking elec-
tromagnetic radiation [51, 52]. However, the main drawback of cot-
ton is its flammability, when used in electronic equipment. Hence, 
it is preferable to use materials, which are flame resistant for EMI 
shielding. In this context, EMI-shielding cotton textiles developed 
with aqueous impregnation and dip coating are of importance [53]. 
Three-layered combination of MXene, ammonium phosphate and 
polyacetimidate could increase conductivity from unity to 670 S/m 
by increasing MXenes. This addition of MXene sheets to cotton fi-
bre makes the fibre to act as a conducting body. In extension to 
this, a conductive network of cotton fabrics was reported [54]. 
 As shown in Fig. 7, MXenes are modified by adhering fabric sur-
faces. These fabrics exhibit high conductivity, Joule heating capa-
bility at 150 C with 6 V supply and are reported to block EM inter-
ference. In addition, they can be used as strain sensors to track the 
activity of humans. In this sequence, waste fibres of cotton were 

 

Fig. 7. Preparation of modified cotton fabrics and its applications [6, 52]. 
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converted to aerogels by dissolving them in aqueous solution of 
NaOH/urea. These aerogels were combined with MXene nanosheets 
through dip coating to develop the woven carbon fibres/MXene 
composites [55]. 
 These composites exhibit an effectiveness of 39-to-48 dB between 
2 GHz and 18 GHz. As mentioned earlier to avoid flammable issues, 
a combination of MXene with inflammable aramid non-woven fabric 
was developed [56]. In this order, composites of MXene, polyaniline 
(PANI) and cotton fabric were developed that increased shielding 
effectiveness by 54 dB [57]. Similar developments include light-
weight non-woven fabrics combined with MXenes, which were ab-
sorption dominant [58]. Based on the number of fabric layers, con-
ductivity increased from 5.04 S/m to 13.45 S/m with optimum ef-
fectiveness of 25.26 dB at 12.4 GHz [59]. 
 Even though cotton fabrics show increase in ohmic loss because 
of being porous and absorb incoming radiation; their poor heat re-
sistance and low mechanical-strength challenge their EMI-shielding 
characteristics. 

4.4. MXenes and Carbon-Derivatives’ Composites in EMI Shielding 

Carbon and its derivatives play an important role in EMI shielding 
[60–62]. 3D structure and other characteristics made these materi-
als significant. However, porous nature and weak hydrogen bonding 
make these materials to have low mechanical strength [63]. To 
avoid this drawback, porous carbon composites using very thin aer-
ogel of MXene and wood were designed [64]. This enhanced the re-
quired mechanical strength and SET was found to be of 69.4 dB. 
This could achieve a shielding effectiveness of 71.3 dB. In continua-
tion, spin layered-composite films with MXene and CNTs were re-
ported [65]. Similarly, a lightweight-layered fabric with MXene and 
PANI polymer was prepared and checked for shielding effectiveness 
and Joule heating. SEA and SER are reported to increase with as-
sembly cycles [66]. MXene and CNTs composite of 100-μm thickness 
prepared with facile electron deposition demonstrated an effective-
ness of 60.5 dB in X-band [67]. SE decreases to 50.4 dB, if the 
thickness was reduced to 15 μm. The mechanism behind this high 
shielding is due to reflection of EM waves on reaching the high-
conductive hybrid surface, as shown in Fig. 8. 
 2D composites of MXene and graphene nanoplatelets of 1.75-m 
thickness exhibited 64 dB electromagnetic absorbance between 60–
80 GHz) [68]. MXenes being highly potential for EMI shielding and, 
as graphene, exhibit good electrical conductivity, low density, and 
corrosion resistant; their combination leads to excellent applications 
in EMI shielding. 



 APPLICATIONS OF EMI SHIELDING: A REVIEW ON THE ROLE OF MXenes 643 

4.5. MXenes and Ferrite Composites in EMI Shielding 

Low magnetic losses in MXenes make them poor electromagnetic-
wave absorbers. Hence, magnetic losses need to be enhanced [69–
72]. This can be achieved with the help of magnetic nanoparticles 
[73]. Observations indicated that spinel ferrites possess superior 
magnetic properties and, if coupled with MXenes, yield good results 
[74–78]. MXene and Ni0.5Zn0.5Fe2O4 composites prepared with co-
precipitation method yielded saturation magnetization of 
27.08 emu/g. MXene and Ni–Zn ferrite composites were reported to 
be effective shields [79]. Different composites of this combination 
with excellent absorption that could be used in 5G networks were 
reported [80–88]. MXene and Ni0.6Zn0.4Fe2O4 (NZFO) nanocomposites 
with reflection loss (RLmin) of 66.2 dB at frequency of 15.2 GHz and 
4.74 GHz bandwidth were reported. These composites simulate the 
properties of double-loss electromagnetic absorbing material with 
strong reflection loss [89]. This loss was attributed to impedance 
matching. The mechanism behind this was shown in Fig. 9. As 

 

Fig. 8. EMI-shielding mechanism for MXene and CNTs composites [6, 65, 95]. 

 

Fig. 9. EMI-shielding mechanism for MXene/NZFO composites [6]. 
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shown in this figure, impedance matching favours reflection of in-
cident waves. Various interfaces between MXene layers improve in-
terfacial polarization contributing to dielectric relaxation. Numbers 
of dipoles are generated due to large number of MXene-surface 
termination groups leading to dipolar polarization and, finally, in-
teraction between magnetic and dielectric losses that enhances elec-
tromagnetic-wave absorption. Hence, combination of MXenes with 
ferrite nanoparticles improves EMI shielding. 

4.6. MXenes and MOF Composites in EMI Shielding 

In view of the limitations exhibited by MXene over its own compo-
sites, a composite of MXene with metal–organic frameworks (MOFs) 
was considered. MOFs have metal-ion terminals connected with or-
ganic ligands. They benefit from high porosity and large specific 
surface area, which make them suitable for energy storage [90–92]. 
Co/ZnO/Ti3C2Tx MXene/MOFs composites were prepared. They re-
ported improvement in morphology due to interaction of MOFs with 
MXene possessing excellent dielectric and magnetic losses [93]. Sim-
ilarly, an intertwined one-dimensional heterostructure with MXene 
and cobalt–nickel MOFs was reported. Three-dimensional structures 
with CNTs with a matching thickness of 1.6 mm could exceed RLmin 
by 51.6 dB and 4.6 GHz for embedded array blocks (EAB) [94]. The 
mechanism behind these absorption properties was shown in Fig. 
10. As shown in this figure, interaction between MXene, MOFs and 
CNTs lead to good attenuation and impedance matching promoting 
interface polarization improving microwave absorption. Porous 
structure of this combination enhances scattering and multiple re-
flections of incident EM waves. 

5. CONCLUSIONS 

EMI shielding has gained significance in protecting human beings 
and electronic devices from pollution due to electromagnetic radia-
tion. Even though various materials are used for EMI shielding, 
MXenes gained prominence in recent times. High conductivity, good 
thermal stability, surface chemistry, and simple-process ability of 
these materials make them crucial in EMI-shielding applications. 
Since MXenes alone could not satisfy the criteria required by EMI 
shielding, combination of MXenes with other shielding materials 
was in the radar of researchers. Keeping this in mind, an attempt 
was made to review the reported publications, which analysed the 
role of MXenes and their composites in EMI shielding in a nutshell. 
It was observed that, among the cotton fabrics, fabrics made of 
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MXenes and wood pulp show highest SE of 90.2 dB. Improved 
shielding was seen in case of MXenes combined with cotton fabrics, 
polymers, and ferrite nanoparticles. Hence, they may be used in IT 
and defence sectors. In addition, various composites in combination 
with MXenes suitable for EMI shielding were discussed. 
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Ìîäèô³êóâàííÿ îäíîñò³ííèõ âóãëåöåâèõ íàíîòðóáîê  
íàíî÷àñòèíêàìè CdTe ç âèêîðèñòàííÿì ì³êðîõâèëüîâîãî 
îïðîì³íåííÿ 

Í. À. Êóðãàí, Â. Ë. Êàðá³âñüêèé, Ñ. ². Øóëèìà, Â. Î. Ìîñêàëþê, 
Î. À. Ïóçüêî 

²íñòèòóò ìåòàëîô³çèêè ³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè,  
áóëüâ. Àêàä. Âåðíàäñüêîãî, 36,  
03142 Êè¿â, Óêðà¿íà 

Îäíîñò³íí³ âóãëåöåâ³ íàíîòðóáêè áóëî çâ’ÿçàíî ç íàíî÷àñòèíêàìè CdTe, 
ïîêðèòèìè ò³îãë³êîëåâîþ êèñëîòîþ, ç óòâîðåííÿì ã³áðèäíèõ íàíîñòðó-
êòóð. Íîâ³ íàíîã³áðèäè áóëî îõàðàêòåðèçîâàíî ç îñîáëèâèì àêöåíòîì 
íà ô³çèêî-õåì³þ ïåðåíåñåííÿ åëåêòðîíà. Ïðåäñòàâëåíî ñïåêòðîñêîï³÷í³ 
äîêàçè, ùî ï³äòâåðäæóþòü ÷àñòêîâå ïåðåíåñåííÿ ãóñòèíè çàðÿäó ç ôóí-
êö³îíàëüíèõ ãðóï áåçïîñåðåäíüî íà âóãëåöåâó íàíîòðóáêó. Îñê³ëüêè 
íàíîòðóáêè çàáåçïå÷óþòü øâèäêèé øëÿõ òðàíñïîðòóâàííÿ íîñ³¿â çàðÿ-
äó äî åëåêòðîäè, ïðîâåäåí³ äîñë³äæåííÿ â³äêðèâàþòü ïåðñïåêòèâè çà-
ñòîñóâàííÿ òàêèõ íàíîñòðóêòóð äëÿ ñòâîðåííÿ ³íòåðôåéñ³â ñåíñîðíèõ 
ñèñòåì. 

Single-walled carbon nanotubes are bonded to thioglycolic acid-coated 
CdTe nanoparticles for forming hybrid nanostructures. The new nanohy-
brids are characterized with a special emphasis on the physicochemistry of 
electron transfer. Spectroscopic evidence confirming the partial transfer 
of charge density from the functional groups directly to the carbon nano-
tube is presented. Since nanotubes provide a fast way to transport charge 
carriers to the electrode, the studies open up the prospects of using such 
nanostructures to create interfaces for sensor systems. 

Êëþ÷îâ³ ñëîâà: âóãëåöåâ³ íàíîòðóáêè, íàíî÷àñòèíêè CdTe, ì³êðîõâè-
ëüîâå îïðîì³íåííÿ, ã³áðèäí³ íàíîñòðóêòóðè, ïåðåíåñåííÿ çàðÿäó. 

Key words: carbon nanotubes, CdTe nanoparticles, microwave irradiation, 
hybrid nanostructures, charge transfer. 

(Îòðèìàíî 22 ñ³÷íÿ 2025 ð.) 
  

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 653–665 
https://doi.org/10.15407/nnn.23.03.0653 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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1. ÂÑÒÓÏ 

Óí³êàëüí³ âëàñòèâîñò³ âóãëåöåâèõ íàíîòðóáîê (ÂÍÒ) ðîáëÿòü ¿õ 
ïðèâàáëèâèìè ìàòåð³ÿëàìè äëÿ ñòâîðåííÿ íîâèõ åëåêòðîííèõ 
ïðèñòðî¿â: îäíîåëåêòðîííèõ òðàíçèñòîð³â, ìîëåêóëÿðíèõ ä³îä, 
ñåíñîð³â, åëåìåíò³â ïàì’ÿò³ òà ëîã³÷íèõ âåíòèë³â [1–11]. Âåëèêà 
ê³ëüê³ñòü çàñòîñóâàíü çàëåæèòü â³ä õåì³÷íîãî ìîäèô³êóâàííÿ 
ÂÍÒ îðãàí³÷íèìè òà íåîðãàí³÷íèìè ìàòåð³ÿëàìè. Ñåðåä íåîðãà-
í³÷íèõ ñïîëóê äëÿ ìîäèô³êóâàííÿ ïîâåðõîíü ÂÍÒ âèêîðèñòîâó-
þòüñÿ ìåòàëè, ñîë³ ìåòàë³â, îêñèäè òà íàíî÷àñòèíêè (Í×) íà îñ-
íîâ³ ìåòàë³â [12–15]. 
 ÂÍÒ, äåêîðîâàí³ Í×, óòâîðþþòü íîâèé êëàñ ã³áðèäíèõ íàíî-
ìàòåð³ÿë³â, ÿê³ ïîòåíö³éíî ìîæóòü âèÿâèòè äîäàòêîâ³ íîâ³ ô³çè-
÷í³ òà õåì³÷í³ âëàñòèâîñò³, çóìîâëåí³ âçàºìîä³ºþ ì³æ ÂÍÒ ³ ïðè-
ºäíàíèìè Í×. Ö³ ã³áðèäí³ íàíîìàòåð³ÿëè º áàãàòîîá³öÿþ÷èìè áó-
ä³âåëüíèìè áëîêàìè äëÿ ð³çíèõ çàñòîñóâàíü, âêëþ÷àþ÷è ãàçîâ³ 
äàò÷èêè, ïàëèâí³ åëåìåíòè, ñîíÿ÷í³ åëåìåíòè, ë³ò³é-³îíí³ áàòàðå¿, 
åëåìåíòè äëÿ çáåð³ãàííÿ âîäíþ òà ïðîçîð³ ïðîâ³äí³ åëåêòðîäè 
[16–21]. 
 Îäíàê íà øëÿõó ñòâîðåííÿ åôåêòèâíèõ ã³áðèäíèõ íàíîìàòåð³-
ÿë³â íà îñíîâ³ ÂÍÒ, çàëèøàþòüñÿ íåâèð³øåíèìè ïðîáëåìè, 
ïîâ’ÿçàí³ ç ìåòîäàìè ôóíêö³îíàë³çàö³¿ ÂÍÒ. Òèïîâ³ øëÿõè ôóí-
êö³îíàë³çàö³¿ ÂÍÒ âêëþ÷àþòü âîëîãå êèñëîòíå õåì³÷íå îêèñíåí-
íÿ, åòåðèô³êàö³þ, àêòèâàö³þ ä³³ì³äîì, åëåêòðîõåì³÷íå ìîäèô³êó-
âàííÿ àáî ã³äðîôîáíó àäñîðáö³þ àðîìàòè÷íèõ ïîõ³äíèõ [22–24]. 
Áàãàòî ç öèõ ìåòîä³â çàçâè÷àé ïåðåäáà÷àþòü ê³ëüêà åòàï³â, ùî 
âêëþ÷àþòü êèï’ÿò³ííÿ ç ñèëüíèìè êèñëîòàìè ó ïîºäíàíí³ ç óëü-
òðàçâóêîâèì îáðîáëåííÿì [25]. Òàêå à´ðåñèâíå îáðîáëåííÿ ñïðè-
÷èíÿº ïîøêîäæåííÿ ÂÍÒ ÷åðåç ïîÿâó òð³ùèí ³ âèñîêó êîíöåíò-
ðàö³þ äîì³øîê ÷åðåç òðèâàëèé ÷àñ îáðîáëåííÿ. Âñå öå ïðèçâî-
äèòü äî íèçüêî¿ ÿêîñòè îäåðæàíèõ íàíîñòðóêòóð. Íåçâàæàþ÷è íà 
òå, ùî åëåêòðîõåì³÷íå ìîäèô³êóâàííÿ º ì’ÿêèì, çàñòîñóâàííÿ 
éîãî îáìåæåíî åëåêòðîïðîâ³äíèìè ÂÍÒ [26–28]. 
 Àëüòåðíàòèâí³ ï³äõîäè äî ôóíêö³îíàë³çàö³¿, ÿê³ âèêîðèñòîâó-
þòü íå³íâàçèâí³ òà/àáî íåòåïëîâ³ çáóäæåííÿ, ïðîïîíóþòü ìîæëè-
âîñò³ äëÿ óñóíåííÿ òàêèõ íåäîë³ê³â, íàïðèêëàä, çàâäÿêè âèêîðè-
ñòàííþ ïîë³ìåðíîãî îáãîðòàííÿ äëÿ íåêîâàëåíòíî¿ ôóíêö³îíàë³-
çàö³¿ ÂÍÒ çà äîïîìîãîþ ìàêðîìîëåêóë [29–31]. ²íøèé àëüòåðíà-
òèâíèé ìåòîä ôóíêö³îíàë³çàö³¿ âèêîðèñòîâóº ì³êðîõâèëüîâå 
îïðîì³íåííÿ ÂÍÒ [32–33]. 
 Ì³êðîõâèëüîâå âèïðîì³íåííÿ º äîáðå â³äîìèì íå³íâàçèâíèì ³ 
÷èñòèì ³íñòðóìåíòîì îáðîáëåííÿ, ÿêèé øèðîêî âèêîðèñòîâóºòüñÿ 
äëÿ àêòèâàö³¿ àáî ïðèøâèäøåííÿ õåì³÷íèõ ðåàêö³é [34]. ßê ïðà-
âèëî, ì³êðîõâèëüîâà åíåðã³ÿ ïîíèæóº ê³íåòè÷íèé áàð’ºð äëÿ ðå-
àêö³é, çì³íþþ÷è åíåðã³þ êîëèâàíü çâ’ÿçê³â ³/àáî êîíô³´óðàö³þ 
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êîíêðåòíèõ ðåà´åíò³â. Òàêà àêòèâàö³ÿ ìîæå çàáåçïå÷èòè ðîçøè-
ðåíèé ä³ÿïàçîí ðåàêö³é ç íèæ÷èìè òåìïåðàòóðàìè òà/àáî ñêîðî-
÷åíèì ÷àñîì ðåàêö³¿, ùî óìîæëèâëþº óíèêíóòè íåáàæàíèõ ïîá³-
÷íèõ ðåàêö³é ³ ïðîäóêò³â. Ì³êðîõâèëüîâå âèïðîì³íåííÿ âèêîðèñ-
òîâóºòüñÿ ÿê äëÿ ñèíòåçè ÂÍÒ [35], òàê ³ äëÿ ç’ºäíàííÿ ÂÍÒ ç 
íàíî÷àñòèíêàìè çà äîïîìîãîþ ´åíåðóâàííÿ òà ðåêîíñòðóþâàííÿ 
äåôåêò³â [36]. 
 Â äàí³é ðîáîò³ áóëî àäàïòîâàíî íîâèé åêîëîã³÷íî ÷èñòèé ï³äõ³ä 
ç âèêîðèñòàííÿì ì³êðîõâèëü äëÿ øâèäêîãî ìîäèô³êóâàííÿ îäíî-
ñò³ííèõ ÂÍÒ íàíî÷àñòèíêàìè CdTe áåç âèêîðèñòàííÿ à´ðåñèâíèõ 
îêèñíþâà÷³â (íàïðèêëàä HNO3) ç óëüòðàçâóêîâèì îáðîáëåííÿì. 
Öåé ï³äõ³ä ïðîïîíóº íîâèé ñïîñ³á åôåêòèâíîãî ñòâîðåííÿ ã³áðèä-
íèõ íàíîñòðóêòóð çà ðàõóíîê òîãî, ùî âåñü ïðîöåñ â³äáóâàºòüñÿ â 
îäèí åòàï, ùî äàº çìîãó â ïîäàëüøîìó ìàñøòàáóâàòè òåõíîëîã³þ 
äî ïðîìèñëîâîãî ð³âíÿ. Îäíîñò³íí³ ÂÍÒ (ÎÑÂÍÒ) ëåãêî óòâîðþ-
þòü âèñîêîïðîçîðó é åëåêòðîïðîâ³äíó òîíêó ïë³âêó, ÿêà ìîæå 
ìàòè ð³çíå ïðèêëàäíå çàñòîñóâàííÿ [37]. Ó ïîºäíàíí³ ç íàíî÷àñ-
òèíêàìè CdTe, ÿêèé º øèðîêîçîííèì íàï³âïðîâ³äíèêîì, â³äêðè-
âàºòüñÿ ìîæëèâ³ñòü ñòâîðåííÿ ã³áðèäíèõ íàíîñòðóêòóð äëÿ çàñòî-
ñóâàííÿ â ÿêîñò³ êîìïîíåíò ïðîçîðèõ ñîíÿ÷íèõ åëåìåíò³â, ñåíñî-
ð³â, îïòîåëåêòðîííèõ ïðèñòðî¿â, ñèñòåì çáåð³ãàííÿ åíåðã³¿ òîùî 
[38–42]. 

2. ÌÀÒÅÐ²ßËÈ ÒÀ ÌÅÒÎÄÈ 

Äëÿ äîñë³äæåíü áóëî âèêîðèñòàíî îäíîñò³íí³ ÂÍÒ, ôóíêö³îíàë³-
çîâàí³ COOH-ãðóïàìè D15L1–5–COOH (NanoLab, Inc., ÑØÀ). Çà 
³íôîðìàö³ºþ äëÿ ñïîæèâà÷à: çîâí³øí³é ä³ÿìåòåð — 15 5 íì, 
äîâæèíà — 1–5 ìêì, âì³ñò COOH-ãðóï — 2–7 ìàñ.%, ïèòîìà ïî-
âåðõíÿ — 220 ì2/ã. 
 Íàíî÷àñòèíêè CdTe, ñòàá³ë³çîâàí³ ò³îëàìè, áóëî îäåðæàíî çà 
ê³ìíàòíî¿ òåìïåðàòóðè ç äîòðèìàííÿì ìåòîäè, îïèñàíî¿ â [43]. 
 Äëÿ ïðèãîòóâàííÿ çðàçê³â ðîáèëè íàâ³ñêè ÎÑÂÍÒ ïî 0,03 ã â 
òðüîõ îêðåìèõ ôëàêîíàõ, äî ÿêèõ äîäàâàëîñÿ ïî 1 ìë äåéîí³çî-
âàíî¿ âîäè. Îäåðæàí³ çðàçêè ÎÑÂÍÒ áóëè äèñïåð´îâàí³ â óëüòðà-
çâóêîâ³é âàíí³ çà ÷àñòîòè óëüòðàçâóêó ó 50 êÃö, ÷àñó ä³¿ ó 10 
õâèëèí ³ òåìïåðàòóðè ó 30 ´ðàäóñ³â çà Öåëüñ³ºì. Ïîò³ì äî îäíîãî 
ôëàêîíó ï³äãîòîâëåíî¿ ñóñïåíç³¿ ÎÑÂÍÒ äîäàâàëè 1 ìë ñóñïåíç³¿ 
íàíî÷àñòèíîê CdTe òà çàâàíòàæóâàëè ðàçîì ç îäíèì ôëàêîíîì 
ñóñïåíç³¿ ÷èñòèõ ÎÑÂÍÒ ó ì³êðîõâèëüîâó ï³÷ (ìîäåëü LG MS-
2042), îñíàùåíó ìàãíåòðîíîì ïîòóæí³ñòþ ó 700 Âò, ùî ïðàöþº 
íà ÷àñòîò³ ó 2,45 ÃÃö. Äëÿ ì³í³ì³çàö³¿ ïåðåãð³âó ðîç÷èííèêà òà 
ï³äâèùåííÿ òèñêó â çàêðèòîìó ôëàêîí³ çä³éñíþâàëè öèêë³÷í³ 
ì³êðîõâèëüîâ³ åêñïîçèö³¿ ç ÷àñîì óâ³ìêíåííÿ ó 30 ñ çà 100%-
ïîòóæíîñòè, ðîçä³ëåí³ 10-ñåêóíäíèìè ³íòåðâàëàìè ÷àñó âèìê-
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íåííÿ. Çàãàëüíà òðèâàë³ñòü åêñïîçèö³¿ ñòàíîâèëà 2400 ñ. Òàê³ ïà-
ðàìåòðè áóëî ï³ä³áðàíî ç óðàõóâàííÿì äàíèõ äîñë³äæåíü ç îäåð-
æàííÿ ïîä³áíèõ íàíîñòðóêòóð [44–47]. 
 Çàãàëîì äëÿ äîñë³äæåíü áóëî ï³äãîòîâëåíî çðàçêè ÷èñòèõ 
ÎÑÂÍÒ, ÷èñòèõ ÎÑÂÍÒ, îáðîáëåíèõ ì³êðîõâèëüîâèì âèïðîì³-
íåííÿì, ³ ã³áðèäíèõ ñòðóêòóð ÂÍÒ, ìîäèô³êîâàíèõ íàíî÷àñòèí-
êàìè CdTe (ÎÑÂÍÒ/CdTe). Âñ³ çðàçêè ï³äãîòîâëåíî ó âèãëÿä³ ñó-
ñïåíç³é. 
 Ðåíò´åí³âñüê³ ôîòîåëåêòðîíí³ ñïåêòðè (ÐÔÑ) îñòîâíèõ ð³âí³â 
åëåìåíò³â áóëî îäåðæàíî íà ðåíò´åí³âñüêîìó ñïåêòðîìåòð³ 
PERKIN ELMER PHI 5600. Ðîáî÷èé âàêóóì ï³ä ÷àñ ïðîâåäåííÿ 
åêñïåðèìåíòó áóâ ó 10 7 Ïà. Âèêîðèñòîâóâàëàñÿ àëþì³í³éîâà 
àíîäà ç åíåðã³ºþ ë³í³¿ AlK  ó 1486,6 åÂ. Ä³ÿìåòåð ïðîìåíÿ áóâ ó 
400 ìêì. Äëÿ êîìïåíñàö³¿ çàðÿäó çðàçêà âèêîðèñòîâóâàëàñÿ åëå-
êòðîííà ãàðìàòà. Ðîçä³ëü÷à çäàòí³ñòü ïî åíåðã³¿ ñêëàäàëà 0,1 åÂ. 
Êàë³áðóâàííÿ åíåðã³é çâ’ÿçêó ïðîâîäèëîñÿ ïî Au4f-ë³í³¿ ó 87,5 
åÂ. Äëÿ äîñë³äæåíü çðàçêè ñóñïåíç³é íàíîñèëèñÿ íà î÷èùåíó 
ïëàñòèíó êðåìí³þ òà âèñóøóâàëèñÿ çà ê³ìíàòíî¿ òåìïåðàòóðè 
óïðîäîâæ 30 õâèëèí, ï³ñëÿ ÷îãî âíîñèëèñÿ ó âàêóóìíó øëþçîâó 
êàìåðó. Ðîçêëàäåííÿ ñïåêòð³â íà êîìïîíåíòè ïðîâîäèëîñÿ çà 
ïðîãðàìîþ XPSPeak. Ïî÷àòêîâà øèðèíà íà ïîëîâèí³ âèñîòè ï³êà 
êîìïîíåíò ðîçêëàäåííÿ âèáèðàëàñÿ çà çíà÷åííÿì äëÿ ÷èñòî¿ ñïî-
ëóêè. ×åðåç ð³çíå îòî÷åííÿ òà õåì³÷íèé çâ’ÿçîê øèðèíà íà ïîëî-
âèí³ âèñîòè ìîæå äåùî çì³íþâàòèñÿ. Ôîðìà êðèâî¿ êîìïîíåíò 
ðîçêëàäåííÿ çàäàâàëàñÿ ó âèãëÿä³ Ëîðåíö³ÿíà ç íåâåëèêîþ äîëåþ 
¥àâñ³ÿíà, ÿêèé âèçíà÷àºòüñÿ àïàðàòíîþ ôóíêö³ºþ. Òàêèì ÷èíîì, 
ôîðìà êðèâî¿ êîìïîíåíòè ðîçêëàäåííÿ ïðåäñòàâëÿºòüñÿ ó âèãëÿä³ 
çãîðòêè äâîõ ôóíêö³é — Ëîðåíö³ÿíà òà ¥àâñ³ÿíà. 
 Ñïåêòðîôîòîìåòðè÷í³ äîñë³äæåííÿ çðàçê³â ïðîâîäèëèñÿ íà îä-
íîïðîìåíåâîìó ñïåêòðîôîòîìåòð³ Spekol 1500 ó ä³ÿïàçîí³ äîâæèí 
õâèëü 190–1100 íì. Äëÿ äîñë³äæåíü çðàçêè ñóñïåíç³é äîäàâàëè 
áåçïîñåðåäíüî ó êâàðöîâó êþâåòó ç äèñòèëüîâàíîþ âîäîþ. Åòà-
ëîííèé ðîç÷èí, â³äíîñíî ÿêîãî áóëî îäåðæàíî îïòè÷í³ ñïåêòðè 
âáèðàííÿ, — äèñòèëüîâàíà âîäà. 
 Åëåêòðîííó ì³êðîñêîï³þ ã³áðèäíèõ ñòðóêòóð ÎÑÂÍÒ/CdTe 
ïðîâîäèëè çà äîïîìîãîþ ñêàí³âíîãî åëåêòðîííîãî ì³êðîñêîïà 
(ÑÅÌ) TESCAN MIRA3. Äëÿ äîñë³äæåíü çðàçêè ñóñïåíç³é íàíî-
ñèëèñÿ íà ïðîâ³äíå ñêëî ITO òà âèñóøóâàëèñÿ çà ê³ìíàòíî¿ òåì-
ïåðàòóðè. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

Äëÿ Í× CdTe ñïîñòåð³ãàºòüñÿ øèðîêå ðîçìèòå ïëå÷å äëÿ îïòè÷-
íîãî âáèðàííÿ â îêîë³ 425–500 íì (ðèñ. 1, à), ùî â³äîáðàæàº ïå-
ðåõ³ä 1S(e)–1S3/2 òà â³äïîâ³äàº ðîçì³ðàì Í× â³ä 2,2 íì äî 4,5 íì 
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[48, 49]. Ðîçìèò³ñòü ï³êà ïîâ’ÿçàíà ç íàÿâí³ñòþ ïîë³äèñïåðñ³¿ ðî-
çì³ð³â Í× [39]. 
 Ï³ä ÷àñ ôîðìóâàííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe ñïî-
ñòåð³ãàþòüñÿ óòâîðåííÿ ðîçì³ðîì ó 7–9 íì çà ðàõóíîê ôîðìóâàí-
íÿ êëàñòåð³â ç Í× íà ïîâåðõí³ ÎÑÂÍÒ (ðèñ. 2, à, á). Âîäíî÷àñ â³-
äáóâàºòüñÿ çì³ùåííÿ ï³êà îïòè÷íîãî âáèðàííÿ íà 375 íì 
(ðèñ. 1, à), ùî âêàçóº íà âçàºìîä³þ Í× ç ÂÍÒ. Çá³ëüøåííÿ ðîç-
ì³ðó Í× áåç çâ’ÿçóâàííÿ ç ïîâåðõíåþ ÎÑÂÍÒ ïðèâîäèëî á äî 
çì³ùåííÿ ï³êà â îáëàñòü á³ëüøèõ äîâæèí õâèëü [50, 51] ç îäíî-
÷àñíîþ ïîÿâîþ ï³êà âáèðàííÿ, õàðàêòåðíîãî äëÿ ÷èñòèõ ÎÑÂÍÒ, 
ÿêèé ñïîñòåð³ãàºòüñÿ íà 230 íì (ðèñ. 1, á) ³ çóìîâëåíèé – *-

  
à      á 

Ðèñ. 1. Îïòè÷í³ ñïåêòðè âáèðàííÿ çðàçê³â: à) Í× CdTe ³ ÎÑÂÍÒ/CdTe; 
á) ÷èñò³ ÎÑÂÍÒ.1 

  
à      á 

Ðèñ. 2. ÑÅÌ-çîáðàæåííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe çà ð³çíî-
ãî ìàñøòàáó.2 
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ïåðåõîäîì àðîìàòè÷íîãî ê³ëüöÿ C=C. ×³òêî âèäíî, ùî íà ïîâåðõ-
í³ ÎÑÂÍÒ ç ôîðìóâàííÿì ã³áðèäíèõ ñòðóêòóð ÎÑÂÍÒ/CdTe çãà-
ñàº 90% âèïðîì³íåííÿ CdTe-Í× ïîð³âíÿíî ç ÷èñòèìè CdTe-Í×. 
Çãàñàííÿ âèïðîì³íåííÿ ìîæå áóòè ïîâ’ÿçàíå ç ïåðåíåñåííÿì åëå-
êòðîí³â ç ôîòîçáóäæåíîãî CdTe íà ÂÍÒ. 
 Àíàë³çà ðåíò´åí³âñüêèõ ôîòîåëåêòðîííèõ ñïåêòð³â äîñë³äæóâà-
íèõ çðàçê³â äàëà çìîãó îäíîçíà÷íî ³íòåðïðåòóâàòè åíåðãåòè÷í³ 
çâ’ÿçêè, ùî ïðåâàëþþòü ï³ä ÷àñ ôîðìóâàííÿ ³íòåðôåéñó 
ÎÑÂÍÒ/CdTe. 1s-ñïåêòð Êàðáîíó (ðèñ. 3, òàáë. 1) â³äîáðàæàº åíå-

 

Ðèñ. 3. ÐÔÑ Ñ1s-ñïåêòðè çðàçê³â: a) ã³áðèäí³ ñòðóêòóðè ÎÑÂÍÒ/CdTe 
Í×; á) ÷èñò³ ÎÑÂÍÒ ï³ñëÿ ì³êðîõâèëüîâîãî îïðîì³íþâàííÿ; â) ÷èñò³ 
ÎÑÂÍÒ áåç ì³êðîõâèëüîâîãî îïðîì³íþâàííÿ.3 

ÒÀÁËÈÖß 1. Åíåðãåòè÷íå ïîëîæåííÿ [åÂ] ³ øèðèíà íà ïîëîâèí³ âèñîòè 
(ó äóæêàõ) ñêëàäîâèõ êîìïîíåíò îñòîâíèõ C1s-ñïåêòð³â çðàçê³â.4 

Êîìïîíåíòè ñïåêòðó 
sp2 sp3 

C–O 
(C–OH) 

Ñ=O O=C–O – * 
Çðàçîê 

Ã³áðèäí³ ñòðóêòóðè 
ÎÑÂÍÒ/CdTe-Í× 

284,2 
(0,6) 

284,6 
(0,5) 

285,1 
(0,7) 

286,1 
(1,2) 

288,4 
(2,2) 

291,2 
(3,3) 

×èñò³ ÎÑÂÍÒ ï³ñëÿ ì³êðî-
õâèëüîâîãî îïðîì³íþâàííÿ 

284,2 
(0,5) 

284,6 
(0,5) 

285,3 
(1,1) 

286,6 
(1,3) 

288,4 
(1,9) 

290,8 
(2,4) 

×èñò³ ÎÑÂÍÒ áåç ì³êðîõ-
âèëüîâîãî îïðîì³íþâàííÿ 

284,2 
(0,6) 

284,5 
(0,5) 

285,1 
(0,7) 

286,1 
(1,3) 

288,7 
(2,3) 

291,4 
(3,7) 

Ïðèì³òêà: ïîõèáêà ì³ðÿíü — 0,1 åÂ. 
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ðã³þ çâ’ÿçêó Êàðáîíó ó ð³çíèõ êîíôîðìàö³ÿõ: sp2, sp3, C–O (C–
OH), C=O, O=C–O, * â³äïîâ³äíî. Çà âçàºìîä³¿ ÎÑÂÍÒ ç íàíî÷à-
ñòèíêàìè CdTe çàçíàº çíà÷íèõ çì³í êîìïîíåíòà – *, ÿêà â³äî-
áðàæàº çâ’ÿçîê C=C ì³æ Êàðáîíîì íà ïîâåðõí³ íàíîòðóáîê. 
 ×åðåç îïðîì³íåííÿ ÷èñòèõ ÎÑÂÍÒ ì³êðîõâèëÿìè â³äáóâàºòüñÿ 
çì³ùåííÿ ìàêñèìóìó åíåðã³¿ ö³º¿ êîìïîíåíòè íà 0,6 åÂ ó á³ê 
çìåíøåííÿ åíåðã³¿ çâ’ÿçêó òà çìåíøåííÿ çíà÷åííÿ øèðèíè íà 
ïîëîâèí³ âèñîòè, ùî çóìîâëåíî ïîÿâîþ äîäàòêîâî¿ åëåêòðîííî¿ 
ãóñòèíè. Çà âçàºìîä³¿ ÎÑÂÍÒ ç CdTe-Í× ñïîñòåð³ãàºòüñÿ çâîðîò-
í³é ïðîöåñ — çì³ùåííÿ ìàêñèìóìó êîìïîíåíòè * íà 0,4 åÂ ó 
á³ê çá³ëüøåííÿ åíåðã³¿ çâ’ÿçêó òà çá³ëüøåííÿ çíà÷åííÿ øèðèíè 
íà ïîëîâèí³ âèñîòè, ùî ñâ³ä÷èòü ïðî â³äò³ê åëåêòðîííî¿ ãóñòèíè 
çà ôîðìóâàííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe. 
 Çíà÷í³ çì³íè ñïîñòåð³ãàþòüñÿ ó ôîðì³ 1s-ñïåêòð³â Îêñè´åíó ³ç 
çáåðåæåííÿì ïîëîæåíü îñíîâíèõ êîìïîíåíò ñïåêòðó â ìåæàõ ïî-
õèáêè ì³ðÿíü (ðèñ. 4, òàáë. 2). Äëÿ ÷èñòèõ ÎÑÂÍÒ áåç õâèëüîâîãî 
îïðîì³íþâàííÿ ñïåêòåð O1s õàðàêòåðèçóºòüñÿ äâîìà ï³êàìè íà 
531,6 åÂ ³ 533,3 åÂ, ùî â³äïîâ³äàþòü õåì³÷íèì çâ’ÿçêàì C=O òà 
C–O (C–OH) â³äïîâ³äíî. 

 

Ðèñ. 4. ÐÔÑ O1s-ñïåêòðè çðàçê³â: a) ã³áðèäí³ ñòðóêòóðè ÎÑÂÍÒ/CdTe 
Í×; á) ÷èñò³ ÎÑÂÍÒ ï³ñëÿ ì³êðîõâèëüîâîãî îïðîì³íþâàííÿ; â) ÷èñò³ 
ÎÑÂÍÒ áåç ì³êðîõâèëüîâîãî îïðîì³íþâàííÿ.5 
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 Ï³ä ÷àñ îáðîáëÿííÿ ÎÑÂÍÒ ì³êðîõâèëüîâèì âèïðîì³íåííÿì 
â³äáóâàºòüñÿ çìåíøåííÿ ï³êà C=O òà ïîÿâà íîâîãî ï³êà íà 535,2 
åÂ, ÿêèé, øâèäøå çà âñå, â³äïîâ³äàº çà îá³ðâàí³ Îêñè´åíîâ³ 
çâ’ÿçêè, ùî óòâîðþþòüñÿ âíàñë³äîê âçàºìî÷èíó âèïðîì³íåííÿ ç 
ôóíêö³îíàëüíèìè ãðóïàìè COOH– íà ïîâåðõí³ íàíîòðóáîê. Âçà-
ºìîä³ÿ ÎÑÂÍÒ ç Í× CdTe çà ì³êðîõâèëüîâîãî îïðîì³íþâàííÿ 
ïðèâîäèòü äî çíà÷íîãî çìåíøåííÿ ³íòåíñèâíîñòè ï³êà, ùî â³äïî-
â³äàº çà çâ’ÿçîê C–O (C–OH). 
 Ï³ê, ùî, øâèäøå çà âñå, â³äïîâ³äàº çà îá³ðâàí³ Îêñè´åíîâ³ 
çâ’ÿçêè, çì³ùóºòüñÿ íà 0,3 åÂ ó á³ê çá³ëüøåííÿ åíåðã³¿ çâ’ÿçêó 
ïîð³âíÿíî ç³ çðàçêàìè ÎÑÂÍÒ ï³ñëÿ ì³êðîõâèëüîâîãî îáðîáëåííÿ. 
Òàêå çì³ùåííÿ ó á³ê çá³ëüøåííÿ åíåðã³¿ çâ’ÿçêó ç îäíî÷àñíèì 
çìåíøåííÿì ³íòåíñèâíîñòè ï³êà ñâ³ä÷èòü ïðî â³äò³ê åëåêòðîííî¿ 
ãóñòèíè ç îá³ðâàíèõ Îêñè´åíîâèõ çâ’ÿçê³â çà ðàõóíîê ÷àñòêîâîãî 
â³äíîâëåííÿ ¿õ ç ôîðìóâàííÿì çâ’ÿçê³â C=O ç éîíàìè Îêñè´åíó 
ò³îëîâèõ ãðóï ç ïîâåðõí³ CdTe-Í× ï³ä ÷àñ ôîðìóâàííÿ ã³áðèäíèõ 
íàíîñòðóêòóð ÎÑÂÍÒ/CdTe. 
 Ñïèðàþ÷èñü íà îäåðæàí³ äàí³ ìîæíà ïðèïóñòèòè íàñòóïíèé 
ìåõàí³çì ôîðìóâàííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe 
(ðèñ. 5): çà ì³êðîõâèëüîâîãî îïðîì³íþâàííÿ â³äáóâàºòüñÿ óòâî-
ðåííÿ îá³ðâàíèõ Îêñè´åíîâèõ çâ’ÿçê³â, íà ÿê³ â³äáóâàºòüñÿ ïðèº-
äíàííÿ íàíî÷àñòèíîê CdTe ÷åðåç îá’ºäíàííÿ ç Îêñè´åíîì ò³îëî-
âèõ ãðóï, ³ ôîðìóâàííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe. 
Âîäíîðàç â³äáóâàºòüñÿ òðàíñïîðò åëåêòðîííîãî çàðÿäó ç ôóíêö³î-
íàëüíèõ ãðóï áåçïîñåðåäíüî íà ÂÍÒ, ùî ï³äâèùóº ïðîâ³äí³ñòü 
òàêèõ ã³áðèäíèõ íàíîñòðóêòóð ó ïîð³âíÿíí³ ç ÷èñòèìè ÎÑÂÍÒ. 

4. ÂÈÑÍÎÂÊÈ 

Ðîçðîáëåíî îäíîåòàïíèé ñïîñ³á îäåðæàííÿ ã³áðèäíèõ íàíîñòðóê-
òóð ÎÑÂÍÒ/CdTe ç âèêîðèñòàííÿì ì³êðîõâèëüîâîãî îïðîì³íåííÿ. 

ÒÀÁËÈÖß 2. Åíåðãåòè÷íå ïîëîæåííÿ [åÂ] ³ øèðèíà íà ïîëîâèí³ âèñîòè 
(ó äóæêàõ) ñêëàäîâèõ êîìïîíåíò îñòîâíèõ O1s-ñïåêòð³â çðàçê³â.6 

Êîìïîíåíòè ñïåêòðó 
Ñ=O 

C–O  
(C–OH) 

Îá³ðâàí³  
Îêñè´åíîâ³ çâ’ÿçêè Çðàçîê 

Ã³áðèäí³ ñòðóêòóðè ÎÑÂÍÒ/CdTe-Í× 
531,4 
(1,9) 

533,4 
(2,0) 

535,5  
(1,9) 

×èñò³ ÎÑÂÍÒ ï³ñëÿ ì³êðîõâèëüîâîãî 
îïðîì³íþâàííÿ 

531,6 
(1,9) 

533,4 
(1.9) 

535,2  
(1,9) 

×èñò³ ÎÑÂÍÒ áåç ì³êðîõâèëüîâîãî 
îïðîì³íþâàííÿ 

531,6 
(1,9) 

533,3 
(1,9) 

— 

Ïðèì³òêà: ïîõèáêà ì³ðÿíü — 0,1 åÂ. 
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 Âñòàíîâëåíî, ùî äëÿ ÷èñòèõ ÎÑÂÍÒ ñïåêòåð 1s Îêñè´åíó õàðà-
êòåðèçóºòüñÿ äâîìà ï³êàìè ó 531,6 åÂ ³ 533,3 åÂ, ùî â³äïîâ³äà-
þòü õåì³÷íèì çâ’ÿçêàì C=O òà C–O (C–OH) â³äïîâ³äíî. 
 Ï³ä ÷àñ îáðîáëÿííÿ ÎÑÂÍÒ ì³êðîõâèëüîâèì îïðîì³íåííÿì â³ä-
áóâàºòüñÿ çìåíøåííÿ ï³êà C=O òà ïîÿâà íîâîãî ï³êà íà 535,2 åÂ, 
ÿêèé, øâèäøå çà âñå, â³äïîâ³äàº çà îá³ðâàí³ Îêñè´åíîâ³ çâ’ÿçêè, 
ùî óòâîðþþòüñÿ âíàñë³äîê âçàºìî÷èíó âèïðîì³íåííÿ ç ôóíêö³î-
íàëüíèìè ãðóïàìè COOH– íà ïîâåðõí³ íàíîòðóáîê. 
 Çà âçàºìîä³¿ ÎÑÂÍÒ ç CdTe-Í× ñïîñòåð³ãàºòüñÿ çíà÷íå çìåí-
øåííÿ ³íòåíñèâíîñòè ï³êà, ùî â³äïîâ³äàº çà çâ’ÿçîê C–O (C–OH). 
Öå çìåíøåííÿ çóìîâëåíå çìåíøåííÿì ê³ëüêîñòè çâ’ÿçê³â C–O 
(C–OH) çà ðàõóíîê óòâîðåííÿ çâ’ÿçê³â Ñ=Î ç íàíî÷àñòèíêàìè? -
CdTe. 
 Çàïðîïîíîâàíî ïîÿñíåííÿ ìåõàí³çìó åëåêòðîííîãî òðàíñïîðòó 
çà ôîðìóâàííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe, ÿêèé ïîëÿ-
ãàº â óòâîðåíí³ îá³ðâàíèõ Îêñè´åíîâèõ çâ’ÿçê³â ï³ä ÷àñ ì³êðîõ-
âèëüîâîãî îïðîì³íþâàííÿ, íà ÿê³ â³äáóâàºòüñÿ êîâàëåíòíå ïðèºä-
íàííÿ íàíî÷àñòèíîê CdTe òà ôîðìóâàííÿ ã³áðèäíèõ íàíîñòðóêòóð 
ÎÑÂÍÒ/CdTe. Âîäíîðàç â³äáóâàºòüñÿ òðàíñïîðò åëåêòðîííîãî çà-
ðÿäó ç ôóíêö³îíàëüíèõ ãðóï áåçïîñåðåäíüî íà ÂÍÒ, ùî ï³äâèùóº 
ïðîâ³äí³ñòü òàêèõ ã³áðèäíèõ íàíîñòðóêòóð ó ïîð³âíÿíí³ ç ÷èñòè-
ìè ÎÑÂÍÒ. 
 Ïðîâåäåí³ äîñë³äæåííÿ â³äêðèâàþòü ïåðñïåêòèâè ïðîñòîãî îäå-
ðæàííÿ ã³áðèäíèõ íàíîñòðóêòóð ÎÑÂÍÒ/CdTe äëÿ ñòâîðåííÿ ³í-
òåðôåéñ³â (ïåðåõ³äíèõ ñòðóêòóð), ùî ç’ºäíóþòü íàíîìàòåð³ÿëè ÷è 
òî íàíîîá’ºêòè ç ì³êðîñêîï³÷íèìè ïðèñòðîÿìè àáî òêàíèíàìè    ó 
á³îìåäè÷íèõ ³íâàçèâíèõ ïðèñòðîÿõ ³ ñåíñîðàõ.                 

 

Ðèñ. 5. Ñõåìàòè÷íà ³íòåðïðåòàö³ÿ ìåõàí³çìó ïðèºäíàííÿ íàíî÷àñòèíîê 
CdTe äî ÎÑÂÍÒ.7 
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1 Fig. 1. Optical absorption spectra of the samples: a) CdTe NP and SWCNT/CdTe; á) pure 
SWCNT. 
2 Fig. 2. SEM images of hybrid SWCNT/CdTe nanostructures at different scales. 
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3 Fig. 3. XPS C1s spectra of the samples: a) hybrid structures of SWCNT/CdTe NP; á) pure 
SWCNT after microwave irradiation; â) pure SWCNT without microwave irradiation. 
4 TABLE 1. Energy position [eV] and width at half height (in parentheses) of the components 
of C1s core-level spectra for the samples. 
5 Fig. 4. XPS O1s spectra of the samples: a) hybrid structures of SWCNT/CdTe NP; á) pure 
SWCNT after microwave irradiation; â) pure SWCNT without microwave irradiation. 
6 TABLE 2. Energy position [eV] and width at half height (in parentheses) of the components 
of O1s core-level spectra for the samples. 
7 Fig. 5. Schematic interpretation for the attachment mechanism of the CdTe nanoparticles to 
SWCNT. 
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Chemical-bath deposition is used to prepare thin films of CdSe on p-type 
porous-silicon wafers at room temperature. Porous-silicon substrates are 
prepared using an electrochemical-etching method for etching time of 5 
and 15 min. The energy gap of CdSe thin film is of 2.6 eV. Scanning elec-
tron microscope images and x-ray spectrum demonstrate that the films of 
the PSi–CdSe junction show that the films are crystalline with a small 
presence of the amorphous phase, and the grain size of CdSe compound is 
of about 38–41 nm.The junction shows I–V characteristics similar to that 
of ideal-diode and solar-cell characteristics. 

Äëÿ ïðèãîòóâàííÿ òîíêèõ ïë³âîê CdSe íà ïîðèñòèõ êðåìí³éîâèõ ïëàñòè-
íàõ p-òèïó çà ê³ìíàòíî¿ òåìïåðàòóðè âèêîðèñòàíî ìåòîä õåì³÷íîãî îñà-
äæåííÿ ó âàíí³. Ïîðèñò³ êðåìí³éîâ³ ï³äêëàäèíêè âèãîòîâëåíî ìåòîäîì 

åëåêòðîõåì³÷íîãî ùàâëåííÿ ç ÷àñîì ùàâëåííÿ ó 5 ³ 15 õâ. Åíåðãåòè÷íà 

çàáîðîíåíà çîíà äëÿ òîíêî¿ ïë³âêè CdSe ñòàíîâèëà 2,6 åÂ. Çîáðàæåííÿ, 

îäåðæàí³ çà äîïîìîãîþ ñêàí³âíîãî åëåêòðîííîãî ì³êðîñêîïà, òà ðåíò´å-
í³âñüêèé ñïåêòåð äåìîíñòðóþòü, ùî ïë³âêè íà ïåðåõîä³ PSi–CdSe áóëè 

êðèñòàë³÷íèìè ç íåâåëèêîþ ïðèñóòí³ñòþ àìîðôíî¿ ôàçè, à ðîçì³ð çåðåí 

ñïîëóêè CdSe  38–41 íì. Íà ïåðåõîä³ ïîêàçàíî âîëüò-àìïåðí³ õàðàêòåðè-
ñòèêè, ïîä³áí³ äî õàðàêòåðèñòèê ³äåàëüíèõ ä³îä ³ ñîíÿ÷íèõ åëåìåíò³â. 

Key words: porous silicon, CdSe thin films, solar-cell characteristics, di-
ode characteristics. 

Êëþ÷îâ³ ñëîâà: ïîðèñòèé êðåìí³é, òîíê³ ïë³âêè CdSe, õàðàêòåðèñòèêè 
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1. INTRODUCTION 

Thin film of cadmium-selenide material has good optical and struc-
tural properties for the application of solar cell [1]. CdSe is highly 
photosensitive and has suitable band gap (of 1.7 eV) that matches 
the maximum intensity in the visible range of the solar spectrum. 
Compared to bulk form, nanoparticles of CdSe have gained more at-
tention of researchers because of their interesting characteristics as 
window layer in photovoltaic cell (PV cell) [2]. These properties 
making CdSe suitable for several application, including optoelec-
tronic applications [3], solar-cell applications [4], field effect tran-
sistor [5], light emitting diode [6], biomedical imaging devices [7]. 
Several techniques have been used in the preparation and doping of 
CdSe such as pulsed laser deposition [8], thermal evaporation [9], 
chemical-bath deposition [10, 11], spray pyrolysis [12, 13], and elec-
trodeposition [14–16]. 
 In our study, thin films of CdSe have been deposited on p-type 
porous-silicon substrate. Scanning electron microscope, x-ray spec-
troscopy and UV–Visible spectrometer were used to measure struc-
tural properties of PSi–CdSe junction. 

2. EXPERIMENTAL METHOD 

The photoelectrochemical-etching technique of porous silicon (p-
type) with an orientation (111) and resistivity of 1–10 cm was 
used. The sample of wafer silicon was dipped into an aqueous solu-
tion of HF (18 wt.%) and ethanol (99.9%) (1:1). The applied cur-
rent was fixed at 15 mA/cm2, and etching time was used of 5 and 
15 min. Additionally, ethanol solution has a key role to increase the 
wet strength of the porous-silicon substrate that is important to 
enhance the lateral homogeneity of the PSi surface. Furthermore, 

 

Fig. 1. Photoelectrical cell. 
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the etching cell was made of teflon connected with a rubber O-ring 
of 1.5 cm2 diameter to permit it to touch the silicon wafer. The cur-
rent was fixed by two electrodes; the first electrode is a stainless 
steel that was placed below the platinum-electrode electrolyte sili-
con. The cathode (second electrode) is a circular gold that is covered 
in the HF electrolyte; it is placed between the top part of an alu-
minium ring and the teflon (Fig. 1). 

3. RESULTS AND DISCUSSION 

Thin films of CdSe have been deposited on glass substrates and po-
rous-silicon wafers. 
 The optical, structural, and electrical properties of CdSe thin 
films and PSi–CdSe junction have been investigated. 
 The optical properties of the CdSe thin films are shown in Figs. 
2, 3; the transmittance and refractive index increase with incident 
wavelength over the visible wavelength, while the absorbance and 
extinction coefficient decrease with wavelength. The energy gap of 
CdSe thin films was of about 2.6 eV. 

 

Fig. 2. The optical properties of CdSe thin film: (a) transmittance; (b) ab-
sorbance; (c) refractive index; (d) extinction coefficient. 
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Fig. 3. The optical properties and energy gap of CdSe thin films. 

 

Fig. 4. XRD patterns of CdSe (‘24 hrs–5 min’ symbolically). 

 

Fig. 5. XRD patterns of CdSe (‘24 hrs–15 min’ symbolically). 
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 The x-ray spectrum of PSi–CdSe junction (24-hrs deposition time 
of CdSe film and 5-min etching time of silicon) shows two peaks; 
one of them was a distinctive high-intensity peaks at 2 28.8  
(b.c.c. structure) with orientation (101); the second low-intensity 
peak appears at 2 26.2  with orientation (002) (Fig. 4). The x-ray 
spectrum of the other PSi–CdSe junction (24-hrs deposition time of 
CdSe film and 15-min etching time of silicon) shows a distinctive 
single high-intensity peaks at 2 29.8  with (b.c.c. structure) ori-
entation (101). The other low-intensity peaks appear at 2 27.67  
reflecting different structures with orientations (002) (Fig. 5). 
 The scanning electron microscope images of the samples prepared 
during 24-hrs deposition time of CdSe and 5-min etching time of sili-
con are shown in Fig. 6; they show inhomogeneous distribution of 
nanoparticles of CdSe compound covering the sample surface; the 
images also showed that the average grain size was within the range 
near 41.9075 that agree with XRD results. In Figure 7, the scanning 
electron microscope images of the samples prepared during 24-hrs 

 

Fig. 6. Field-emission scanning electron microscopy (FESEM) picture of 
PSi–CdSe with CdSe deposition time of 24 hrs and silicon etching time of 
5 min. 

 

Fig. 7. FESEM picture of PSi–CdSe with CdSe deposition time of 24 hrs 
and silicon etching time of 15 min. 
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deposition time of CdSe and 15-min etching time of silicon are 
shown; the images show the formation of CdSe nanotubes with vari-
ous orientations covering the entire sample surface with presence of 
some clusters. The average grain size of CdSe was of about 40.497 
nm, and this agrees with XRD results (Table 1) too. 
 The I–V characteristics of the PSi–CdSe have been measured for 
both samples (Fig. 8). The junctions show ideal characteristics of 
the diode in both forward and revers bias. The solar-cell character-
istics of the PSi–CdSe also have been measured for both samples 
(Fig. 9). The junctions show ideal solar-cell characteristics, where 
the out power, efficiency and fill factor increase with etching time 
of silicon as shown in Fig. 8 and Table 2. 

TABLE 1. Average grain size of PSi–CdSe junction. 

Sample Pos. 2 ,  FWHM left, 2 ,  D, nm Average grain size, nm 
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26.0562 0.0635 128.424 
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18.002 0.2127 37.81938 
23.5521 0.0586 138.496 
25.3949 0.1153 70.63481 
27.4487 0.4005 20.42072 
27.7909 0.1845 44.36041 
28.2043 0.1235 66.33079 
29.5605 1.0648 7.716785 
31.1957 1.5861 5.200614 
32.8832 2.5677 3.226081 
33.8205 1.9111 4.345094 
37.9183 0.3665 22.92084 
38.8808 0.0727 115.8882 
45.3173 0.1635 52.65465 
49.6394 1.089 8.037551 
53.5337 1.3898 6.402139 
58.6366 0.1232 73.95355 
63.7559 6.5868 1.420229 
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a      b 

Fig. 8. I–V characteristics of the PSi–CdSe junction: (a) 24-hrs deposition 
time of CdSe and 5-min etching time of silicon; (b) 24-hrs deposition time 
of CdSe and 15-min etching time of silicon. 

  
a      b 

Fig. 9. Solar-cell characteristics of the PSi–CdSe junction: (a) 24-hrs depo-
sition time of CdSe and 5-min etching time of silicon; (b) 24-hrs deposition 
time of CdSe and 15-min etching time of silicon. 

TABLE 2. Out power, efficiency, and fill factor of PSi–CdSe solar cell. 

Deposition time—24 hrs, 
etching time—15 min 

Deposition time—24 hrs, 
etching time—5 min Unite Parameters 

1 1 Cm2 Area 
100 100 Mw/cm2 Pin 

2.507 2.385 mA/cm2 Jsc 
0.360 0.330 V Voc 
2.203 2.021 mA/cm2 Jmax 
0.270 0.250 V Vmax 
0.659 0.642  FF 
0.595 0.505 % PCE 
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4. CONCLUSIONS 

Thin films of CdSe have been deposited for 24-hrs deposition time; 
the film was deposited on porous silicon prepared during 5-min and 
15-min etching periods. The energy gap of CdSe thin films was of 
2.6 eV. The grain size of both junctions was of about 38–41 nm. 
The junctions show ideal characteristics of diode and solar cell. The 
fill factor and efficiency was of 0.642, 0.505 for 5-min etching time 
junction and 0.659, 0.595 for the 15-min etching time junction, re-
spectively. 
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This review focuses on the synthesis and characterization of p-type metal-
oxide (p-type CuO) semiconductor thin films used for chemical-sensing ap-
plications. p-Type CuO thin film exhibit several advantages over n-type 
metal-oxide, including a higher catalytic effect, low humidity dependence, 
and improved recovery speed. However, the sensing performance of CuO 
thin film is strongly related to the intrinsic physicochemical properties of 
the material and their thickness. The latter is heavily dependent on syn-
thesis techniques. Many techniques used for growing p-type CuO thin film 
are reviewed herein. Copper oxide is called a multifunctional material by 
dint of possessing a broad range of the chemical and physical properties, 
which are often highly sensitive to changes in processing parameters, alt-
hough, extensive research and development, the optimization of the pro-
cessing parameters are still in full development until today, where the 
overall research found that the different properties of copper oxide are 
based on the experimental conditions. In this extensive review, we focus 
more on discussing the effect of major synthesis processing parameters 
such as precursor solution, annealing temperature, and thickness of the 
nanomaterial, which various researchers have obtained. These factors are 
critical overviewed, evaluated, and compared. 

Öåé îãëÿä çîñåðåäæåíèé íà ñèíòåç³ òà õàðàêòåðèçàö³¿ òîíêèõ íàï³âïðî-
â³äíèêîâèõ ïë³âîê íà îñíîâ³ ìåòàëîîêñèäó p-òèïó (CuO p-òèïó), ùî âè-
êîðèñòîâóþòüñÿ äëÿ õåì³÷íî¿ ñåíñèá³ë³çàö³¿. Òîíê³ ïë³âêè CuO p-òèïó 
ìàþòü ðÿä ïåðåâàã íàä ìåòàëîîêñèäîì n-òèïó, âêëþ÷àþ÷è âèùèé êàòà-
ë³òè÷íèé åôåêò, íèçüêó çàëåæí³ñòü â³ä âîëîãîñòè òà ïîë³ïøåíó øâèä-
ê³ñòü â³äíîâëåííÿ. Îäíàê ñåíñîðíà ïðîäóêòèâí³ñòü òîíêî¿ ïë³âêè CuO 
ò³ñíî ïîâ’ÿçàíà ç âëàñíèìè ô³çèêî-õåì³÷íèìè âëàñòèâîñòÿìè ìàòåð³ÿëó 
òà éîãî òîâùèíîþ. Îñòàííÿ ñèëüíî çàëåæèòü â³ä ìåòîä³â ñèíòåçè. Òóò 
ðîçãëÿíóòî áàãàòî ìåòîä³â, ùî âèêîðèñòîâóþòüñÿ äëÿ âèðîùóâàííÿ 
òîíêî¿ ïë³âêè CuO p-òèïó. Îêñèä Êóïðóìó íàçèâàþòü áàãàòîôóíêö³îíà-
ëüíèì ìàòåð³ÿëîì çàâäÿêè øèðîêîìó ñïåêòðó õåì³÷íèõ ³ ô³çè÷íèõ 
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âëàñòèâîñòåé, ÿê³ ÷àñòî äóæå ÷óòëèâ³ äî çì³í ïàðàìåòð³â îáðîáëåííÿ, 
õî÷à çàâäÿêè øèðîêèì äîñë³äæåííÿì ³ ðîçðîáêàì îïòèì³çàö³ÿ ïàðàìå-
òð³â îáðîáëåííÿ âñå ùå ïåðåáóâàº â ïîâíîìó ðîçâèòêó äîòåïåð. Çàãàëüí³ 
äîñë³äæåííÿ ïîêàçàëè, ùî ð³çí³ âëàñòèâîñò³ îêñèäó Êóïðóìó çàëåæàòü 
â³ä åêñïåðèìåíòàëüíèõ óìîâ. Ó öüîìó ðîçøèðåíîìó îãëÿä³ ìè á³ëüøå 
çîñåðåäæóºìîñÿ íà îáãîâîðåíí³ âïëèâó îñíîâíèõ ïàðàìåòð³â ñèíòåçè, 
òàêèõ ÿê ðîç÷èí-ïðîâ³ñíèê, òåìïåðàòóðà â³äïàëó òà òîâùèíà íàíîìàòå-
ð³ÿëó, ÿê³ âæå îäåðæàëè ð³çí³ äîñë³äíèêè. Ö³ ÷èííèêè êðèòè÷íî ðîçã-
ëÿíóòî, îö³íåíî òà ïîð³âíÿíî. 

Key words: semiconductor copper oxide, synthesis methods, p-CuO thin 
films, precursor solution, annealing temperature. 
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1. INTRODUCTION 

In the technology industry, semiconductors are critical tools for na-
noscale electrical transportation due to their physical and chemical 
properties. It is seen as a promising material due to its appropriate 

band gap and high absorption coefficient in the visible light region. 

Apart from good optical and electrical properties, the material has 

many advantages such as the availability and abundance of raw mate-
rials, the non-toxic nature and the low cost of production [1]. 
 Among these materials copper oxide, which is a compound with the 

binary copper–oxygen system, contains two stable phases: Cu2O (cu-
prite) and CuO (tenorite). In addition to these stable phases, a metasta-
ble one is also reported: Cu4O3 (paramelaconite) [2]. 
 Different processes can be used to deposit copper oxide in thin films. 

One can note the chemical processes consist in elaborating the material 
by chemical reaction or molecule decomposition such as electrodeposi-
tion [3], chemical vapour deposition [4], SILAR [5], sol–gel [6]. In-
stead, the physical processes consist in developing the film by extract-
ing the material from a target, for instance, sputtering [7], thermal 
oxidation [8], and plasma evaporation [9]. 
 Cupric oxide (CuO) has attracted a lot of interest due to its funda-
mental and technological potential, especially, in several industries 

[10], where it has been employed as a basic material in photocatalytic 

reactions [11, 12], inertness sensors [13], nonenzymatic glucose sen-
sors [14], ammonia sensing [15], antibacterial activity [16], oxide ar-
chitectural pores [17], polymer solar cells [18], antifungal agents [19]; 

and CuO nanoparticles are also used in dry cell batteries as lithium-ion 

batteries [20, 21]. 
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 Developing a good quality material and mastering its structural, op-
tical, and electrical properties are a major challenge. In this respect, 
the quest for the most efficient synthesis process, which yields not on-
ly large quantities but also high-quality and advanced material proper-
ties, continue. 
 The aim of this review devoted mainly to the properties of CuO thin 

films is to explain experimental-factors’ consideration required dur-
ing sample handling, and preparation according to the need imposed by 

the type of application; its beginning with the influences of prepara-
tion materials, until finished, form-ready samples, future research di-
rections are also discussed. 

2. INFLUENCE OF DEPOSITION PARAMETERS ON THIN FILM 

PROPERTIES 

It will be illustrated the fundamentals of the synthesis of copper oxide 

with a particular focus on its influencing factors. Physical properties 

will be described depending on the method adopted in the preparation, 

and will be discussed stressing the consideration of the factors re-
quired during sample handling, preparation, and analysis. 

2.1. Influence of Precursor Solution 

The precursor solution is the first important process variable. Solvent, 

type of salt, concentration of salt, and additives influencing the physi-
cal and chemical properties of deposited film can be tailored by chang-
ing the composition of the precursor solution. 
 Figure 1 shows schematic diagram of the synthesis of CuO 

nanostructures. 

2.1.1. Salt and Alkali-Metal Solution 

In principle, any kind of soluble copper salt could be used as a precur-
sor to prepare CuO nanostructures without much difference, or, at 

least, there seems to be less report on the effect of copper-salt precur-
sor. Different copper salts such as chloride, nitrate, sulphate, and ace-
tate were used to prepare CuO nanomaterials [22]. However, the influ-
ence of different copper salts was not discussed in detail. However, in-
organic salts such as nitrates are often used, as precursors for sol–gel 
CuO-based materials, even though their main drawback is related to 

the inclusion or difficult removal of anionic species in the final prod-
uct. Using copper acetate as a precursor, the acetate groups, as con-
taminants of the gel, decompose under annealing producing combus-
tion volatile by-products [23]. Authors mentioned that the use of cop-
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per perchlorate instead of copper acetate yields a turbid suspension, 
i.e., coagulation of the particles takes place [24]. This is also obtained, 

when using copper sulphate as a precursor [25]. The equations of the 

chemical paths of CuO deposition based on the various precursors in 

distilled water are as follow: 

 Cu(NO3)2 H2O CuO 2HNO3, (1) 

 CuCl2 H2O CuO 2HCl, (2) 

 (CH3COO)2 H2O CuO 2CH3COO. (3) 

 In order to that, particle size and uniformity of copper nanoparticles 

prepared from copper acetate seem better than those from inorganic 

copper salt do. A reasonable explanation is that carboxylate groups are 

still adsorbed on the surface of the copper-oxide nanoparticles and play 

the role of a surfactant and suppress nanoparticles from growth and 

aggregating process [26]. 

2.1.2. Solvent 

The term ‘solvent’ refers to a class of liquid organic chemicals of vari-
able lipophilicity and volatility, small molecular size, and lack of 

charge, accordingly, which are frequently used to dissolve, dilute, or 

disperse materials, which are insoluble in water. Solvents are classi-
fied largely according to molecular structure or functional group. 

Classes of solvents include aliphatic hydrocarbons, many of which are 

chlorinated (i.e., halocarbons), aromatic hydrocarbons, alcohols, 

 

Fig. 1. Schematic diagram of the synthesis of CuO nanostructures. 
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ethers, esters/acetates, amides/amines, aldehydes, ketones, complex 

mixtures that defy classification [27]. 
 Indeed, one of the most crucial elements of wet chemical techniques 

is the solvent, where it has a noteworthy influence on the performance 

of the reaction and allows thermodynamic and kinetic control over a 

chemical reaction. It also greatly influences the stability and morphol-
ogy of the synthesized particles; little consideration has been given to 

how the solvent affects alkoxides gels. This part of the review of pub-
lished works on alkoxide sol–gel processing is pertaining to the role of 

the solvent. It is necessary to use a common solvent to being them into 

the solution [28]. 
 Two primary criteria for the solvents used to synthesize CuO 

nanostructures are as follow: 
(i) they dissolve copper and alkali hydroxide compounds; 
(ii) they can be washed away easily or decomposed during the washing 

and drying process without leaving any detrimental impurities or resi-
dues in the final nanoproducts. 
 As seen in the following equation, copper-oxide nanoproducts are, as 

observed in the following Eq. (4), generated [29]: 

 copper salt alkaline hydroxide salt of alkaline metal Cu(OH)2. (4) 

 Alcohols are the most commonly used solvents. However, any family 

of organic liquids capable of hydrogen bonding with water can be em-
ployed, such as amines, amides, or ketones. Water was also used less in 

some reports, but without additives, which lower the surface tension 

and, thus, the appearance of defects. Researchers tend to use organic 

solvents. The majority of research on sol–gel processing has used 

methanol or ethanol as the solvent [30]. 
 The synthesis process should pay close attention to a number of sec-
ondary parameters, including viscosity, surface tension, volatility, 
reactivity, toxicity, and cost. 
 Firstly, the use of these solvents imposes compliance with safety 

standards regarding their toxicity. The main determinants of a sol-
vents’ inherent toxicity are as follow: 
(i) dimensional morphology: courser nanoparticles were lesser hazard-
ous to finer ones; 
(ii) facet charge: nanoparticles’ toxicity is amplified by positive 

charge; this affirmative load uplifts the reactions amidst nanoparti-
cles and cells; 
(iii) dissolution: the CuO-nanoparticles’ shattering is dependent on pH 

and temperature of the mixture and that influences their toxicity [31]; 
subtle differences in chemical structure can translate into dramatic 

differences in solvent toxicity [32] (i.e., methanol, ethylene glycol, and 

isopropyl alcohol are referred that ‘toxic alcohols’) [33]; in fact, in 
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most of the reports, CuO nanoparticles were prepared by utilizing wa-
ter as certainly the cheapest safest and most environmentally friendly 

solvent. 
 On the other hand, the hydrolysis and polymerization kinetics are 

impacted by the viscosity of the solvent, which alters the solution. A 

high viscosity will impede the reaction and lengthen the gelation peri-
od by reducing the mobility of the catalyst and reactants through the 

solution. 
 Increasing the viscosity ratio causes the particles to agglomerate. In 

the case of a highly viscous solvent, the viscosity resists particle move-
ment. As a result, the particles keep their initial distribution [28, 34]. 
 In another part, in the case of a solvent with a low viscosity, the sol-
vent easily moves between the particles, and the surface tension then 

causes the particles to agglomerate. In the midst of the agglomerated 

particles, the solvent is prevented from evaporating consequently; the 

amount of available gel depends on the extent of the agglomeration. 
 Moreover, the surface tension  of the used solution controls the 

droplet shape impact. Both solution surface tension and dissociation 

enthalpy alter the microstructure of the formed film as the surface 

tension  increases, the connectivity of the pores decreases, and the 

structure increases. In the case of large surface tension, the surface 

tension overcomes the viscosity resistance and causes the particles to 

agglomerate. In the midst of agglomerated particles, evaporation 

stops, and, consequently, the remaining amount of gel increases. 
 As mentioned earlier, pure CuO films studied using different sol-
vents affect the morphological properties [35, 36]. The using water as 

solvent larger particles of irregular shape and intricate structures as 

3-dimensional structures were obtained [37–40]. Figure 2 shows the 

morphologies of copper oxides having different morphologies: (a) 
nanostructures, (b) nanowires, (c) nanostructures, (d) nanobelts, (e) 

nanostructures, (f) hollow spheres. 
 Noteworthy, they headed to use the organic solvent as a substitute. 

Among these solvents were the alcohols-synthesized CuO nanoparti-
cles. Using a varied alcohol such as methanol, ethanol, and propanol 
exhibits more homogeneous surface, and decreasing in the grain size 

by using modified solvent was found to be comparable with a previous 

study [42]. 
 In the same context, some research attributed the increase in the 

grain size in the films’ synthesis by the alcohols’ solvent to the in-
crease of hydroxyl groups [43, 44]. 
 Within this framework, the optical and electrical properties are also 

studied, but to lesser extent, most researches linked these changes to 

the type of solvent used. As reported by P. Mallick, the absorbance of 

CuO sample synthesized with propanol solvent shows faster exponential 
decrease indicating more strain generation in this case [45]. The behav-
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iour of absorbance is typical for many semiconductors and can occur for 

a variety of reasons such as internal electric fields within the crystal, 
deformation of lattice due to strain caused by imperfection, and inelas-
tic scattering of charge carriers by phonons [46]. Other study by N. 
Zayyoun focuses on the solvent effects using water, ethanol and propa-
nol. They found that direct gap energy values were increased with de-
creasing particles’ diameter of this solvents, accordingly [47]. There 

has been on other work in this filed by A. Y. Fasasi; using distilled wa-
ter and ethanol, he have found that films produced using alcohol have 

more disordered states, and this manifest itself in the reduced band gap 

compared with that of aqueous samples; the values obtained are of 920 

and 640 meV for CuO films from alcohol and distilled water-based pre-
cursors, respectively. The least attention was paid to the electrical 
properties as reported by A. Y. Fassasi; he has been observed that the 

values of resistivity recorded using ethanol as a solvent 21% are great-
er than the values obtained for the aqueous samples [48]. 

2.1.3. Additives 

The formation of a stable sol is employed to simplify the complete dis-
solution of the precursor-alcoholic medium [51]. They act as base or 

acid and/or chelating agent. Alkali metal hydroxides, alkanolamines, 

alkylamines, carboxylic acids, acetylacetone and polyalcohols are used 

for this purpose [52]. 
 The authors reported that the deposition efficiency and crystallinity 

of the films deposited by adding additives, which act as stabilizers or 

catalyst during the reaction, was improved. 

 

Fig. 2. Shows the morphologies of copper oxides having different morpholo-
gies: (a) nanostructures; (b) nanowires; (c) nanostructures; (d) nanobelts; (e) 
nanostructures; (f) hollow spheres. 
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 D. S. C. Halin et al. have shown the addition of polyethylene glycol 
will increase the viscosity of solution due to chain length effects. Since 

the polyethylene glycol additive can avoid the particle aggregation oc-
curring in the sol–gel solution, the grain size was reducing from 104 

nm to 83 nm. Also, the addition of polyethylene glycol will produce 

crack free films with high optical absorbance [53], whereas, P. Sama-
rasekara et al. demonstrated that ethylene glycol is a better additive 

compared with the polyethylene glycol [54]. 
 Instead, hydroxide and potassium hydroxide are base agent which 

provides hydroxyl ion, which is strongly associated with reactions that 

form nanocrystals [55]. This explained by the increase in OH ions with 

the pH, accelerating the process of CuOH formation Eq. (5) provoking 

a faster crystallization of Cu2O Eq. (6) [56]: 

 Cu+ OH CuOH, (5) 

 2CuOH Cu2O H2O. (6) 

This fast crystallization reduces interstitial defects, allowing to the 

interstitial atoms move to the boundaries, relaxing the crystal and 

consequently reducing its size [57, 58]. 
 Within the search of the authors, at bath pH 9.0, the (100) plane 

are produced and, in higher bath pH 11.0, the (111) are produced 

[59–61]. 
 Other common additives are the alkanolamines, i.e., monoethanola-
mine [MEA; (HOCH2CH2) NH2] [62], diethanolamine [DEA; 

(HOCH2CH2)2NH] [54], triethanolamine [TEA; (HOCH2CH2)3 N] [63] 

are the most widely used in the CuO thin film fabrication. Likewise, 

acetic acid (Ac. Ac.; CH3COOH) [64] and lactic acid (Lactic Ac.; 
CH3CHOHCOOH) [65] tartaric acid [66], oxalic acid [66], malic acid 

[66, 67] also added as complexing agent. Sometimes, it is preferable to 

use only a single additive in certain circumstance for better dissolution 

of the mixture. 
 As main results, used alcohols as a solvent implying produce an ex-
cellent characteristic and of nanostructure materials specially, when 

they are used with organic precursor, in addition if they are added to 

the additives they result from it more homogeneous layers, the alka-
nolamines are among the additives most compatibility with the result 

which mentioned earlier. 

2.1.4. Molarity 

Thin films and their properties are related to those of the initial solu-
tion [68, 69]. The used solution controls the crystallinity, film micro-
structure and optical properties. 
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 Many studies investigated what effects molarity had on the struc-
ture, electrical and optical properties and surface morphology of the 

thin films. They concluded that, with the change in molar concentra-
tion the properties including density, porosity and gelation time are all 
significantly impacted consequently, the crystallite size varies, struc-
tural parameters change systematically, the shape of crystallites 

changes, the transmittance decreases [70, 71]. 

2.1.4.1. Structural Properties 

Whatever, the precursor nature or the elaboration method, CuO thin 

films are generally polycrystalline in nature with monoclinic structure 

and XRD peaks corresponding to the (111), (002) this two main peaks 

at the angles 35.5  and 38.7  [74] and in some case, a small peak 

(110), (200) , (202), (113) , (311) , (220) with 2 32.52, 48.74, 58.30, 

61.56, 66.25, 68.13, respectively [72]. Most studies conducted on the 

impact of focus on synthesis have found that there is a relationship be-
tween the vary concentrations and structural parameters. There are 

observed an increase in peak intensity and a narrowing in width with 

increasing molarity of precursor solution. Furthermore, the strain de-
creased with the increase of molarity, reflecting the decrease of cohe-
sive force in the film–glass interface. Specifically, low concentration 

results in no supersaturation, whereas high concentration results in 

higher supersaturation and aggregation of small size nuclei to form 

large particles and favours the nucleation under heterogeneous system 

[73]. 

2.1.4.2. Optical and Electrical Properties 

Indeed, a maximum transparency in the visible region was showed for 

the lower concentration values, while it is increasing with this last. 
 The absorption edge in the transmittance spectra of the thin films 

shifts towards higher wavelength region by the increasing of molarity. 
 Photoluminescence (PL) spectra are required to investigate the lev-
els and amounts of defects in CuO thin films. 
 In one case, they found the spectrum is composed mainly of a small 
and sharp peak located at 668 nm (1.86 eV) and a red broad one located 

at the 723 nm. The former peak is associated to the band-to-band tran-
sition since its energy is close to the value of the CuO bandgap. Howev-
er, the red peak originates from the defects localized in the forbidden 

band of CuO material such as single ionized oxygen vacancy, the red 

peak intensity was enhanced with increasing the salt concentration 

suggesting that increasing the salt molarity leads to the formation of 

larger concentration of electronic point defects in CuO thin films [73]. 
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 From the literatures, the increase of grain size resulting reduction 

in grain boundary scattering, which leads to larger electromobility and 

enhanced conductivity. Hence, the films of higher molarity have low 

resistivity. On other hand, carrier concentration increased with in-
creasing molarity of precursor solution [78]. 

3. EFFECT OF ANNEALING TEMPERATURE 

Annealing temperature is an important parameter in the elaboration of 

thin films where the deposition temperature is involved in all men-
tioned processes its effect on membranes properties has been studied 

[81, 82]. Overall results suggest that the formation of CuO nanostruc-
tures with different shape, size and morphology can be achieved using 

different annealing temperatures via these routes. The improvement 

in their crystallinity and purification can be further attained by con-
trolling of the temperatures [83]. 

3.1. Structural Properties 

Temperature affects the structural structure of copper oxide films, 

and this means that its effect is clear on the optical, electrical and 

morphological properties. It was found in many studies that, by in-
creasing the temperature from room temperature to higher degrees, 

the phases of the films change. When the Cu2O thin films are annealed 

molecular vibrations increases and lattice oscillations cause the weak 

bonds resulting the break and switch to CuO crystal structure. Figure 

3 shows the crystal structure of CuO and Cu2O. These structures arise 

as more stable structures because of their strength [84–88]. This 

 

Fig. 3. Crystal structure of CuO and Cu2O. 
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means that higher temperature caused significant oxidation of pure 

copper in air as shown in Eq. (7): 

 4Cu O2 2Cu2O. (7) 

 Continued increase in temperature leads to further oxidation of Cu 

nanoparticles (NPs): 

 2Cu2O O2 4CuO. (8) 

 The oxidation kinetics depends on many factors such as tempera-
ture, oxygen partial pressure, annealing time, etc. [89]. 
 Observed during formation of a Cu oxide shell (CuxO) followed the 

order Cu2O, and CuO with increasing temperature. We note that the 

formation of pure Cu2O thin films occurs at low temperatures (around 

200 C), while the formation of a pure CuO films requires higher tem-
perature ranged from 300 to 500 C. However, the formation of Cu4O3 

phase mixed with other CuO compounds are rarely [90]. The films de-
posited at low temperature showed clearly the peaks, which indicate 

Cu2O (cuprite) phase corresponding to (111) plan observed at 

2 36.4  [91, 92]. That is the last one becomes unstable at partially 

converted to CuO (tenorite) represents the mixed phase of copper, 

which match reflections forms near (111) for CuO and decrease in peak 

(200) for Cu2O [93]. Down to the pure phase of CuO (tenorite) with 

(111) plan positioned at ( 2 38,7 ) and in some cases, (100) , is a 

diffraction peak at 35.4  with a gradual rise in temperature reported 

by Khojier et al. [94]. Figure 4 illustrates XRD patterns of the as-

 

Fig. 4. XRD patterns of copper oxide films: (a) the as-deposited film; (b) the 

film annealed at 200 C for 1 h, and the films annealed at 300 C for (c) 1; (d) 2; 

and (e) 4 h, respectively. 
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deposited and annealed thin films [95]. 
 However, when the oxidation temperature was higher, the trans-
formations that occur in the membranes from one phase to another do 

not mean the complete disappearance of the other phases, but only a 

decrease in their intensity, where the degree to which these changes 

will occur remains, it depends mainly on the method adopted in the 

synthesis of the membranes, within the search of the authors, higher 

annealing temperatures leads to the lattice constants a, b and c de-
crease [93, 96]. 
 The annealing temperature had an impact on the crystallite size (D); 

several researchers observed that it was increasing [97]. In spite of 

that, some exceptions were noted, where the crystallite size decreased 

[98]. 
 Noteworthiness, Raman spectrometry was used to analyse the phase 

of the material prepared. The copper (II) oxide phase crystallizes in a 

tenorite structure (monoclinic crystal system), which is represented by 

symmetry group C2/c 
6
2hC  n◦15. Its Bravais space cell is composed of 

two-unit formulas; Cu atoms occupy Ci symmetry sites, and O atoms 

are placed in C2 symmetry sites [99, 100]. The metal cation copper 

forms four coplanar bonds with oxygen, which again self-coordinated 

by four copper atoms, forming two sets of chains directed along (110) 

direction [100, 101]. The factor group analysis yields [102]: 

Cu: Ã 3Au 3Bu; O: Ã Ag 2Bg Au 2Bu. 

This crystal has 12 degrees of freedom with the following irreducible 

representation: 4Au 5Bu Ag 2Bg, i.e., 3 acoustic modes (Au 2Bu), 3 

Raman activity modes (Ag 2Bg), 6 IR-activity modes (3Au 3Bu). 
(Three well know peaks of copper oxide (296, 346, 632) cm

1
 are as-

signed to Ag and 2Bg CuO phonon peaks [95].) 
 Cu2O crystallizes in a cuprite structure (cubic crystal system), rep-
resented by symmetry group Pn3m (

4Oh ) n◦224. Its Bravais space cell is 

composed of two-unit formulas, with Cu atoms occupying D3d sym-
metry sites, while O atoms are placed in Td symmetry sites. This crystal 
has 18 degrees of freedom represented by the following irreducible 

representation [93]: 

Cu2O: A2u 3T1u Eu T2u T2g, 

where acoustic modes T1u, Raman active modes T2g, infrared (IR) active 

modes T1u, silent modes A2u Eu T2u. 
 B. Balamurugan et al. studied Raman spectra of Cu2O; they reported 

two relatively strong peaks at 570 cm
1
 and 618 cm

1. These correspond 

to the Cu2O phase [103]. 
 Figure 5 shows Raman spectra of CuO nanostructures at different 

annealing temperatures. 



A REVIEW ON SYNTHESIS AND CHARACTERIZATION OF SOME CuO PROPERTIES 695 

3.2. Morphological Properties 

Generally, in PVD techniques the film formation is achieved through 

the species condensation on the substrate which resulted that the films 

deposited by these techniques being more homogenous, denser, and 

smoother with good adherence. 
 However, films prepared by CVD techniques are formed through 

chemical reactions coming from the solution. CuO films deposited by 

these techniques are generally uniform and have fewer adherents. 
 The variations in morphology are significantly influenced by the an-
nealing temperature where the change in phases results in a change in 

the crystal size [106], which increases with the increase in the anneal-
ing temperature. 
 On the other hand, a decrease in dislocation density and microstrain 

was reported [94, 107]. This increase leads to grain uniformity [88]. 
Lower surface roughness, and a homogeneous morphological structure 

as reported [108]. 

3.3. Optical and Electrical Properties 

All works noticed that the decrease in the forbidden band gap (Eg) is 

likely due to the increase in crystal size and modification of the grain 

boundary formation during growth. It causes a narrowing of the for-
bidden band gap, or due to a low concentration of traps near the con-
duction band [109]. 
 Gopalakrishnan et al. reported a decrease in the optical band gap en-
ergy from 1.8 to 1.2 eV with increasing substrate temperature from 

250–350 C [78]. 

  
a      b 

Fig. 5. Raman spectra of CuO thin films at different annealing temperatures: 

a—[104]; b—[105]. 
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 The dependence of the band gap energy on substrate temperature 

was recorded by different workers. This dependence is attributed to 

the stress in films deposited at low temperatures, which results in 

films band gap broadening [89, 104, 110]. 
 As for Urbach energies (Eu), their values are inversely proportional 
to the band gap energy, and this inverse proportionality is logical be-
cause it expresses the disorder of the crystal lattice. Ravichandran et 

al. have observed a decrease in disorder from 533 to 470 meV for as-
deposited and for CuO thin films annealed at 450 C, respectively; thin 

films were deposited by the SILAR method [111]. Mugwanga et al. 
have reported that the values of the disorder are in the range of 60–
192 meV for various oxygen influx rates changing from 5 to 22.5 

(Sccm) during films growth using the reactive dc magnetron sputter-
ing technique [112]. 
 Increasing the crystallite size reduces the effect of the grain bound-
aries that act as traps for free carriers and thus increases the life of the 

carriers, which leads to a decrease in the resistivity, for CuO thin films 

prepared by the thermal oxidation method. L. De Los Santos Valladares 

et al. have reported resistivity equal to 4.2 10 2
 cm at 150 C which 

decreased to 1.8 10 11
 cm with increasing the annealing temperature 

to 1000 C [113], or, in other words, the increase in the conductivity 

may be due to the increase in the free carriers as a result of the pres-
ence of copper atoms in the interstitial positions and the presence of 

oxygen gaps [105]. 
 We conclude that the annealing temperature is indeed the most im-
portant thin film parameter that determines the shape and properties 

of the film. By increasing the temperature to around 300 C, the film 

structure can change from a cuprite to a tenorite phase. 
 The properties of deposited films can be varied and thus controlled 

by changing the deposition temperature; it influences the structural, 

optical, and electrical properties of thin films. 

4. EFFECT OF THICKNESS 

The thickness is an important parameter in the elaboration of thin 

films, the thicknesses of films, elaborated by different methods at var-
ious experimental conditions, was measured by different techniques 

such as cross-sectional SEM 2D-image, profilometer, envelope method 

based on transmittance measurement. 

4.1. Structural Properties 

It was found that the thickness affects the properties of the films, 
where for the thickness is less, it was found that the grains are irregu-



702 Kenza ALMI, Maria Nor Elyakin BOUMEZRAG, and Said LAKEL 

lar and there are many cracks and crystalline gaps, which indicate poor 

homogeneity of the sample, while it is homogeneous and dense with a 

smaller surface roughness with increasing thickness [118]. Also, as the 

thickness of the films increases, the size of the grains increases, and 

the shape of the grains changes from regular hexagonal to triangular 

[119]. 

4.2. Optical Properties 

Approaching the infrared spectral zone, the transmittance is reduced 

with the augmentation of the films thickness. First, this variation may 

be linked to the structural. Second, the reduction of the transmission 

may be associated to the thickness increase CuO thin layers reveal a 

high intrinsic absorption in the visible range and all the transmission 

spectra exhibit a sharp fall of transmittance at the band edge when the 

value of the arriving photon energy is above or equal to the gap of the 

semiconductor [119]. 
 Figure 6 illustrates that the transmittance of the films increases 

with the increase of the thickness [120]; in this context, L. Chabane 

has demonstrated that the optical band gap gradually widens as the 

grain size increases with thickness [121]. 

4.3. Electrical Properties 

The larger grain size results in a lower density of grain boundaries, 

which behave as traps for free carriers and barriers for carrier 

transport in the film. 

 

Fig. 6. The optical transmittance spectra of the obtained films of CuO elabo-
rated with various thicknesses. 
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 Hence, an increase in the grain size can cause a decrease in grain 

boundary scattering, which leads to an increase in the conductivity. 

Thus, the initial decrease in resistivity and this, what is reported by 

S. S. Shariffudin et al. [122] and [79], is due to an increase in both car-
rier density and carrier mobility of the films, which result from the 

increased grain the resistivity can be related to the increase in carrier 

scattering due to a decrease in grain size or to other discontinuities of 

the film size. The influence of crystallite size on activation energy was 

studied extensively [123]. 
 We conclude that thickness has a role on degree of crystal orienta-
tion; it is closely attached to some of the other parameters. So, it in-
creases with molarity [74, 72], number of dips [120] deposition time 

[125, 126], and annealing temperature [127]. Whereas, decrease with 

increase of spin-coating speed and of dip coating drawls speed [122]. 
 Besides preparation factors, physical properties of CuO films can 

also be altered by addition of dopants. Doping, in general, is a powerful 
technique for optimizing the sensing properties of metal oxide semi-
conductors. 
 From the literature, the use of extrinsic elements on CuO has been 

widely. Where, the presence of impurity at the interfaces, vacancy, 
vacancy cluster at the grain and grain boundaries can play an im-
portant role on the materials behaviour. These defects offer a scope to 

tune the useful material properties in order to improve it. It is well 
known that interstitial oxygen Oi and free copper VCu are determined as 

the acceptors in CuO, and that these acceptors can take the place of lat-
tice defects and atomic impurities. 
 In this regard, various elements of large and small radius such as 

lanthanide ions (La3 , Ce3 , Pr3 , Sm3 , Nd3 , Gd3 , Tb3 , Dy3 ) [128–
132], transition metals (Mn2 , Cd2 , Zn2 , Ni2 , Fe3 ,Y3 , Cr2 , Pd2 , Ag+, 
Ti4 ) [133–139], post-transition metals ( Al3 , Ga3

 and In) [140–142], 

semimetals (Sn3 , Pb3 ) [143, 144], and alkali metals (Li , Na , and K ) 

[145] are incorporated into CuO lattice for different applications as 

ferromagnetic oxide, conductivity improvements or photocatalytic 

properties. In this part, we review the most important studies related 

to the dopant effect on the performance of films and their applications. 
 Theoretically, p-type doping in CuO may be possible by substituting 

any group I elements (Li, Na, and K) as alkali metals acting as surface 

acceptors in Cu sites; group I elements might be better p-type dopants 

elements at shallow acceptor levels. However, experience has shown 

that group I elements tend to occupy interstitial locations, because of 

their small atomic radii, rather than substitution locations; so, they 

act as donors instead of acceptors. 
 By H. Siddiqui et al., high-quality pristine CuO- and Na-doped CuO 

nanostructures were made using a sol–gel method, with doping values 

of 1.0, 3.0, 5.0, and 7.0 mol.% CuO/Na. The XRD analysis reveal the 
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structural alteration from monoclinic to cubic symmetry with increase 

in doping level and also reveal the phase purity up to 3% doping level, 
and beyond this (i.e., for 5 and 7% doping level) the involvement of 

Na2O phase increases with increase in Na concentration in CuO/Na sys-
tem. Morphology of the samples indicates that the Na-doped CuO 

nanostructures exhibit less agglomeration compared to pristine CuO 

nanoparticles. Moreover, from the diffused reflectance spectrum, it is 

inferred that CuO/Na nanoparticles exhibit a microstructural defects 

and ionic impurities, which play an important role in modifying its 

band gap. The observed shift in band gaps 1.49 eV undoped CuO (1.48, 
1.46, 1.51, 1.53) with increasing doping level is attributed to the na-
nosize effect as well as to the Cui and Oi-defects, which gives high con-
ducting behaviour of Na-doped CuO nanoparticles [146]. 
 V. T. Trang et al. concluded that potassium ion (K ) doping has abil-
ity to improved electrochemical performance. The optimized K -doped 

CuO nanostructure K Cu1 O1 ( 0.10) was synthesized using a sol-
vothermal method followed by annealing at 500 C for 5 h under air at-
mosphere. The morphology of CuO was slightly changed by the doping 

of K
+-ions in comparison to undoped CuO. X-ray diffraction analysis 

demonstrates that the K
+-ion doping caused no change in the phase 

structure in the doped sample, the CuO nanoparticle size is in the range 

of 25–50 nm, whereas the undoped CuO nanoparticles show a range of 

50–100 nm with large agglomeration. On the other hand, the K -doped 

CuO nanoparticle electrode exhibited a high specific capacity of 354.6 

mA h g 1 at 0.1 C after 30 cycles, but in spite of this, it also retained 

162.3 mA h g 1 at a high current rate of 3.2 C, which is much higher 

than that of undoped CuO (only 68.9 mA h g 1 at 3.2 C). The present 

study will be beneficial to the development of high-capacity and long-
cycling-life anode materials for the next generation of Li-ion cells 

[147]. 
 C. Y. Chiang et al. were studied Li doped CuO nanoparticles pre-
pared by flame spray pyrolysis and followed by spin coating where syn-
thesized at dopant concentrations of 0.5 at.%, 2 at.%, 3.5 at.% and 5 

at.%, they found that The photocurrent density and photon-to-
hydrogen conversion efficiency increased by a factor of five to ten 

when introducing Li into CuO, and they justified this to the increase in 

the electrical conductivity of the film by almost two orders of magni-
tude, i.e., from 2 10 6–4 10 6

 S/cm to 7 10 5–3 10 4
 S/cm, and thus, the 

increase in the lifetime of the photogenerated charge carriers. The best 

they got it photocurrent density and photon-to-hydrogen conversion 

efficiency was  1.69 mA/cm2
 and 1.3%, respectively, corresponding to 

the film prepared by 2.0 at % Li–CuO sintered at 450 C for 1 h with 

the thickness 1.7 μm at bias voltage of 0.55 V vs. Ag/AgCl in 1M KOH 

and under 1 sun illumination [148]. 
 Another study by F. Z. Chafi et al. has reported that the incorpora-



A REVIEW ON SYNTHESIS AND CHARACTERIZATION OF SOME CuO PROPERTIES 707 

tion of metal ions such as Fe3 , can contribute to more oxygen defects 

on CuO along with an increase in the charge density of CuO, which sub-
sequently can induce higher performance of the nanostructure. Hence, 

higher conductivity increased from 0.138 to 15.0873 as Fe dopant con-
centration advances, oxygen vacancies also reduce the activation ener-
gy that facilitates the sensor device to respond at low temperatures. 

From the temperature dependent sensing measurements, it is found 

that for all samples, the sensing response increases with temperature 

up to 75 C beyond which decreases due to the desorption of oxygen at 

the sensor surface. At room temperature, the sensor response was 

found to have a power law dependent relation [149]. 
 As mentioned in one of the articles they used ion of rare earth as 

doping in copper oxide. Vimala Devil et al. proposed the use of ions La 

it was prepared by solution combustion method and subsequent anneal-
ing at different temperatures, which the presence of La ion in CuO 

showed a peak shift in XRD pattern and a significant and work to re-
duce the crystallite size and induces more number of non-radiative 

transition centres in CuO. Annealed samples led to the growth of ag-
gregated spherical shaped morphology. PALS studies clearly denote 

the presence of vacancies, cluster vacancies and microvoids in CuO and 

La-doped CuO. The presence of defects is revealed from the three life-
time components. The decrease in their values upon annealing showed 

the recovery of Cu vacancy type defect, reduced cluster vacancies and 

microvoids in pure and doped CuO. Incorporation of La ion in CuO lat-
tice increased the lifetimes compared to undoped CuO. Annealed CuO 

sample at 800 C, exhibited a shortest lifetime of 137 ps with a signifi-
cant reduced lifetime of 121 ps for La-doped CuO. The increased av and 

S value of La-doped CuO with that of undoped CuO denotes the pres-
ence of more number of defects in doped samples. The photolumines-
cence spectra clearly inferred the increased intensity in defect related 

peaks due to doping and annealing without the shift in the peak posi-
tion. It is mainly due to the lattice mismatch and difference in oxida-
tion state between Cu2

 and La3
 ion in correlation with positron stud-

ies. The defects in La-doped CuO induced more number of quenching 

sites for non-radiative transition. The increase in concentration of de-
fects in La-doped CuO is well supported by the lifetime and Doppler 

broadening measurements. The presence of defects is quantitatively 

and qualitatively explained using positron and PL studies [150]. 
 S. Bhuvaneshwari et al. uniform copper oxide nanoboats undoped 

CuO nanorods, (NRs) and Cr doped (2 at.% and 6 at.%). CuO nanoboats 

(NBs) have synthesized by a low-temperature hydrothermal route for a 

room-temperature NH3 sensing prototype application with an en-
hanced sensitivity. They were observed in PL emission spectra; a 

strong green emission at 566 nm validates the increase in oxygen va-
cancies, which, in turn, boost the sensing response by adsorbing more 
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surface oxygen increase in with the gas concentration. 
 Among the three CuO samples, 6 at.% Cr-doped CuO nanoboats 

showed a 2.5-fold increase in sensor response observed at room tem-
perature and a maximum sensitivity of 180% at 75 C for 600 ppm of 

NH3 that is better than NH3 sensitivity, which is attributed to the 

higher specific area at the surface and oxygen vacancies which is not 

evident in undoped CuO nanorods [151]. 
 In this work, has endeavoured to demonstrate that Ag-doped CuO 

has a greater specific surface area of nanoparticles and greater lattice 

deficiency. Moreover, the transparency is reduced with increased sil-
ver content [152]. The transparent Ag-doped CuO may offer potential 
applications in areas of photocatalysis, electronics, and optics. In simi-
lar work by J. Huang et al. is to report the using of Ag to doping the 

electrode of array of CuO nanosheet via the silver mirror reaction. The 

Ag loaded on the CuO nanosheet arrays improved the electrical conduc-
tivity of the electrode and also enhanced the electrical contact among 

the substrate the active materials and the electrolyte, resulting in low-
er polarization with higher electrochemical activity. 
 The specific capacitance of the Ag-doped CuO nanosheet electrode is 

689 Fg 1
 at 1Ag 1

 and 299 Fg 1
 at 10Ag 1, respectively, much higher 

than that of the unmodified CuO nanosheet arrays (418 Fg 1
 at 1 Ag 1

 

and 127 Fg 1
 at 10 Ag 1). The improved capacitance is explained in 

terms of the presence of dispersed Ag particle coated. The results show 

that the thickness of a single nanosheet is up to around 150 nm. 
 Due to considering the low cost, abundance resource and the high 

specific capacitance, the NSA–Ag/CuO electrode has the promise as 

potential electrode materials for pseudo-supercapacitors [153]. 
 Saeid Masudy-Panah et al. The present work provides a possible so-
lution for the growth of doped CuO for photovoltaic application. The 

potential of Ti to serve as a useful dopant in CuO thin film was investi-
gated. It was shown that the Ti content in the deposited films could be 

controlled by tuning the sputtering power during the film deposition. 

They have undoped and four different concentration: 0.049 at.%, 

0.099 at.%, 0.19 at.%, 0.598 at.% Ti. Microstructural analysis re-
vealed that the crystal quality of samples was not significantly influ-
enced when the Ti content was increased up to 0.099 at.%. By tuning 

the Ti doping, it was found that it is possible to improve the conductiv-
ity of the deposited thin films, while retaining the optical properties 

and crystal quality. The p-CuO (Ti)/n-Si heterojunction solar cells fab-
ricated using Ti-doped CuO absorber layer exhibited improved solar 

cell parameters compared with undoped cells [139]. 
 S. N. Vidhya et al. demonstrated that CuO thin films doped by Ga 

have morphological and optical properties and it confirms the suitabil-
ity of these films for photocatalytic and optoelectronic applications for 

that the spray pyrolysis method was used to create the conductive pure 
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and Ga-doped copper oxide thin films. X-ray diffraction studies con-
firm that all the films are in polycrystalline nature for Ga-doped CuO. 
A good surface morphology was revealed by SEM studies for both pure 

and Ga-doped films. The grains are uniformly distributed over the en-
tire scanned surface without any patches for concentrated 2 ml Ga-
doping. The surface is found to be smooth without any undulation. A 

variation in the average transmittance, which is about 60–70% for the 

Ga-doped CuO films and the maximum band gap value of 2.24 eV is ob-
tained for the 2 ml Ga-doped CuO [154]. 
 By A. Yildiz et al., this work is describes hopping conduction in In–
CuO using dip-coating route for manufacture of the layers and they 

used three concentrations 1%, 5%, 10%, the crystallite size was calcu-
lated and given 19, 17, 8 and 10 nm for undoped, 1% In, 5% In and 

10% In doped samples. Furthermore, the band gap is increasing from 

1.24 to 1.46 eV with the increasing doping level. 
 The resistivity of the films was characterized by the Mott VRH mod-
el for 160 K T 300 K, while it exhibited a metallic-like behaviour 

for T 160 K. The complete set of parameters describing the proper-
ties of the carriers (the hopping distance and the value of the density of 

states at the Fermi level) was determined. The temperature dependent 

resistivity data of the films were well explained by fluctuations in 

these parameter [142]. 
 However, that over-doping could attribute to the reduction of CuO 

efficiency. This is probably due to the excess dopants that act as trap-
ping sites for both electrons and holes and this was hence proved by 

Jing Wu et al., when they proposed the so–gel technique to prepared 

Sn:CuO films with different Sn concentrations (0.5, 1, 1.5, 2) in order 

to study the influence of Sn doping on the structural, optical and elec-
trical properties of Sn:CuO films. The results showed the Hall mobility 

and resistivity reduced: 19, 10.5, 7.58, 6.18, 7.14 cm
2/Vs, 64.8, 54.7, 

47.4, 77.5 ( cm), respectively [155]. 
 F. Bayansal et al. presented the first report on the morphological, 

structural and optical properties of Pb-doped CuO nanostructured thin 

films were studied at dopant concentrations of 0.27 ,0.36, 0.37, 0.46, 

0.75 at.% and were synthesized by the successive ionic layer adsorp-
tion and reaction method. The results showed them that the morpholo-
gy of the film surface was changed from plate-like to coral-like 

nanostructures with increasing Pb concentration. The x-ray diffrac-
tion patterns showed the monoclinic crystal structure with preferen-
tial planes of (111) and (111). Furthermore, ultraviolet–visible spectra 

showed that the band gap of the films was illustrated 1.43, 1.80, 1.76, 

1.72, 1.68, 1.65 eV with increasing of the concentration [156]. 
 It can be said that methods like CuO coupling with other dopants will 
improve their performance by producing smaller particles with high 

specific surface area, shifting the band gap energy, suppressing the 
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rate of electron–hole pair recombination, increasing charge separation 

efficiency, and enabling better dispersion in the medium. 

5. CONCLUSIONS 

We took the research on a tour d'horizon of different aspects of copper 

oxide, starting from the fundamentals of synthesis to its properties 

that express the appropriate promising application; we focused on 

some factors along with the routes of synthesizing process for CuO 

nanostructures. what we can say already is that accurate control of 

synthetic strategies is very important since it makes it possible to ob-
tain CuO nanostructures with manageable dimensions and morpholo-
gy. 
 In order to provide greater stability and better performance, future 

research should seek to overcome the disadvantages of CuO and the 

practical problems that still exist. 
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In this paper, thin titanium-dioxide films are prepared with sol–gel pro-
cessing, and the effect of annealing-temperature variations on some optical 
properties (n, k, d) is investigated. Thin films are determined using the 
ellipsometry technique, considering the effect of annealing temperatures of 
360 C, 460 C, 550 C, and 700 C. By using a spectrophotometer (UV–Vis), 
the optical properties are determined. As found, the best values of optical 
transmittance are obtained for the annealed film at 500 C (the spectropho-
tometric curve at issue is showing the largest transmittance of the visible 
length, reaching between 80% and 90% at wavelengths ranging from 
400 nm to 600 nm, respectively). The best values of reflectance and refrac-
tive index appear at T 460 C and T 500 C, as the films show low reflec-
tance values in the visible region 400–700 nm. It should be noted that the 
annealed film at a temperature of 500 C is the best. All films have a wide 
band gap of 3.2 eV as obtained for all samples prepared, especially, at 
T 500 C. 
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Ó ö³é ðîáîò³ áóëî îäåðæàíî òîíê³ ïë³âêè ä³îêñèäó Òèòàíó çà çîëü–´åëü-
òåõíîëîã³ºþ. Äîñë³äæåíî âïëèâ çì³íè òåìïåðàòóðè â³äïàëó íà äåÿê³ 
îïòè÷í³ âëàñòèâîñò³ (n, k, d). Òîíê³ ïë³âêè âèçíà÷àëè çà äîïîìîãîþ ìå-
òîäó åë³ïñîìåòð³¿, âðàõîâóþ÷è âïëèâ òåìïåðàòóð â³äïàëó ó 360 C, 
460 C, 550 C ³ 700 C. Çà äîïîìîãîþ ñïåêòðîôîòîìåòðà (UV–Vis) áóëî 
âèçíà÷åíî îïòè÷í³ âëàñòèâîñò³; áóëî âèÿâëåíî, ùî íàéêðàù³ çíà÷åííÿ 
îïòè÷íîãî ïðîïóñêàííÿ áóëî îäåðæàíî äëÿ ïë³âêè, â³äïàëåíî¿ çà 500 C 
(ñïåêòðîôîòîìåòðè÷íà êðèâà ïîêàçóº íàéá³ëüøå ïðîïóñêàííÿ âèäèìîãî 
ä³ÿïàçîíó, ùî äîñÿãàºòüñÿ ì³æ 80% ³ 90% íà äîâæèíàõ õâèëü ó ä³ÿïà-
çîí³ â³ä 400 íì äî 600 íì â³äïîâ³äíî). À íàéêðàù³ çíà÷åííÿ êîåô³ö³ºí-
òà â³äáèâàííÿ òà ïîêàçíèêà çàëîìëåííÿ ñïîñòåð³ãàþòüñÿ çà T 460 C ³ 
T 500 C, îñê³ëüêè ïë³âêè ïîêàçàëè íèçüê³ çíà÷åííÿ êîåô³ö³ºíòà â³ä-
áèâàííÿ ó âèäèìîìó ä³ÿïàçîí³ 400–700 íì. Ñë³ä çàçíà÷èòè, ùî ïë³âêà, 
â³äïàëåíà çà òåìïåðàòóðè ó 500 C, º íàéë³ïøîþ. Âñ³ ïë³âêè ìàþòü øè-
ðîêó çàáîðîíåíó çîíó ó 3,2 åÂ, îäåðæàíó äëÿ óñ³õ ï³äãîòîâëåíèõ çðà-
çê³â, îñîáëèâî çà T 500 C. 

Key words: sol–gel processing, thin films, optical transmittance. 

Êëþ÷îâ³ ñëîâà: çîëü–´åëü-îáðîáëåííÿ, òîíê³ ïë³âêè, îïòè÷íå ïðîïóñ-
êàííÿ. 
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1. INTRODUCTION 

Titanium dioxide is a solid substance that is white in colour. It is 
known for its thermal stability, non-flammability, poor solubility, 
and low cost. Additionally, it is a non-toxic material, which exhibits 
excellent semiconducting properties. The materials’ lack of response 
to visible light, due to its band gap of 3.2 eV [1–4], allows it to on-
ly absorb light in the near ultraviolet range. As a result, the films 
made from this material exhibit high levels of transparency in the 
visible region [5, 6]. 
 Titanium dioxide finds extensive application in a wide array of 
consumer goods and industrial sectors, including the treatment of 
various surfaces [7]. Scientists are highly enthusiastic about the 
wide range of applications that can be achieved with this field. 
These include photocatalytic processes, solar cells, gas sensors, an-
tireflective coatings, and electrochromic systems [8]. Various meth-
ods have been employed to create thin films of TiO2, such as e-beam 
evaporation, chemical vapour deposition, sputtering, spray pyroly-
sis, photodeposition, sol–gel processing, and hydrothermal method. 
 Nanostructure films made using sol–gel spin coating exhibit ex-
ceptional optical properties that make them ideal for use in solid-
state photovoltaic solar cells. The optical characteristics of TiO2 
films under visible light, though relatively weak, are highly de-
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pendent on the chosen preparation methods [9]. One issue that aris-
es is the significant disparity in photoresponse between visible light 
and UV irradiation. Thus, it is imperative to create and enhance a 
novel photoresponsive nanostructure of TiO2 that can effectively 
harness visible light, while possessing also improved surface charac-
teristics and exceptional chemical and physical stability. This is es-
sential for the widespread adoption of photovoltaic systems in vari-
ous commercial applications. 
 Various techniques have been employed to create films of 
nanostructures made of metal oxides, such as TiO2 [10]. These 
methods include sol–gel spin coating, chemical bath deposition, re-
active sputtering, pulsed-laser deposition, and chemical vapour dep-
osition [11, 12]. The sol–gel spin coating technique has become a 
popular choice for nano-TiO2 fabrication due to its ability to pro-
duce samples with a consistent synthetic approach, resulting in a 
highly efficient UV–Vis optical response [13]. For this project, TiO2 
is created using a sol–gel spin coating method and applied onto bo-
rosilicate glass substrates. The process involves utilizing titanium 
tetraisopropoxide, isopropanol, acetic acid, and deionized water as 
the initial components. Through precise manipulation of the ratio of 
precursor materials to solvent, along with a pH of 9.5 achieved by 
using nitric acid, a consistent and transparent sol of TiO2 colloidal 
suspension in the nanometer scale was obtained. This sol was then 
applied onto meticulously cleaned borosilicate glass substrates and 
spun at a speed of 4000 revolutions per minute for 30 seconds using 
suction. 
 TiO2 nanostructure films fabricated by sol–gel spin coating have 
excellent optical properties suitable for application in solid-state 
photovoltaic solar cells. Optical characteristics of TiO2 films under 
visible light though are very weak, but they strongly depend on 
preparation methods. The main problem is that photoresponse under 
visible light is much lower than that under UV irradiation. There-
fore, the development of new and optimized photoresponsive TiO2 
nanostructure for the existing optical properties exhibiting activity 
upon visible light with surface characteristics of improved perfor-
mance, and of the high chemical and physical stability are crucial 
for broader scale utilization of photovoltaic systems in commercial 
applications. 
 Transparent metal oxide (TiO2) thin films find applications in a 
wide range of fields, including optoelectronics, energy efficiency, 
sensors, and antireflective coatings; their unique properties make 
them an essential component of many modern technologies [14, 15], 
especially, in one of the promising applications such as windows of 
solar cells. Thin TiO2 films are commonly used as a UV-blocking 
layer in solar cells due to their high refractive index, high trans-
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parency in the visible range, and strong absorption of ultraviolet 
(UV) light [16]. The mechanism behind this lies in the fact that 
TiO2 is a wide-band gap semiconductor with a band gap of approxi-
mately 3.2 eV, which makes it highly transparent in the visible 
range but highly absorbing in the UV range. When UV light is inci-
dent on the TiO2 layer, the photons with energy more significant 
than the band gap of TiO2 are absorbed by the material, causing 
electrons to be excited from the valence band to the conduction 
band. These excited electrons generate electron–hole pairs, which 
can recombine radiatively or non-radiatively. However, the thick-
ness of the TiO2 layer is appropriate. In that case, most of the UV 
light is absorbed within the TiO2 layer, reducing the UV-light 
amount that reaches the underlying solar cell layers [17, 18]. 
 TiO2 thin films can also act as a scattering layer, reducing the 
amount of UV light that reaches the underlying solar cell layers. 
The scattering effect is due to the refractive index mismatch be-
tween TiO2 and the surrounding medium, which causes light to be 
scattered at the interface, which leads to an increase in the optical 
path length of the light, which results in a reduction in the amount 
of light that reaches the underlying solar cell layers [18, 19]. 
 Thin films are one of the essential branches of solid-state phys-
ics, especially, semiconductors’ thin films, because of their wide 
applications in many electrical, electronic, and optical fields. The 
thin film could be condensed from atoms, ions, or molecules to con-
struct a single layer or multilayers on a solid surface (metal or 
glass substrate), depending on the application needed [20]. Recent-
ly, researchers have been interested in thin films, and they focused 
their research on developing methods for preparing them by various 
techniques due to the importance of thin films in a wide range of 
applications such as electronics, optics, and electrooptics, surface 
modifications (hydrophobic and anticorrosion surfaces). Thin films 
can be deposited by many methods and techniques based on physical 
or chemical mechanisms according to the application needed. Thin-
film deposition techniques are divided into two parts, depending on 
whether chemical changes occurred in the materials used to prepare 
the thin films [21, 22]. Sol–gel is one of the most widely used 
methods for depositing thin films of TiO2 due to several advantages 
due to its low-temperature deposition, high purity, easy thickness 
control, large-area deposition, and cost-effectiveness [23, 24]. The 
thin-film deposition process requires special techniques; the spin 
coater technique has been used in current research. 

2. EXPERIMENTAL WORK 

Firstly, each glass substrate was cleaned by dipping it in ethanol 
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for 20 minutes inside the ultrasonic bath and then kept in acetone. 
After drying them with nitrogen gas, the substrate would be ready 
for use. The sol–gel phase was formed by adding 3.15 ml of titani-
um isopropoxide as precursor material to 30 ml of absolute ethanol; 
the components’ mixture was magnetically stirred for around 20 
minutes under room temperature ( 30 C), through which 5 ml of 
glacial-acetic acid was added as a catalyst after 20 minutes yellow-
ish transparent solution has been formed. The chemical equation 
C12H28O4Ti 6C2H5OH TiO2 8(CH3)2CHOH illustrates the chemi-
cal reaction. 
 All materials used were supplied with high purity. The final step 
is depositing a thin film; this step is done by dropping the prepared 
solution on the cleaned substrate and coating it with a rotation 
speed of 3000 rpm. Obtained films were dried at a temperature of 

60 C before sintering them at different temperatures, 360 C, 
460 C, 550 C, and 700 C, by using the programmed oven for 50 
minutes for all films; the thickness of these films was measured by 
optical ellipsometry n, and k as well as. 

3. RESULT AND DISCUSSIONS 

3.1. Ellipsometry (n, k, d) 

The relationship between (n, k, d) and annealing temperatures for 
TiO2 thin films is complex and depends on multiple factors. Ellip-
sometry can be a valuable tool to characterize the optical properties 
of the films and monitor changes induced by annealing tempera-
tures depending on various factors such as the deposition method, 
substrate, and annealing conditions [25]. 
 Ideally, as the annealing temperature increases, the thickness of 
the TiO2 film may decrease due to evaporation or diffusion of at-
oms; this can lead to a decrease in refractive indices and an increase 
in k, but that arranged relationships did not accrue with all samples 
measured as shown in Figs. 1, 2. These behaviours can be attributed 
to structural changes in the film with annealing temperatures and 
leading to variations in the refractive index and extinction coeffi-

TABLE 1. The thicknesses for each sample measured by optical ellipsometry. 

Annealed samples Thickness, nm 
TiO2 at 360 C 24.69 
TiO2 at 460 C 23.34 
TiO2 at 550 C 25.69 
TiO2 at 700 C 24.50 
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cient. However, the good thing about these thin films is that we ob-
tained essential values for the refractive index at annealing temper-
atures of 360, 460 and 500 C. The most suitable and best film for 
optical applications was the film annealed at 500 C due to refrac-
tive index values of 1.48–2.2 at the visible range [26]. 
 A visual representation is shown depicting the reflection of light off 

the surface of a sample. The vectors labelled s and p denote the orienta-
tion of polarized light determined by the plane of incidence. The angle, 
at which the light strikes the surface, is represented by , and the re-
fractive indices of the surrounding environment, film layer, and sub-

 

Fig. 1. The relationships between refractive index and wavelengths as 
measured by ellipsometry. 

 

Fig. 2. The behaviours of the extinction coefficient as a function of wave-
length. 
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strate are represented as N0, Nf, and Ns, respectively (G. E. Jellison 

Jr., in Encyclopedia of Spectroscopy and Spectrometry (1999)): 

 

3.2. Optical Absorbance and Transmittance 

The relationship between the optical absorption and transmittance 
of TiO2 and the annealing temperature depends on the wavelength 
of the incident light, which determines the region of the electro-
magnetic spectrum being considered. 
 TiO2 typically exhibits high absorption and low transmittance 
within the UV region, attributed to Ti3  states and oxygen vacan-
cies. As the annealing temperature is increased, the concentrations 
of these defects decrease, resulting in a decrease in absorption and 
an increase in transmittance, as shown in Figs. 3, 4, a [27, 28]. 

 

Fig. 3. Optical absorbance of TiO2 films with different annealing tempera-
tures. 
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 Within the visible region, TiO2 typically exhibits low absorption 
and high transmittance, which is attributed to the band-gap absorp-
tion of TiO2 (see Fig. 4, b). As the annealing temperature increases, 
the band gap of TiO2 increases, resulting in a slight shift of the ab-
sorption edge to higher energies, hence a decrease in absorption, 
and an increase in transmittance [29]. 
 Generally, the relationship between optical absorption and trans-
mittance of TiO2 with annealing temperature is complex. It depends 
on several factors, such as the crystal structure, morphology, size 
of the TiO2 particles, and the experimental conditions. However, in 
general, the optical properties of TiO2 can be tailored by controlling 
the annealing temperature, which makes it a valuable material for a 
wide range of applications, including UV block layers such as solar 

 
a 

 
b 

Fig. 4. (a) Optical transmittance spectrum of TiO2 films with different an-
nealing temperatures; (b) optical transmittance spectrum within the visible 
region. 
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cell windows, protecting glasses, and photosensors at a certain spec-
trum. The best values of optical transmittance were obtained from 
the annealed film at 500 C; the red curve in Fig. 4 shows the larg-
est transmittance of the visible length, reaching between 80% and 
90% at wavelengths ranging from 400 to 600 nm, respectively. 
This film can be used in UV block layers, the most important of 
which are windows for solar cells and in medical glasses [29–31]. 

3.3. Reflectance and Refractive Index 

TiO2 thin films exhibit reflectance and refractive index variations 

based on factors like film thickness, wavelength of light, and anneal-
ing temperature. The reflectance of TiO2 films can be adjusted by ma-
nipulating the refractive index and thickness. Interference effects oc-
cur when the film thickness is comparable to the wavelength, resulting 

in constructive or destructive interference and changes in reflectance. 
The refractive index of TiO2 films is high in the visible and UV regions 

and can be increased by increasing film thickness or annealing at high-
er temperatures. The refractive index also varies with the wavelength 

of light due to dispersion effects. The film thickness affects interfer-
ence effects, with thinner films showing lower reflectance and thicker 

films exhibiting higher reflectance due to multiple internal reflec-
tions. Annealing temperature influences the film crystallinity and 

density, affecting its refractive index and optical properties. 

 

Fig. 5. Reflectance (R) of TiO2 thin films. 
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 Higher annealing temperatures generally increase the refractive 
index by improving crystallinity and reducing porosity. By control-
ling these parameters, the optical properties of TiO2 thin films can 
be tailored for specific applications [32, 33]. 
 The best value of reflectance and refractive index appears for the 
films annealed at 460 C and 500 C, as the films showed low reflec-
tance values in the visible region 400–700 nm. It should be noted 
that the annealed film at a temperature of 500 C is the best, allow-
ing visible light transmittance; this property is essential in both 
solar-cell window applications and UV-block ones. 

3.4. The Band Gap Eg 

 (αh ) A(h Eg)
m; (1) 

here, A is a constant that depends on the electron–hole mobility;  
is an absorption coefficient, cm 1; h  is photon energy (Ev); m 1/2 
for a direct band gap: 

 ( h ) A(h Eg)
1/2; (2) 

m 2 for an indirect band gap. 
 Figure 7 shows the linear proportion between ( h )1/2 and h  of 
annealed samples; it also seems that there is no apparent regularity 
in the values of the optical energy gaps with the relationship with 
annealing temperatures, which may be due to several reasons, the 
most important of which is the thicknesses of thin films, or perhaps 

 

Fig. 6. The refractive index (n) of TiO2 thin films. 
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the non-uniformity of the coats as well as [34]. 
 TiO2 thin films have high optical transparency in the visible 
range and a wide band gap of 3.2 eV, as obtained for all samples 
prepared, especially at T 500 C, which has n and R, making it ide-
al for use as a window layer in solar-cell applications [35]. The high 
transparency ensures that the solar cell absorbs the maximum 
amount of light. The wide band gap of TiO2 also ensures that the 
generated charge carriers can be efficiently extracted from the cell. 
The range of 2.3–2.5 is higher than that of most other transparent 
conducting oxides, making them suitable for antireflective coatings 
[36, 37]. 

4. CONCLUSION 

According to the results and interpretations, which were stated in 
the research, we reached the following conclusions. 
 The values of optical transmittance obtained from the annealed 
film at 500 C were the best, as we can see in Fig. 4; the red curve 
showed the largest transmittance of the visible length, reaching be-
tween 80% and 90% at wavelengths ranging from 400–600 nm, re-
spectively. This film can be used in UV block layers, the most im-
portant of which are windows for solar cells, as well as in medical 
glasses; and the band gap of TiO2 thin film annealed at 500 C was 
the best. 
 The best reflectance and refractive index values appear in the 
films annealed at 460 C and 500 C, as the films showed low reflec-

 

Fig. 7. The band gap of TiO2 thin films. 
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tance values in the visible region 400–700 nm. It should be noted 
that the annealed film at a temperature of 500 C is the best, allow-
ing visible light transmittance; and this property is essential in so-
lar-cell window applications and UV-block applications. 
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PACS numbers: 61.05.cf, 61.46.Hk, 62.25.Mn, 64.75.Jk, 68.37.Hk, 78.67.Bt, 81.05.Pj 

Features of Formation of Optically Transparent Nanostructured 

Spinel-Containing Glass-Ceramic Materials 

O. V. Savvova, Î. H. Tur, M. Ì. Hozha, Î. V. Babich, Î. ². Fesenko, 

V. V. Bielov, and Yu. Î. Smyrnova 

O. M. Beketov National University of Urban Economy in Kharkiv,  
17, Marshal Bazhanov Str.,  
UA-61002 Kharkiv, Ukraine 

The main conditions for the formation of the sitallized nanostructure of 
glass-ceramic materials based on spinel containing Co2  ions with high ab-
sorption in the range of 1.6–1.7 μm for laser shutters operating in the 
mode of passive Q-switched are determined: the presence of phase-forming 
oxides (MgO, Al2O3) 40.0 wt.%, glass-forming oxides (B2O3, SiO2)  

54.0 wt.%, crystallization catalysts (P2O5, ZnO, ZrO2, TiO2, CeO2, Sb2O3)  
4.9 wt.%, modifying additives (SrO, BaO, ÑaO, CoO) 1.1 wt.%.; glass 

melting at a temperature of 1550 C for 6 hours; three-stage heat treat-
ment (I stage—800 C, 1 h; II stage—900 C, 30 min; III stage—
950 C, 5 min). As established, ensuring high values of light transmis-
sion (Ò 74%) and crack resistance (K1C 5.0 MPa m1/2) of glass-ceramic 
material is realized due to the following stages: metastable phase immisci-
bility by the mechanism of spinodal decomposition (800 C), intensification 
of nucleation (850 C) while keeping the bidispersity of the system and 
providing the structural stability of the glass with kinetic inhibition of 
the crystal growth process under conditions of high viscosity, formation 
of solid solutions with the structure of high-temperature quartz in the 
low-temperature region (900 C) and spinel crystals of 50 nm in size in the 
amount of 50 vol.% (950 C) with a regular distribution of nanocrystals in 
the residual glass phase. 

Âèçíà÷åíî îñíîâí³ óìîâè ôîðìóâàííÿ ñèòàë³çîâàíî¿ íàíîñòðóêòóðè 
ñêëîêðèñòàë³÷íèõ ìàòåð³ÿë³â íà îñíîâ³ øï³íåë³, ùî ì³ñòÿòü éîíè Co2 , 
ç âèñîêèì âáèðàííÿì ó ä³ÿïàçîí³ 1,6–1,7 ìêì äëÿ ëàçåðíèõ çàñë³íîê, 
ÿê³ ôóíêö³îíóþòü ó ðåæèì³ ïàñèâíî¿ ìîäóëÿö³¿ äîáðîòíîñòè: íàÿâí³ñòü 
ôàçîóòâîðþâàëüíèõ îêñèä³â (ÌgO, Al2O3) 40,0 ìàñ.%, ñêëîóòâîðþâà-
ëüíèõ îêñèä³â (B2O3, SiO2) 54,0 ìàñ.%, êàòàë³çàòîð³â êðèñòàë³çàö³¿ 
(P2O5, ZnO, ZrO2, TiO2, ÑåÎ2, Sb2O3) 4,9 ìàñ.%, ìîäèô³êóâàëüíèõ äî-

áàâîê (SrO, BaO, ÑaO, CoO) 1,1 ìàñ.%; âàðèâî ñòåêîë çà òåìïåðàòóðè 
ó 1550 C óïðîäîâæ 6 ãîä; òðèñòàä³éíå òåðìîîáðîáëåííÿ (I ñòàä³ÿ çà 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 733–747 
https://doi.org/10.15407/nnn.23.03.0733 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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800 C, 1 ãîä; II ñòàä³ÿ çà 900 C, 30 õâ; III ñòàä³ÿ çà 950 C, 5 
õâ). Âñòàíîâëåíî, ùî çàáåçïå÷åííÿ âèñîêèõ çíà÷åíü ñâ³òëîïðîíèêíîñòè 
(Ò 74%) ³ ïîêàçíèêà òð³ùèíîñò³éêîñòè (K1C 5,0 ÌÏà ì1/2) ñêëîêðèñ-
òàë³÷íîãî ìàòåð³ÿëó ðåàë³çóºòüñÿ çà ðàõóíîê ñòàä³é: ìåòàñòàá³ëüíîãî 
ôàçîâîãî íåçì³øóâàííÿ çà ìåõàí³çìîì ñïèíîäàëüíîãî ðîçïàäó (800 C), 
³íòåíñèô³êàö³¿ çàðîäêîóòâîðåííÿ (850 C) ³ç çáåðåæåííÿì á³äèñïåðñíîñ-
òè ñèñòåìè òà çàáåçïå÷åííÿì ñòðóêòóðíî¿ ñò³éêîñòè ñêëà ç ê³íåòè÷íèì 
ãàëüìóâàííÿì ïðîöåñó ðîñòó â óìîâàõ ï³äâèùåíî¿ â’ÿçêîñòè, ôîðìó-
âàííÿ òâåðäèõ ðîç÷èí³â ç³ ñòðóêòóðîþ âèñîêîòåìïåðàòóðíîãî êâàðöó â 
íèçüêîòåìïåðàòóðí³é îáëàñò³ (900 C) òà êðèñòàë³â øï³íåë³ ðîçì³ðîì ó 
50 íì ó ê³ëüêîñò³ 50 îá.% (950 C) ç ðå´óëÿðíèì õàðàêòåðîì ðîçïîä³ëó 
íàíîêðèñòàë³â ó çàëèøêîâ³é ñêëîôàç³. 

Key words: glass-ceramic materials, magnesium-aluminosilicate glasses, 
spinel, nanostructure, light transmission, crack resistance. 

Êëþ÷îâ³ ñëîâà: ñêëîêðèñòàë³÷í³ ìàòåð³ÿëè, ìà´í³éàëþìîñèë³êàòí³ ñòå-
êëà, øï³íåëü, íàíîñòðóêòóðà, ñâ³òëîïðîíèêí³ñòü, òð³ùèíîñò³éê³ñòü. 
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1. INTRODUCTION 

Nanotechnology is of great importance for both fundamental science 
and advanced technology [1]. The creation of glass-ceramics based 
on very small crystallites with volume percent of nanocrystals in it 
up to more than 90 vol.% was as an example of nanotechnology. 
Glass-ceramics is a material that consists of a nanocrystalline phase 
dispersed within the glass matrix. This microstructure can be 
achieved via controlled crystallization of a glass, but the crystal 
growth rate must be limited [2]. 
 The use of a certain composition of glass and a defined mode of 
its heat treatment make it possible to synthesize a glass-ceramics 
with such important properties as chemical, thermal, optical, me-
chanical and dielectric tailored to particular values [3]. 
 An important class of photonic materials is transparent glass-
ceramics, activated by luminescent elements, due to their specific 
structural, optical and spectroscopic properties [4]. Glass-ceramics, 
consisting of nanocrystals in a glass phase, become the most promis-
ing photonic material for use in tuneable solid-state lasers, lumines-
cent solar concentrators, optical amplifiers and up-conversion lumi-
nescence devices, etc. [5]. Alternative matrices are spinel crystals of 
magnesium aluminate (MgAl2O4) with high thermomechanical prop-
erties [6]. 
 Cobalt-doped magnesium–aluminium spinel is an effective mate-
rial for passive solid-state lasers with a Q-switched output operat-
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ing in the near-infrared range [7]. To obtain transparent 
Co:MgAl2O4 ceramics with a high absorption cross-section and a 
high linear transmittance, nanopowders of cobalt-doped magnesium-
aluminium spinel with a pure phase were synthesized by the co-
precipitation method. The 0.05 at.% Co:MgAl2O4 highly transparent 
ceramics were obtained after vacuum sintering and hot isostatic 
pressing (HIP). The HIP post-treated ceramic at 1800 C for 3 h 
demonstrated the best optical qualities, which were of 81.4% at 400 
nm and of 85.9% at 900 nm, as well as the average grain size was 
of 16.8 μm. Co2  was incorporated into the spinel lattice, as evi-
denced by broad absorption bands in the wavelength range of 500–
700 nm and 1200–1600 nm. However, the limitation of the applica-
tion of such ceramics is related to the low absorption in the transi-
tion range 4A2(4F) 4T1(

4F) of Co2  ions and, therefore, the low sat-
urated absorption contrast at the generation wavelength [9]. The 
difficulty of obtaining spinel ceramics is related to the fact that it 
is very hard to inhibit the growth of the particle size during solid-
phase sintering, which significantly affects the change in the opti-
cal properties of the materials. In addition, when using pure na-
nooxide powders for the production of spinel, which allows to re-
duce the formation temperature and activation energy, the for-
mation of MAS-based materials occurs at high temperatures from 
1000 C to 1400 C [10]. Thermoplastic magnesium–aluminate spinel 
(MAS) nanocomposite developed in Ref. [11] can be shaped via pol-
ymer injection moulding at high rate and precision. The nanocom-
posite becomes dense MAS by means of debinding, pre sintering, 
and hot isostatic pressing obtaining transparent ceramics with high 
mechanical strength and high optical transmission up to 84%. 
However, the limitation of thermoplastic moulding for the produc-
tion of ceramic materials is the difficulty of obtaining large-size 
materials and the presence of total porosity (of 3–5%), which can 
significantly affect the reduction of optical characteristics. In addi-
tion, the use of nanooxide powders significantly increases the cost 
of such materials, and the use of complex technological equipment 
requires significant changes in the production of ceramic materials. 
All this inhibits the market entry of nanostructured ceramic mate-
rials and limits their competitiveness. Therefore, an important sci-
entific and technical task is the development of new high-tech 
nanostructured materials based on spinel containing Co2  ions with 
high absorption in the range of 1.6–1.7 μm. 
 The prospective use of transparent glass-ceramics is determined 
by the possibility of providing high light transmission (T 72%) 
due to nanostructuring according to the traditional technology of 
glass production under conditions of low-temperature heat treat-
ment [12]. The high manufacturability and relatively low cost of 
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glass-ceramics allows it to be effectively used in many fields of sci-
ence and technology, including photonics, given the fact that their 
structural or functional elements, namely, clusters, crystallites or 
molecules, are in the size range from 1 nm to 100 nm [13]. 
 Thus, the authors of Ref. [14] studied thermal, mechanical, and 
optical properties, in addition to the electron paramagnetic reso-
nance (EPR) spectra and microstructure, for MgAl2O4:Cr3  spinel 
glass and glass-ceramics. The presence of uniform cubic crystals 
with a size of 10–15 nm in the glass-ceramics was shown by the 
TEM images. The obtained glass-ceramic samples were characterized 
by high values of microhardness (6.0 GPa), 3-point flexural 
strength (of 100 MPa), elastic modulus (of 55 GPa), and fracture 
toughness (of 5.0 MPa m1/2). 
 Homogeneous crystallization of crystallites with a size of about 9 
nm and not great spherulitic structures consisting of small crystal-
lites ensure the transparency of spinel glass-ceramics with increas-
ing crystallinity. The total amount of nucleating agents 
(ZrO2 TiO2) in the parent glass composition should exceed 5 mol.% 
for obtaining such a uniform microstructure [15]. 
 For the synthesis of protective transparent high-strength glass-
ceramic materials, a methodological approach has been developed 
that provides transparency in the visible spectral range and high 
ballistic resistance by fine volumetric crystallization of glass with 
the formation of a high-strength lithium-disilicate phase of 50 
vol.% with a size of crystal of 0.4 μm [12]. The lithium-silicate 
system was chosen as the initial. The low-temperature two-stage 
heat treatment was established. It comprises annealing at 723 K for 
30 min; stage I—903 K, 30 min; stage II—1123 K, 5 min. The fac-
tors that influence on the formation of a fine volumetric crystal-
lized structure under the chosen heat-treatment mode were deter-
mined. The ratio of phase-forming oxides is Li2O/SiO2 4.0. There 
were given the type and quantity of modifying additives SrO, MgO, 
and CaO, crystallization catalysts ZnO, P2O5, and ZrO2 and fining 
agents CeO2 and Sb2O3 for the crystallization of glass. The high 
strength (HV 8.74 GPa, K1C 3.1 MPa m1/2) and light transmission 
in the visible spectrum (T 72%) of the developed glass-ceramics 
were achieved via fine volumetric crystallization of glass with the 
lithium-disilicate content of 45 vol.% and the -spodumene content 
of 5 vol.%. However, to create compact lasers on Yb:Er glass, it is 
necessary to use glass-ceramics, which are characterized by the best 
parameters of pulses in the passive Q-switched mode (PQS). In the 
model of a laser on Yb:Er glass with lateral diode pumping, this 
was demonstrated by glass-ceramics based on Co2 :Mg(Al,Ga)2O4 
nanocrystals and based on Co2+: -Ga2O3 nanocrystals [16]. An im-
portant drawback is that these glass-ceramic materials differ in 
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high and long-term temperatures of melting and heat treatment. 
 Ensuring high performance characteristics (Vickers hardness of 
10.4 GPa, fire resistance of 1350 C) and reduced cost due to a two-
stage heat treatment at temperatures of 850 Ñ and 1150 Ñ is real-
ized by the determined content and ratio of modifying, glass-
forming, and phase-forming components and the introduction into 
the composition of the combined crystallization catalyst (TiO2, ZrO2, 
CeO2, P2O5) with the aim of forming a sitallized structure based on 
solid solutions of mullite [17]. It has been established that ensuring 
phase separation at temperatures of 800–850 C by the spinodal 
mechanism for experimental magnesium–aluminosilicate glass in the 
pre-crystallization period is an important stage in the formation of 
solid solutions with the structure of high-temperature quartz in the 
low-temperature region (850–900 C) with the simultaneous for-
mation of -quartz and spinel (850–1000 C), which contributes to 
their recrystallization into -cordierite (1000–1050 C) and the for-
mation of mullite from -cordierite at 1100 C [18]. However, alt-
hough these materials are nanostructured and characterized by a 
significant spinel content ( 50 vol.%), they are opaque due to the 
mismatch of the refractive indices of the glass phase and the crys-
talline phase and the presence of spinel-crystal growth of 1 μm. 
 Therefore, in order to develop optically transparent nanostruc-
tured spinel-containing glass-ceramic materials, it is important to 
study the features of their structure formation at the initial stages 
of nucleation under conditions of low-temperature heat treatment. 

2. EXPERIMENTAL PART 

2.1. Aim Setting and Research Methodology 

The purpose of the work is to study the structure formation of 
magnesium–aluminosilicate glasses in the process of nucleation and 
growth of crystals under the conditions of high-speed low-
temperature heat treatment. 
 Investigation of phase transformations in glasses and determina-
tion of their heat-treatment temperatures was carried out using 
gradient-thermal (gradient furnace), petrographic (NU-2e optical 
microscope with a magnification of 25–1200 times in transmitted 
light in opaque sections), x-ray phase analysis (DRON-3M diffrac-
tometer, Siemens small-angle x-ray diffractometer (radiation 
source—CuK , voltage—30 kV, current—18 mA, set at a point—
200 seconds), electron microscopy (Tesla 3 LMU scanning electron 
microscope with a resolution of 1 nm). The light transmission T [%] 
of the glass-ceramic material was determined on a FM-94g photome-
ter. The stress intensity coefficient of materials K1C (MPa m1/2) was 
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determined according to the calculation method [19], which was 
based on measuring the hardness of samples using PMT-3. 

2.2. Rationale for the Selection of Compositions and Synthesis 
of Glasses for Obtaining Transparent Glass-Ceramic Materials 

A glass-ceramics can be transparent in the visible range if it meets 
one or a combination of the following requirements: the sizes of 
crystals must be much smaller than the wavelength of visible light 
(i.e., less than 200 nm); the birefringence must be very low or the 
difference between the refractive indices of the residual glass ma-
trix and the crystals must be negligible. This applies to most exist-
ing transparent glass-ceramics, because they have crystals smaller 
than 200 nm and a crystallized phase of 1-to-70% [3]. 
 In order to ensure high light transmission (Ò 74%) and mechan-
ical strength (HV 8.0 GPa, K1C 3.0 MPa m1/2) of transparent 
glass-ceramic material, it is necessary to provide the following con-
ditions during low-temperature heat treatment: 
— the metastable phase separation of glass by the spinodal mecha-
nism in the glass-transition interval; 
— the formation of a developed droplet biframe structure near the 
softening point in a short period of time ( 1 h); 
— the formation of evenly distributed crystalline nuclei in the 
amount of (1012–1015)/cm3 in the pre-crystallization period; 
— the formation of a significant number of crystals 50 vol.% at 
the temperature crystallization; 
— the inhibition of crystal growth due to high viscosity 108 Pa s; 
— the formation of a self-organized sitallized nanostructured tex-
ture of glass with the size of spinel crystals 200 nm. 
 Taking into account the specified criteria to the glass matrix, 
compositions with PSK marking in the magnesium–aluminosilicate 
system, which are characterized by a certain content of glass-
forming, phase-forming, modifying components and crystallization 
catalysts (Table 1), were designed with the aim of forming spinel as 
a crystalline phase that provides high light transmission and me-
chanical strength. 
 The choice of phase-forming components in the composition of 
magnesium–aluminosilicate glasses was based on the classical prin-
ciples of the sitallized-structure formation of materials and the re-
sults of previous developments [18]. In addition, the liquid phase-
separation of glass can give an opportunity to control the glass 
properties and obtain new unique optical materials [20]. Traditional-
ly, to ensure the nucleation and the formation of crystalline phases 
in the region of lower temperatures, ZnO is introduced into the 
glass composition, which, along with CeO2 and P2O5, will contribute 
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to the phase separation of glass and the formation of a nanodis-
persed structure of glass during its heat treatment. The propensity 
for phase separation of the experimental glasses is determined by 
the presence of B2O3, refractory compounds Al2O3 and ZrO2, and the 
regulated content of CaO, MgO, SrO, and BaO [18]. As the ionic ra-
dius increases in the series MgO CaO SrO BaO, the degree of 
liquid-phase separation decreases. 
 It is known that the crystallization temperatures (Tc) of liquid 
MAS system decreased with the addition of B2O3 or P2O5 from 764 Ñ 
to 726 Ñ and 764 Ñ to 750 Ñ, respectively [21]. In order to increase 
the refractive index of the glass phase, zirconium oxide was intro-
duced as a crystallization catalyst. According to Ref. [22], the vis-

TABLE 1. Features of the chemical composition of the PSK series experi-
mental glasses and the crystalline-phase content after heat treatment at 
temperatures of 850 C and 1000 C for 2 hours. 
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cosity of the glass melt of the MAS system increases with an in-
crease in the concentration of ZrÎ2 and CeO2; so, they were intro-
duced to increase the transparency of the glass. 
 Experimental glasses with PSK marking in the chosen system 
were melted in corundum crucibles at temperatures of 1600–1650 C 
in condition of oxidising atmosphere. 

2.3. Study of the Crystallization Nature of Experimental Glasses 
under Heat Treatment in Relation to Their Light Transmission and 
Crack Resistance 

In order to determine the possibility of spinel crystallization, exper-
imental glasses were treated at the temperatures of nucleation 
(Ò1 850 Ñ) and crystal growth (Ò2 1000 Ñ) for 2 hours at each 
stage, which were chosen based on the results of previous studies of 
the crystallization ability of magnesium–aluminosilicate glasses [12, 
17, 18]. After heat treatment, the light-transmission index for 
PSK-7 glass-ceramics is of 50%; for PSK-8, PSK-9, PSK-11, it is of 
70%, and for PSK-10, it is of 72% and is due to the type (Table 1) 
and the content of the crystalline phase, which was determined us-
ing scanning electron microscopy. To obtain optically transparent 
glass-ceramic materials with high-strength characteristics, which 
are distinguished by a high crystalline-phase content of 80 vol.% 
and crystal size of 0.4 μm, an important condition is the optimiza-
tion of the heat-treatment mode of the experimental glasses. 
 The mechanism of nucleation and crystallization of PSK-7 and 
PSK-10 glasses, which were previously heat-treated at the ‘manifes-
tation’ temperature (Tmanif), namely, at 800 C for 1 hour with sub-
sequent holding at temperatures of 850 C, 900 C, 950 C, and 
1000 C (Table 2) for 2 hours, were studied to optimize the heat-
treatment regime. The ‘manifestation’ method is based on the crys-
tal growth at the temperature Tmanif, which originated under heat 
treatment at lower temperatures. The application of this method is 
especially valuable for designing the regime of heat treatment of 
transparent glass-ceramic materials, for which the presence and 
content of the crystalline phase cannot be determined using tradi-
tional methods of gradient–thermal and petrographic methods of 
analysis and temperatures of crystal formation and growth (Fig. 1). 
 The influence of the preliminary heat treatment of PSK-7 and 
PSK-10 glasses at Tmanif 850 Ñ made it possible to confirm that the 
pre-crystallization treatment allows to intensify the crystallization 
and to form a sitallized structure with a crystalline-phase content 
of 80 vol.%. An important manifestation of the possible phase sep-
aration with subsequent nucleation in glasses is the presence of 
opalescence already at 850 Ñ. This character of phase formation is 
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confirmation of the existence of precrystallization liquation and the 
formation of an optically transparent crystallized structure of PSK-
10 glass in the temperature range of 850–900 C. The presence of a 
crystalline phase in this temperature range is evidenced by the sig-
nificant content of the crystalline phase at 1000 C. For PSK-7 glass 
in the temperature range of 850–900 C, there is opalescence, which 
indicates intensive nucleation and crystal growth already at 950 C. 
 Confirmation of the transparent sitallized-structure formation is 
a change in the crack resistance of the experimental materials from 
1.5 MPa m1/2 under heat treatment in the temperature range of 
800–850 Ñ, when the glasses retain their amorphous structure, to 
4.0–4.8 MPa m1/2 under heat treatment in the temperature range of 
950–1000 C, when a sitallized structure forms in the glass. Some 
decrease in the crack-resistance index at a temperature of 1000 C 
for PSK-10 indicates the crystal growth and destrengthening of the 
glass structure. In general, the developed glass-ceramic materials 
are characterized by a higher coefficient of crack resistance com-
pared to spinel-based ceramic materials ( 2.0 MPa m1/2) [22], that is 
possible due to the formation of nanostructured glass. 

TABLE 2. The crystallization ability and the crack resistance of experi-
mental glasses PSK-7 and PSK-10, which were previously ‘manifested’ at a 
temperature of 800 C for 1 hour. 
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2.4. Study of Structure Formation 

The structure of PSK-7 and PSK-10 glasses at characteristic tem-
peratures was studied to determine the features of phase formation 
of glasses in relation to performance properties. According to the 
results of electron microscopy, the PSK-7 glass material at 
t1 800 Ñ ( 1 h) represents a multiphase system formed from a 
mother glass with spherulites with well-defined boundaries  100 
nm in size (Fig. 1, a, I), which combine into agglomerates and rib-
bons on the general background of nanoinhomogeneities with a size 
of 10–50 nm (Fig. 1, b, II), which may be nuclei of crystallization. 
The uniformity of the distribution of inhomogeneities in the entire 
volume of 50 vol.% is characteristic. The glass material PSK-10, 

   
                a                                  b                                c 

   
                 d                                e                                f 

  
                                g                                   h 

Fig. 1. Structure of experimental glass-ceramic materials after heat treat-
ment: a—PSK-7, b—PSK-10 at 800 Ñ; c—PSK-7, d—PSK-10 at 850 Ñ; e 
PSK-7, f—PSK-10 at 900 Ñ; g—PSK-10, h—PSK-7 at 950 Ñ. 
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which was treated according to the same regime, is characterized by 
an increase of up to 80 vol.% in the number of spherical inhomoge-
neities with sizes of 50–100 nm, which are formed based on 
nanoinhomogeneities with sizes of 10–20 nm. The formation of a 
significant number of spherulites is an important condition that 
prevents the further crystal growth with increasing temperature, 
which can lead to a decrease in light transmission. 
 When the temperature is increased to t2 850 Ñ for the PSK-7 
glass material, there is a slight increase in nanoinhomogeneities in 
the glass structure and their combination in ridges with a size of 
100–200 nm (Fig. 1, c, II), and the formation of crystallization nu-
clei on their faces. The difference in the formation of the structure 
at the initial stages of nucleation for PSK-10 glass material is the 
increase in the number and the decrease in the size of spherical in-
homogeneities with sizes of 50–100 nm (Fig. 1, d, II), which form a 
single interconnected structure. The crystal growth is a characteris-
tic difference of phase separation by the spinodal mechanism, which 
is manifested in the merging into druses and the coarsening of ag-
gregates (Fig. 1, d, III), when the temperature is increased to 
t3 900 Ñ (Fig. 1, e, f, III). The formation of quartz-like solid solu-
tions and matrix magnesium–aluminosilicate glass are close. 
 Therefore, in the formed heterogeneous system, sharp boundaries 
of separation of two phases are not formed that is important for 
ensuring the light transmission of the material due to the approxi-
mation of the refractive indices of the crystalline and glass phases. 
The dissipative structure of experimental glasses at the stages of 
nucleation is the main reason for the formation of spinel crystals of 
an octahedral habit already at t4 950 Ñ (Fig. 1, g, I). A character-
istic feature of PSK-10 glass material is the uniform nature of the 
distribution of nanocrystals of 50 nm size with a content of  80 
vol.% in the residual glass phase (Fig. 1, g, III), which is decisive 
for ensuring high strength and optical indicators of the glass mate-
rial. For PSK-7 glass material, some clusters 200 nm are observed 
against the background of nanosize crystals (Fig. 1, h, III), which 
can lead to crystal growth and loss of transparency. 
 The study of the curves of small-angle x-ray scattering (SAXS) 
phase analysis of PSK-10 and PSK-7 glasses allows us to trace in 
detail the process of phase separation and nanostructure formation 
depending on the heat-treatment temperature (Fig. 2). 
 A significant increase in the intensity I( ) of SAXS and, accord-
ingly, the values of the mean square of the difference in the elec-
tron densities of the coexisting phases is observed before the ap-
pearance of crystalline phases recorded by the x-ray diffraction 
method (XRD). The formation of a nanoinheterogeneous structure 
at the initial stages of nucleation is associated with the processes of 
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metastable liquid-type phase separation. A weakly expressed maxi-
mum is observed on the curves of the SAXS of the initial glasses, 
which indicates the presence of inhomogeneities—sybotaxic groups 
after the glass melting (Fig. 2, curves 1, 2). 
 In the process of heat treatment, an increase in the intensity of 
the SAXS and a sharpening of the maximum on the SAXS curves 
with the highest peak for PSK-10 (Fig. 2, curves 7, 8) were ob-
served. This character of SAXS is usually observed with the spi-
nodal mechanism of phase separation, which is associated with the 
regularity of the distribution of the concentration of the compo-
nents of the phase that is formed and occurs in the early stages of 
decomposition. After heat treatment at 800 Ñ, the SAXS curves 
(Fig. 2, curves 3, 4) have two maxima each, which indicate the co-
existence of two types of inhomogeneity regions: for PSK-10 glass, 
a significant number of nanoinhomogeneities is observed near the 
scattering angle of 50 min, while, for PSK-7, nanoinhomogeneities 
are concentrated at higher scattering angles near 100 min. 
 The areas under the curves make it possible to estimate their part 
in the total volume of the inheterogeneous sample. The observed 
bidispersity results from metastable separation. 
 When the processing temperature is increased to 850 Ñ, the ten-
dency to bidispersity is observed after high-temperature heat treat-
ments at the stage of relative stability of the structure (Fig. 2, 
curve 5). This means that a relatively stable state of the structure 

 

Fig. 2. Dependence of I( ) on  (SAXS) during heat treatment of PSK-10 
and PSK-7 glasses in the area of metastable liquation and nucleation: 1, 
2—initial glasses PSK-10 and PSK-7; 3, 4—PSK-10 and PSK-7 glasses af-
ter heat treatment at a temperature of 800 C; 5, 6—PSK-10 and PSK-7 
glasses after heat treatment at a temperature of 850 C; 7, 8—PSK-10 and 
PSK-7 glasses after heat treatment at a temperature of 900 C. 
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is achieved at each temperature under the conditions of long-term 
heat treatment. Thus, in PSK-10 glass, the values and sizes of re-
gions of inhomogeneity grow rapidly up to 850 C and change uni-
formly at higher temperatures. When the temperature rises to 
900 C for PSK-10 glass, the presence of only one phase is recorded, 
while the structure remains stable (Fig. 2, curve 7). This may be as-
sociated with an increase in the viscosity of the silicate matrix dur-
ing the separation of phases containing magnesium and aluminium 
oxides, i.e., with a kinetic inhibition of the phase growth process. 
Therefore, this structural stability of PSK-10 glass determines the 
formation of its nanoscale structure during further heat treatment 
and ensuring high light transmission. For the composition of PSK-
7, the SAXS curves have a gentler slope, which indicates an in-
crease in the size of nanoinhomogeneities and the manifestation of 
monodispersity, when the temperature is increased to 850 Ñ (Fig. 2, 
curve 6), that leads to the crystal growth at a temperature of 900 Ñ 
(Fig. 2, curve 8) and the decrease in light transmission (Table 2). 
 Therefore, in the temperature range of 800–850 Ñ, which pre-
cedes the crystallization of glass, the metastable liquation immisci-
bility by the mechanism of spinodal decomposition is observed, 
which will allow the formation of a finely dispersed structure of 
glass during heat treatment. Keeping the bidispersity of the system 
in this interval leads to the structural stability of the glass and the 
kinetic inhibition of the phase-growth process. The regular nature 
of the distribution of nanocrystals in the residual glass phase leads 
to interference effects in scattering x-rays and visible light that al-
lows obtaining a highly transparent glass-ceramic material. 
 Taking into account the conducted research and previous studies 
on the development of transparent glass-ceramic materials, the fol-
lowing heat-treatment mode was chosen for obtaining transparent 
nanostructured spinel-containing glass-ceramic materials: (I stage—
T 800 C, 60.0 min; II stage—T 900 Ñ, 30 min; III stage—
T 950 Ñ, 5 min). 
 A transparent nanostructured sitall based on PSK-10 glass with 
content of 50 vol.% of spinel crystals, which is characterized by 
light transmission of 72% and a stress-intensity index of 4.8 
MPa m1/2, allows it to be considered promising in obtaining of opti-
cal materials for laser technology. 

4. CONCLUSIONS 

The main criteria for ensuring high light transmission and, at the 
same time, mechanical strength of the magnesium–aluminosilicate 
glass-ceramic material by forming a self-organized sitallized 
nanostructured glass texture with a size of spinel crystals of 50 nm 
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under conditions of low-temperature heat treatment have been de-
termined. 
 The peculiarities of the formation of optically transparent 
nanostructured spinel-containing glass-ceramic materials have been 
established. They consist in: the formation of two types of inhomo-
geneities with sizes of 10–50 nm and 50–100 nm based on sybotaxic 
groups by phase separation via the spinodal mechanism (Ò 800 C); 
stimulation of nucleation during the combination of bidisperse 
spherulites in the ridge (Ò 850 Ñ) and the stabilization of the 
nanostructure by limiting the growth of monodisperse spherulites 
and their fusion into druses (Ò 900 C); the formation of a dissipa-
tive sitallized structure (Ò 950 Ñ) due to nanostructuring with the 
presence of spinel of an octahedral habit with a size of 50 nm and 
a content of 50 vol.% in the residual glass phase, which is deci-
sive for ensuring high strength and optical indicators of the glass 
material. 
 The technological parameters for obtaining of a transparent 
glass-ceramic material based on spinel were selected (stage I—
T 800 Ñ, 60.0 min; stage II—T 900 Ñ, 30 min; stage III—
T 950 Ñ, 5 min) and a transparent nanostructured sitall with a 
content of 80 vol.% of spinel crystals, with a light transmission of 
72% and a stress-intensity index of 4.8 MPa m1/2 as a basis for 
functional elements of optics and laser technology was developed. 
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Êîáàëüò- ³ êàðáîíàòâì³ñí³ ôîñôàòè Êàëüö³þ: ñèíòåçà ³ äîñë³äæåííÿ 

Í. Þ. Ñòðóòèíñüêà1, Î. Ì. Áåáêåâè÷1, ². Ä. Æèëÿê2, Ì. Ñ. Ñëîáîäÿíèê1 

1Êè¿âñüêèé íàö³îíàëüíèé óí³âåðñèòåò ³ìåí³ Òàðàñà Øåâ÷åíêà,  
 âóë. Âîëîäèìèðñüêà, 64/13,  
 01601 Êè¿â, Óêðà¿íà 
2Óìàíñüêèé íàö³îíàëüíèé óí³âåðñèòåò ñàä³âíèöòâà,  
 âóë. ²íñòèòóòñüêà, 1,  
 20305 Óìàíü, Óêðà¿íà 

Íàíî÷àñòèíêè Êîáàëüò- ³ êàðáîíàòâì³ñíèõ Êàëüö³é-ôîñôàò³â àïàòèòîâî-
ãî òèïó òà á³ôàçíèõ Êàëüö³é-ôîñôàò³â (ñóì³ø ôàç íà îñíîâ³ ã³äðîêñèà-
ïàòèòó Ñà10(ÐÎ4)6(ÎÍ)2 ³ -òðèêàëüö³é-ôîñôàòó -Ñà3(ÐÎ4)2) ñèíòåçîâàíî ç 
âîäíèõ ðîç÷èí³â ñèñòåìè Ña2 –Ño2 –PO4

3 –CO3
2 –NO3  çà ìîëüíèõ ñï³â-

â³äíîøåíü Ña2 :Ño2 :PO4
3 :CO3

2 (10 õ ó/2):õ:(6 ó):ó (x 0,05, 0,1, 
0,5, 1,0; ó 0, 0,5) çà ê³ìíàòíî¿ òåìïåðàòóðè ç ïîäàëüøèì íàãð³âàííÿì 
äî òåìïåðàòóðè ó 500 C. Ðîçì³ðè êðèñòàë³ò³â ó âñ³õ âèïàäêàõ, íåçàëåæ-
íî â³ä ñêëàäó âèõ³äíîãî ðîç÷èíó, º áëèçüêî 30 íì. Ðîçðàõîâàí³ ïàðàìåò-
ðè êîì³ðîê äëÿ ñèíòåçîâàíèõ Êàëüö³é-ôîñôàò³â (ãåêñàãîíàëüíà ñèí´î-
í³ÿ, ïðîñòîðîâà ãðóïà Ð63/m) çìåíøóþòüñÿ â ì³ðó çá³ëüøåííÿ ê³ëüêîñòè 
êàò³îí³â Êîáàëüòó â ¿õíüîìó ñêëàä³, ùî ñâ³ä÷èòü ïðî ÷àñòêîâå çàì³ùåí-
íÿ àòîì³â Êàëüö³þ Êîáàëüòîì ó êàò³îíí³é ï³ä´ðàòíèö³ àïàòèòîâîãî òèïó. 
Ðåçóëüòàòè ²×-ñïåêòðîñêîï³¿ ï³äòâåðäæóþòü ðåàë³çàö³þ ÷àñòêîâîãî çà-
ì³ùåííÿ ôîñôàò-àí³îíó êàðáîíàòíèìè ãðóïàìè (Á-òèï) ó ñòðóêòóð³ ã³ä-
ðîêñèàïàòèòó. Îäåðæàí³ ðåçóëüòàòè ìîæóòü áóòè âèêîðèñòàí³ ó ðîçðîá-
êàõ íàíîìàòåð³ÿë³â ð³çíîãî ïðèçíà÷åííÿ íà îñíîâ³ ëå´îâàíèõ êàò³îíàìè 
Êîáàëüòó (äî 3 ìàñ.%) Êàëüö³é-ôîñôàò³â àïàòèòîâîãî òèïó. 

Nanoparticles of cobalt and carbonate-containing calcium phosphates with 
apatite-type structure as well as biphasic calcium phosphates (a mixture 
of phases based on hydroxyapatite Ca10(ÐÎ4)6(ÎÍ)2 and -tricalcium phos-
phate -Ca3(ÐÎ4)2) are obtained from aqueous solutions of the Ña2 –Ño2 –
PO4

3 –CO3
2 NO3  system at the molar ratio Ña2 :Ño2 :PO4

3 :CO3
2  

 (10 õ ó/2):õ:(6 ó):ó (x 0.05, 0.1, 0.5, 1.0; ó 0, 0.5) at room tem-
perature with subsequent heating to a temperature of 500 C. The size of 
the crystallites in all cases, regardless of the composition of the initial 
solution, is close to 30 nm. The calculated cell parameters for synthesized 
calcium phosphates (hexagonal system, space group P63/m) decrease as 
the amount of cobalt cations in their composition increases. This fact in-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 749–757 
https://doi.org/10.15407/nnn.23.03.0749 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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dicates partial substitution of calcium atoms by cobalt ones in the cation 
sublattice of apatite-type structure. The results of FTIR spectroscopy con-
firm the partial substitution of the phosphate anion by carbonate groups 
(B type) in the hydroxyapatite structure. The obtained results can be used 
in the development of nanomaterials for various purposes based on apa-
tite-related calcium phosphates doped with cobalt cations (up to 3 wt.%). 

Êëþ÷îâ³ ñëîâà: ã³äðîêñèàïàòèò, á³ôàçíèé Êàëüö³é-ôîñôàò, Êîáàëüò, 
êàðáîíàò, ²×-ñïåêòðîñêîï³ÿ. 

Key words: hydroxyapatite, biphasic calcium phosphate, cobalt, carbonate, 
FTIR spectroscopy. 
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1. ÂÑÒÓÏ 

Êàëüö³é-ôîñôàòè àïàòèòîâîãî òèïó (ã³äðîêñèàïàòèò Ñà10(ÐÎ4)6(ÎÍ)2) 
é -òðèêàëüö³é ôîñôàò ( -Ñà3(ÐÎ4)2) òà ¿õí³ çàì³ùåí³ àíàëîãè 
ïðèâåðòàþòü çíà÷íèé ³íòåðåñ ó ðîçðîáêàõ ôóíêö³îíàëüíèõ ìàòå-
ð³ÿë³â ð³çíîãî ïðèçíà÷åííÿ — â³ä ìàòåð³ÿë³â äëÿ îðòîïåä³¿, ñòî-
ìàòîëîã³¿ [1–4] äî êàòàë³çàòîð³â â îðãàí³÷íèõ ñèñòåìàõ [5–8], ñî-
ðáåíò³â [9–10] ÷è ôîòîêàòàë³çàòîð³â [11–13]. Îäíèì ³ç åôåêòèâ-
íèõ ï³äõîä³â ùîäî âïëèâó íà ¿õí³ ôóíêö³îíàëüí³ âëàñòèâîñò³, çî-
êðåìà äëÿ â³äíîâëåííÿ ê³ñòêîâî¿ òêàíèíè, º ìîäèô³êóâàííÿ âèõ³-
äíî¿ ñòðóêòóðè êàò³îíàìè Zn2 , Cu2 , Ñî2 , Sr2 , Fe3 , ùî âïëèâà-
þòü íà ô³çèêî-õåì³÷í³ õàðàêòåðèñòèêè ìàòåð³ÿëó ÷è çàáåçïå÷ó-
þòü àíòèì³êðîáíó àêòèâí³ñòü [14–16]. 
 Ìåòîþ äàíî¿ ðîáîòè áóëî: âñòàíîâëåííÿ îñîáëèâîñòåé ôîðìó-
âàííÿ Êîáàëüò- ³ êàðáîíàòâì³ñíèõ Êàëüö³é-ôîñôàò³â ó ñèñòåì³ 
Ña2 –Ño2 –PO4

3 –CO3
2 –NO3  çà ìîëüíèõ ñï³ââ³äíîøåíü Ña2 :Ño2 :PO4

3 : 
:CO3

2 (10 õ ó/2):õ:(6 ó):ó (x 0,05, 0,1, 0,5, 1,0; ó 0, 0,5) â 
óìîâàõ îñàäæåííÿ ç âîäíîãî ðîç÷èíó ç ïîäàëüøèì â³äïàëîì çðà-
çê³â çà òåìïåðàòóðè ó 500 C, ç’ÿñóâàííÿ âïëèâó äîäàâàííÿ êàð-
áîíàòó ó âèõ³äíîìó ðîç÷èí³ íà ñêëàä îäåðæàíèõ ôàç. Ñèíòåçîâàí³ 
ìîäèô³êîâàí³ Êàëüö³é-ôîñôàòè àíàë³çóâàëè ìåòîäàìè ïîðîøêîâî¿ 
ðåíò´åíîãðàô³¿, ²×-ñïåêòðîñêîï³¿; îö³íåíî âïëèâ ìîäèô³êóâàííÿ 
Êàëüö³é-ôîñôàò³â íà ðîçì³ðè ¿õí³õ íàíî÷àñòèíîê. 

2. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ×ÀÑÒÈÍÀ 

Ñèíòåçà ôîñôàò³â. Âçàºìî÷èí ó ñèñòåì³ Ña2 –Ño2 –PO4
3 –CO3

2 –NO3  

äîñë³äæóâàëè, âàð³þþ÷è âì³ñò êàò³îí³â Êîáàëüòó òà äîäàþ÷è êàðáî-
íàò-àí³îíè çà ìîëüíèõ ñï³ââ³äíîøåíü Ña2 :Ño2 :PO4

3 :CO3
2 (10 õ):õ: 

:(6 ó):ó (x 0,05, 0,1, 0,5, 1,0; ó 0, 0,5). ßê âèõ³äí³ êîìïîíåíòè âè-
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êîðèñòîâóâàëè Ca(NO3)2 4H2O («÷.ä.à»), Ñî(NO3)2 4H2O («÷.ä.à»), 
(NH4)2ÍPO4 («÷.ä.à») ³ NH4ÍÑO3 («÷.ä.à»). Çã³äíî ç ìåòîäèêîþ åêñ-
ïåðèìåíòó çì³øóâàëè âîäí³ ðîç÷èíè, ùî ì³ñòèëè ðîçðàõîâàí³ ê³-
ëüêîñò³ í³òðàò³â Êàëüö³þ ³ Êîáàëüòó òà ôîñôàòó àìîí³þ àáî éîãî 
ñóì³ø³ ç ã³äðîêàðáîíàòîì àìîí³þ (ó âèïàäêó êàðáîíàòâì³ñíîãî 
ðîçð³çó) çà ê³ìíàòíî¿ òåìïåðàòóðè. Îäåðæàíó ãåòåðîôàçíó ñèñòå-
ìó ïåðåì³øóâàëè âïðîäîâæ 5 õâ ³ äîäàâàëè 3 ìë ðîç÷èíó àìîí³þ 
(25%) äëÿ äîñÿãíåííÿ ðÍ âèùå 10. Ñóì³ø ïåðåì³øóâàëè ùå 3 õâ 
³ â ïîäàëüøîìó íàãð³âàëè íà ï³ùàí³é áàí³ äî îäåðæàííÿ òâåðäîãî 
çàëèøêó. Ïîðîøêè ðåòåëüíî ïåðåòèðàëè òà íàãð³âàëè äî òåìïå-
ðàòóðè ó 500 C çà 2 ãîä. ç ³çîòåðì³÷íèì âèòðèìóâàííÿì 2 ãîä.; 
ï³ñëÿ îõîëîäæåííÿ äî ê³ìíàòíî¿ òåìïåðàòóðè ôîñôàòè ïîâòîðíî 
ïåðåòèðàëè é àíàë³çóâàëè. Ìóôåëüíó ï³÷ SNOL-7.2/1100 ç ðå´ó-
ëÿòîðîì Termo Pro-601 áóëî âèêîðèñòàíî äëÿ íàãð³âàííÿ çðàçê³â. 
Ìåòîäè äîñë³äæåííÿ. Ôàçîâèé ñêëàä ñèíòåçîâàíèõ çðàçê³â âñòà-
íîâëþâàëè çà ìåòîäîì ðåíò´åí³âñüêî¿ äèôðàêö³¿ íà ïîðîøêàõ. 
Äèôðàêòîãðàìè çàïèñàíî ç âèêîðèñòàííÿì ïîðîøêîâîãî äèôðàê-
òîìåòðà Shimadzu XRD-6000 (ìåòîä 2  áåçïåðåðâíîãî ñêàíóâàííÿ 
ç³ øâèäê³ñòþ ó 1 /õâ.; 2 5.0 …60.0 ; ãðàô³òîâèé ìîíîõðîìà-
òîð). ²äåíòèô³êàö³þ ôàç çä³éñíåíî øëÿõîì ïîð³âíÿííÿ åêñïåðè-
ìåíòàëüíèõ äèôðàêòîãðàì çðàçê³â ³ç äàíèìè ç áàçè ICDD (The 
International Centre for Diffraction Data). Ïàðàìåòðè åëåìåíòàð-
íî¿ êîì³ðêè ðîçðàõîâàíî ç âèêîðèñòàííÿì ïðîãðàìè FullProf. 
Åôåêòèâíèé ðîçì³ð íàíî÷àñòèíîê ðîçðàõîâàíî çà ôîðìóëîþ Øå-
ððåðà: L k /( cos hkl), äå k — êîåô³ö³ºíò, ùî äîð³âíþº 0,9,  — 
êóòîâå ðîçøèðåííÿ äèôðàêö³éíîãî ìàêñèìóìó (ó ðàä³ÿíàõ), ùî 
âèçíà÷àºòüñÿ ÿê øèðèíà ìàêñèìóìó íà ïîëîâèí³ éîãî âèñîòè, hkl 
— êóòîâå ïîëîæåííÿ äèôðàêö³éíîãî ìàêñèìóìó. Àí³îííèé ñêëàä 
ôîñôàò³â ï³äòâåðäæåíî ìåòîäîì ²×-ñïåêòðîñêîï³¿. ²íôðà÷åðâîí³ 
ñïåêòðè çàðåºñòðîâàíî ó ä³ÿïàçîí³ 400–4000 ñì 1 ç âèêîðèñòàí-
íÿì ñïåêòðîìåòðà PerkinElmer Spectrum BX äëÿ çðàçê³â, çàïðå-
ñîâàíèõ ó òàáëåòêè ç KBr. 

3. ÐÅÇÓËÜÒÀÒÈ ÒÀ ¯Õ ÎÁÃÎÂÎÐÅÍÍß 

Îñîáëèâîñò³ ôîðìóâàííÿ Êîáàëüò- ³ êàðáîíàòâì³ñíèõ Êàëüö³é-
ôîñôàò³â ó ñèñòåì³ Ña2 –Ño2 –PO4

3 –CO3
2 –NO3  äîñë³äæåíî çà ð³ç-

íèõ ê³ëüêîñòåé Êîáàëüòó ó âèõ³äíîìó ðîç÷èí³ (ìîëüíå ñï³ââ³äíî-
øåííÿ Ña2 /Ño2 (10 õ)/õ, äå x 0,05, 0,1, 0,5, 1,0) áåç äîäà-
âàííÿ êàðáîíàòó (ìîëüíå ñï³ââ³äíîøåííÿ (Ña2 Ño2 )/PO4

3 1.67) 
÷è ó ðîçð³ç³ ìîëüíîãî ñï³ââ³äíîøåííÿ PO4

3 /ÑO3
2 11, ùî ïåðåä-

áà÷àëî ðåàë³çàö³þ ÷àñòêîâîãî ³çîâàëåíòíîãî çàì³ùåííÿ 
(Ña2 Ño2 ) â êàò³îíí³é ï³ä´ðàòíèö³ òà êîìá³íîâàíîãî çàì³ùåííÿ 
(Ña2 PO4

3 Ño2 ÑO3
2 ) ó êàò³îíí³é ³ àí³îíí³é ï³ä´ðàòíèöÿõ ã³-

äðîêñèàïàòèòó Ñà10(ÐÎ4)6(ÎÍ)2 â³äïîâ³äíî. 
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 Çà äàíèìè ðåíò´åí³âñüêî¿ äèôðàêö³¿ íà ïîðîøêàõ âñòàíîâëåíî 

âïëèâ ñï³ââ³äíîøåíü âèõ³äíèõ êîìïîíåíò³â íà ôàçîâèé ñêëàä îäå-
ðæàíèõ ïðîäóêò³â âçàºìî÷èíó (òàáë., ðèñ. 1). Ó âèïàäêó áåçêàðáî-
íàòíèõ ðîç÷èí³â çà ìîëüíèõ ñï³ââ³äíîøåíü Ña2 /Ño2 (10 õ)/õ, äå 

x 0,05, 0,1 ³ 0,5, ôîðìóþòüñÿ ìîäèô³êîâàí³ Êàëüö³é-ôîñôàòè 
àïàòèòîâîãî òèïó (ðèñ. 1, à, á, â), à çà Ña2 /Ño2 1,0 îäåðæàíî 
á³ôàçíèé êîìïîçèò — ñóì³ø ôàç íà îñíîâ³ -Ñà3(ÐÎ4)2 (â³òëîê³òî-
âèé ñòðóêòóðíèé òèï) ³ Ñà10(ÐÎ4)6(ÎÍ)2 (àïàòèòîâèé òèï) ó ìàñî-
âîìó ñï³ââ³äíîøåíí³ 50:50. Öå ìîæå âêàçóâàòè íà ìåæ³ çàì³ùåí-
íÿ Êàëüö³þ ìåíøèì çà ðîçì³ðîì êàò³îíîì Êîáàëüòó, ùî ìîæå 
ðåàë³çîâóâàòèñÿ ç³ çáåðåæåííÿì ñòðóêòóðè àïàòèòîâîãî òèïó. 
 Ó âèïàäêó äîäàâàííÿ êàðáîíàòó ó âèõ³äíèé ðîç÷èí äëÿ ñèñòåìè 

Ña2 –Ño2 –PO4
3 –CO3

2 –NO3  çà ñï³ââ³äíîøåííÿ PO4
3 /ÑO3

2 11 ôà-
çîâèé ñêëàä ïðîäóêò³â âçàºìî÷èíó íå çì³íþºòüñÿ çà âèêëþ÷åí-
íÿì ðîç÷èíó, ùî ì³ñòèâ íàéá³ëüøó ñåðåä äîñë³äæåíèõ ðîç÷èí³â 
ê³ëüê³ñòü Êîáàëüòó, äëÿ ÿêîãî âèÿâëåíî çá³ëüøåííÿ âì³ñòó ôàçè 
íà îñíîâ³ Ñà10(ÐÎ4)6(ÎÍ)2 äî 75 ìàñ.%, íà â³äì³íó â³ä ðîç÷èíó áåç 
äîäàâàííÿ êàðáîíàòó (ðèñ. 2, ã, òàáë.). 
 Ðåíò´åíîãðàìè ìîíîôàçíèõ çðàçê³â ³íäåêñîâàíî ó ãåêñàãîíàëü-
í³é ñèí´îí³¿ ç ïðîñòîðîâîþ ãðóïîþ Ð63/m (ôàçà íà îñíîâ³ 
Ñà10(ÐÎ4)6(ÎÍ)2 — PDF2 #01-089-6495; ðèñ. 1, à–â òà ðèñ. 2, à–â); 

ÒÀÁËÈÖß. Ðåçóëüòàòè ñòîñîâíî ôàçîâîãî ñêëàäó òà ðîçðàõîâàí³ ïàðà-
ìåòðè åëåìåíòàðíî¿ êîì³ðêè äëÿ ñèíòåçîâàíèõ ôîñôàò³â ó ñèñòåìàõ 
Ca2 –Ñî2 –PO4

3 –NO3  ³ Ca2 –Ñî2 –PO4
3 –CO3

2 –NO3 .1 

Ìîëüíå ñï³ââ³äíîøåííÿ Òèïè ôàç 

Ïàðàìåòðè  
åëåìåíòàðíî¿  

êîì³ðêè 
à, Å c, Å 

Ñèñòåìà Ca2 –Ñî2 –PO4
3 NO3

 

Ña2+–Ño2 –PO4
3  

Ñà10(ÐÎ4)6(ÎÍ)2 

 
9,95:0,05:6 9.416(8) 6.883(7) 
9,9:0,1:6 9.414(2) 6.877(8) 
9,5:0,5:6 9.413(1) 6.863(1) 

9:1,0:6 
-Ñà3(ÐÎ4)2 (50 ìàñ.%)  

Ñà10(ÐÎ4)6(ÎÍ)2 (50 ìàñ.%) 
10.396(3) 37.371(2) 
9.413(2) 6.871(2) 

Ñèñòåìà Ca2 –Ñî2 –PO4
3 –ÑO3

2 –NO3  
Ca2+:Ñî2+:PO4

3 :ÑO3
2  

Ñà10(ÐÎ4)6(ÎÍ)2 

 
9,7:0,05:5,5:0,5 9.418(3) 6.872(5) 
9,65:0,1:5,5:0,5 9.410(9) 6.869(9) 
9,25:0,5:5,5:0,5 9.392(1) 6.867(3) 

8,75:1,0:5,5:0,5 
-Ñà3(ÐÎ4)2 (25 ìàñ.%)  

Ñà10(ÐÎ4)6(ÎÍ)2 (75 ìàñ.%) 
10.391(2) 37.369(3) 
9.424(9) 6.878(2) 
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ðîçðàõîâàí³ ïàðàìåòðè åëåìåíòàðíèõ êîì³ðîê íàâåäåíî ó òàáë. 
Àíàë³çà îäåðæàíèõ äàíèõ âèÿâèëà, ùî äëÿ Êàëüö³é-ôîñôàò³â, 
ñèíòåçîâàíèõ ç âîäíèõ ðîç÷èí³â áåç äîäàâàííÿ êàðáîíàò-àí³îíó 
(ñèñòåìà Ña2 Ño2 PO4

3 –NO3 ) ó ì³ðó çá³ëüøåííÿ ê³ëüêîñòè êàò³-
îí³â Êîáàëüòó â³äì³÷àºòüñÿ çìåíøåííÿ ïàðàìåòð³â êîì³ðêè — â 
á³ëüø³é ì³ð³ ïàðàìåòðà c ó ïîð³âíÿíí³ ç â³äïîâ³äíèìè ïàðàìåò-
ðàìè a 9,435(5) Å, c 6,890(1) Å äëÿ ôàçè Ñà10(ÐÎ4)6(ÎÍ)2, ùî 
ï³äòâåðäæóº ðåàë³çàö³þ ÷àñòêîâîãî çàì³ùåííÿ êàò³îí³â Êàëüö³þ 
ìåíøèìè çà ðîçì³ðàìè êàò³îíàìè Êîáàëüòó. Ó âèïàäêó ôîñôàò³â, 
ñèíòåçîâàíèõ ç ðîç÷èí³â ç äîäàâàííÿì êàðáîíàò-àí³îíó, â³äì³÷åíî 
á³ëüø ³ñòîòíå çìåíøåííÿ ïàðàìåòð³â êîì³ðêè. 
 Ó çðàçêàõ, ñèíòåçîâàíèõ ç ðîç÷èí³â, ùî ì³ñòèëè íàéá³ëüøó ê³ëü-
ê³ñòü êàò³îí³â Co çà ñï³ââ³äíîøåíü Ña2 –Ño2 –PO4

3 9:1,0:6 ³ Ña2 –
Ño2 –PO4

3 –CO3
2 8,75:1,0:5,5:0,5, îêð³ì ôàçè íà îñíîâ³ C-

a10(PO4)6(OÍ)2, ôîðìóºòüñÿ ôàçà íà îñíîâ³ -Ñà3(ÐÎ4)2, ùî íàëåæèòü 

äî òðèãîíàëüíî¿ ñèí´îí³¿ (ïðîñòîðîâà ãðóïà R 3c — PDF2 #00-070-
2065) (ðèñ. 1, ã, ðèñ. 2, ã). Ðîçðàõóíîê ïàðàìåòð³â êîì³ðêè äëÿ 

îñòàííüî¿ òà ïîð³âíÿííÿ ¿õ ç ïàðàìåòðàìè íåçàì³ùåíîãî -Ñà3(ÐÎ4)2 

(à 10,429(8) Å, c 37,380(1) Å) ñâ³ä÷àòü ïðî ðåàë³çàö³þ ÷àñòêîâîãî 

çàì³ùåííÿ Ca êàò³îíîì Co ó ñòðóêòóð³ -Ñà3(ÐÎ4)2 (òàáë.). 

  
à      á 

  
â      ã 

Ðèñ. 1. Ðåíò´åíîãðàìè çðàçê³â, ñèíòåçîâàíèõ ó ñèñòåì³ Ca2 –Ñî2 –PO4
3 –

NO3  çà ìîëüíèõ ñï³ââ³äíîøåíü: Ca2 :Ñî2 :PO4
3 (10 õ):õ:6 äëÿ x 0,05 

(à), 0,1 (á), 0,5 (â) é 1,0 (ã) ³ íàãð³òèõ äî 500 C. ²íäåêñàö³ÿ ôàçè àïàòè-
òîâîãî òèïó Ca10(PO4)6(OH)2 (PDF2 #00-089-6495) — âåðòèêàëüí³ ë³í³¿ 
÷îðíîãî êîëüîðó, à ôàçè íà îñíîâ³ -Ñà3(ÐÎ4)2 (PDF2 #00-070-2065) — 
âåðòèêàëüí³ ë³í³¿ ñ³ðîãî êîëüîðó.2 
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à      á 

  
â      ã 

Ðèñ. 2. Ðåíò´åíîãðàìè çðàçê³â, ñèíòåçîâàíèõ ó ñèñòåì³ Ca2 –Ñî2 –PO4
3 –

CO3
2 –NO3  çà ìîëüíèõ ñï³ââ³äíîøåíü: Ca2 :Ñî2 :PO4

3 :CO3
2 (9,75–

õ):õ:5,5:0,5 äëÿ x 0,05 (à), 0,1 (á), 0,5 (â) é 1,0 (ã), íàãð³òèõ äî 500 C. 
²íäåêñàö³ÿ ôàçè àïàòèòîâîãî òèïó Ca10(PO4)6(OH)2 (PDF2 #00-089-6495) 
— âåðòèêàëüí³ ë³í³¿ ÷îðíîãî êîëüîðó, à ôàçè íà îñíîâ³ -Ñà3(ÐÎ4)2 
(PDF2 #00-070-2065) — âåðòèêàëüí³ ë³í³¿ ñ³ðîãî êîëüîðó.3 

 
à      á 

Ðèñ. 3. ²×-ñïåêòðè ìîäèô³êîâàíèõ Êàëüö³é-ôîñôàò³â, ñèíòåçîâàíèõ ó ñèñ-
òåìàõ (à) Ca2+–Ñî2 –PO4

3 –NO3  (ìîëüí³ ñï³ââ³äíîøåííÿ Ca2 :Ñî2 :PO4
3

 

(10 õ):õ:6) ³ (á) Ca2+–Ñî2+–PO4
3 –CO3

2 –NO3  (ìîëüí³ ñï³ââ³äíîøåííÿ 

Ca2+:Ñî2+:PO4
3 :CO3

2 (9,75 õ):õ:5,5:0,5), äå x 0,05 (êðèâà 1), 0,1 (êðèâà 

2), 0,5 (êðèâà 3) é 1,0 (êðèâà 4), íàãð³òèõ äî 500 C.4 
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 Ðîçì³ð êðèñòàë³ò³â ìîäèô³êîâàíèõ Êàëüö³é-ôîñôàò³â àïàòèòî-
âîãî òèïó ðîçðàõîâóâàëè çà ôîðìóëîþ Äåáàÿ–Øåððåðà òà âñòàíî-
âèëè â³äñóòí³ñòü âïëèâó ñêëàäó âèõ³äíîãî ðîç÷èíó íà ðîçì³ðè 
ñèíòåçîâàíèõ ÷àñòèíîê. Ó âñ³õ âèïàäêàõ îäåðæàíî íàíî÷àñòèíêè 
ðîçì³ðàìè áëèçüêî 30 íì. 
 Â ²×-ñïåêòðàõ óñ³õ ñèíòåçîâàíèõ çðàçê³â ñïîñòåð³ãàþòüñÿ êî-
ëèâí³ ìîäè ôîñôàòíèõ òåòðàåäð³â çà 550–630 ñì 1 ( 4) ³ 990–1120 
ñì 1 ( 1 ³ 3) òà OH -ãðóïè çà 3480 ñì 1 ³ 600 ñì 1 (ðèñ. 3). Ñìóãà ó 
÷àñòîòí³é îáëàñò³ 3210–3600 ñì 1 â³äïîâ³äàº àäñîðáîâàí³é âîä³ òà 
ì³ñòèòü êîëèâàííÿ ÎÍ -ãðóïè ó ñòðóêòóð³ àïàòèòîâîãî òèïó. Ïî-
ëîæåííÿ êîëèâíèõ ìîä ó ÷àñòîòíèõ îáëàñòÿõ 1355–1490 ñì 1 ( 3) 
³ 880–890 ñì 1 ( 2) ñâ³ä÷èòü ïðî ðåàë³çàö³þ ÷àñòêîâîãî çàì³ùåííÿ 
ÐÎ4

3 ÑÎ3
2  (Á-òèï) ó ñòðóêòóð³ ã³äðîêñèàïàòèòó. 

4. ÂÈÑÍÎÂÊÈ 

Â ðåçóëüòàò³ âèêîíàííÿ ðîáîòè çä³éñíåíî ñèíòåçó ìîäèô³êîâàíèõ 
Êàëüö³é-ôîñôàò³â àïàòèòîâîãî òèïó (ãåêñàãîíàëüíà ñèí´îí³ÿ, ïðî-
ñòîðîâà ãðóïà Ð63/m) çàãàëüíèõ ñêëàä³â Ñà10 õÑîõ(ÐÎ4)6(ÎÍ)2 ³ 
Ñà9,75 õÑîõ(ÐÎ4)5,5(ÑÎ3)0,5(ÎÍ)2 (x 0,05, 0,1, 0,5) òà á³ôàçíèõ Êàëü-
ö³é-ôîñôàò³â ç ð³çíèì ìàñîâèì ñï³ââ³äíîøåííÿì ôàç íà îñíîâ³ 
Ca10(PO4)6(OÍ)2 ³ -Ñà3(ÐÎ4)2, ùî ì³ñòÿòü äî 6 ìàñ% Ñî2 . Âñòàíîâ-
ëåíî, ùî äîäàâàííÿ êàðáîíàòó ó âèõ³äíèé ðîç÷èí ó ñï³ââ³äíî-
øåíí³ PO4

3 :ÑO3
2 11:1 ñïðèÿº çá³ëüøåííþ âì³ñòó ôàçè íà îñíîâ³ 

ã³äðîêñèàïàòèòó Ca10(PO4)6(OÍ)2 â³ä 50 ìàñ.% (áåç äîäàâàííÿ êàð-
áîíàòó) äî 75 ìàñ.% ó ñêëàä³ á³ôàçíèõ Êàëüö³é-ôîñôàò³â. Ðîçðà-
õîâàí³ ïàðàìåòðè êîì³ðîê ñèíòåçîâàíèõ ôàç àïàòèòîâîãî òèïó º 
äåùî ìåíøèìè, í³æ â³äïîâ³äí³ äëÿ Ca10(PO4)6(OÍ)2, ùî ï³äòâåð-
äæóº ðåàë³çàö³þ çàì³ùåííÿ ó êàò³îíí³é òà àí³îíí³é ï³ä´ðàòíèöÿõ 
Êàëüö³é-ôîñôàòó. Ïîëîæåííÿ êîëèâíèõ ìîä êàðáîíàòíèõ ãðóï ó 
²×-ñïåêòðàõ ñèíòåçîâàíèõ ôîñôàò³â ñâ³ä÷àòü ïðî ðåàë³çàö³þ Á-
òèïó (ÐÎ4

3 ÑÎ3
2 ) çàì³ùåííÿ ó ñòðóêòóð³ ã³äðîêñèàïàòèòó. 

 Îäåðæàí³ ðåçóëüòàòè â ïîäàëüøîìó ìîæóòü áóòè êîðèñíèìè ó 
ðîçðîáêàõ åôåêòèâíèõ ôóíêö³îíàëüíèõ ìàòåð³ÿë³â íà îñíîâ³ íà-
íî÷àñòèíîê ìîäèô³êîâàíèõ êàò³îíàìè Êîáàëüòó Êàëüö³é-ôîñôàò³â 
ð³çíîãî ïðèçíà÷åííÿ, ó òîìó ÷èñë³ é êàòàë³çàòîð³â. 
 Ðîáîòó âèêîíàíî çà ô³íàíñîâî¿ ï³äòðèìêè Ì³í³ñòåðñòâà îñâ³òè ³ 
íàóêè Óêðà¿íè (ïðîºêò ¹0122U001959). 
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1 ÒABLE. Phase-analysis results and calculated cell parameters for obtained calcium phos-
phates in the Ca2 –Ñî2 –PO4

3 –NO3  and Ca2 –Ñî2 –PO4
3 –CO3

2 –NO3  systems. 
2 Fig. 1. XRD patterns for obtained samples in Ca2 –Ñî2 –PO4

3 –NO3  system at molar ratio 
Ca2 :Ñî2 :PO4

3 (10 õ):õ:6 (x 0.05 (à), 0.1 (á), 0.5 (â), 1.0 (ã)) and heated to 500 Ñ. Index-
ing was done with respect to data for Ca10(PO4)6(OH)2 (PDF2 No. 00-089-6495)—vertical black 
lines, and for -Ñà3(ÐÎ4)2 (PDF2 #00-070-2065)—vertical grey lines. 
3 Fig. 2. XRD patterns for obtained samples in Ca2 –Ñî2 –PO4

3 –CO3
2 –NO3  system at molar 
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ratio Ca2 :Ñî2 :PO4

3 :CO3
2 (9.75 õ):õ:5.5:0.5 (x 0.05 (à), 0.1 (á), 0.5 (â), 1.0 (ã)) and 

heated to 500 Ñ. Indexing was done with respect to data for Ca10(PO4)6(OH)2 (PDF2 No. 00-
089-6495)—vertical black lines, and for -Ñà3(ÐÎ4)2 (PDF2 #00-070-2065)—vertical grey 
lines. 
4 Fig. 3. FTIR spectra for modified calcium phosphates obtained in systems: (à) Ca2 –Ñî2 –
PO4

3 –NO3  (molar ratio Ca2 :Ñî2 :PO4
3 (10 õ):õ:6) and (á) Ca2 –Ñî2 –PO4

3 –CO3
2 –NO3

 

(molar ratio Ca2 :Ñî2 :PO4
3 :CO3

2 (9.75 õ):õ:5.5:0.5) (x 0.05 (curve 1), 0.1 (curve 2), 0.5 
(curve 3), 1.0 (curve 4)) and heated to 500 Ñ. 
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PACS numbers: 52.80.Mg, 52.80.Tn, 52.90.+z, 79.60.Jv, 81.15.Gh, 81.16.-c, 82.33.Xj 

Characteristics of the Pulse-Periodic Gas-Generating Source of Flows 

of Ultraviolet Radiation and Silver Sulphide Microstructures 

Î. K. Shuaibov, R. V. Hrytsak, O. Yo. Minya, A. O. Malinina, 
O. M. Malinin, Ì. Î. Marhitych, Î. V. Zubaka, and Ì. Ì. Feldii 

Uzhhorod National University,  
3, Narodna Str.,  
UA-88000 Uzhhorod, Ukraine 

The research results on the synthesis conditions of surface microstruc-
tures of silver sulphide from the plasma of an overvoltage nanosecond 
discharge (OND) between electrodes made of polycrystalline Ag2S com-
pound in helium are presented. The discharge is ignited in atmospheric-
pressure helium with a 2 mm-gap between the electrodes. Silver sulphide 
vapours are introduced into the He–Ag2S gas–vapour mixture by means of 
the ectonic mechanism. The voltage pulses, current, pulsed discharge 
power, and energy input into the plasma per pulse are studied at pulse 
repetition frequencies of 40–1000 Hz. Spectral and spatial characteristics 
of the OND are analysed. Using micro-Raman spectroscopy of laser-
radiation scattering, the Raman scattering spectra of thin films deposited 
from the OND plasma onto a quartz substrate located near the electrode 
system are investigated and analysed. Based on solving the stationary 
Boltzmann kinetic equation for the electron-energy distribution function, 
numerical modelling is performed for the plasma transport parameters, 
specific energy losses, and rate constants of electron processes as func-
tions of the parameter E/N, where E is the electric-field strength, and N 
is the total particle concentration in the working mixture. The discharge 
can be utilized as a source of bactericidal radiation, a source of silver sul-
phide microstructures, and as a plasma-chemical reactor for synthesizing 
corresponding thin films. 

Íàâåäåíî ðåçóëüòàòè äîñë³äæåííÿ óìîâ ñèíòåçè ïîâåðõíåâèõ ì³êðîñòðó-
êòóð ñóëüô³äó Àð´åíòóìó ç ïëàçìè ïåðåíàïðóæåíîãî íàíîñåêóíäíîãî 
ðîçðÿäó (ÏÍÐ) ì³æ åëåêòðîäàìè ç ïîë³êðèñòàë³÷íî¿ ñïîëóêè Ag2S â ãå-
ë³¿. Ðîçðÿä çàïàëþâàâñÿ â ãåë³¿ àòìîñôåðíîãî òèñêó çà â³ääàë³ ì³æ åëåê-
òðîäàìè ó 2 ìì. Ïàðè ñóëüô³äó Àð´åíòóìó âíîñèëèñÿ â ãàçîïàðîâó ñó-
ì³ø Íå–Ag2S çà ðàõóíîê åêòîííîãî ìåõàí³çìó. Äîñë³äæåíî ³ìïóëüñè 
íàïðóãè, ñòðóìó, ³ìïóëüñíà ïîòóæí³ñòü ðîçðÿäó, åíåðãåòè÷íèé âíåñîê ó 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 759–777 
https://doi.org/10.15407/nnn.23.03.0759 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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ïëàçìó çà îäèí ³ìïóëüñ çà ÷àñòîò ïîâòîðåííÿ ³ìïóëüñ³â ó 40–1000 Ãö. 
Äîñë³äæåíî ñïåêòðàëüí³ òà ïðîñòîðîâ³ õàðàêòåðèñòèêè ÏÍÐ. Ìåòîäîì 
ì³êðîðàìàí³âñüêî¿ ñïåêòðîñêîï³¿ ðîçñ³ÿííÿ ëàçåðíîãî âèïðîì³íåííÿ äî-
ñë³äæåíî òà ïðîàíàë³çîâàíî ñïåêòðè Ðàìàíîâîãî ðîçñ³ÿííÿ òîíêèõ ïë³-
âîê, ÿê³ áóëè îñàäæåí³ ç ïëàçìè ÏÍÐ íà êâàðöîâó ï³äêëàäèíêó, âñòàíî-
âëåíó á³ëÿ ñèñòåìè åëåêòðîä. Íà îñíîâ³ ð³øåííÿ ñòàö³îíàðíîãî Áîëüö-
ìàííîâà ê³íåòè÷íîãî ð³âíÿííÿ äëÿ ôóíêö³¿ ðîçïîä³ëó åëåêòðîí³â çà åíå-
ðã³ÿìè âèêîíàíî ÷èñëîâå ìîäåëþâàííÿ òðàíñïîðòíèõ ïàðàìåòð³â ïëàç-
ìè, ïèòîìèõ âòðàò åíåðã³¿ òà êîíñòàíò øâèäêîñòè åëåêòðîííèõ ïðîöåñ³â 
â çàëåæíîñò³ â³ä âåëè÷èíè ïàðàìåòðà E/N, äå Å — íàïðóæåí³ñòü åëåêò-
ðè÷íîãî ïîëÿ, N — ïîâíà êîíöåíòðàö³ÿ ÷àñòèíîê ó ðîáî÷³é ñóì³ø³. Ðîç-
ðÿä ìîæå áóòè âèêîðèñòàíèé ÿê äæåðåëî áàêòåðèöèäíîãî âèïðîì³íåííÿ 
òà äæåðåëî ì³êðîñòðóêòóð ñóëüô³äó Àð´åíòóìó, à òàêîæ ÿê ïëàçìîõåì³-
÷íèé ðåàêòîð ñèíòåçè â³äïîâ³äíèõ òîíêèõ ïë³âîê. 

Key words: overvoltage nanosecond discharge, silver sulphide, helium, 
radiation spectrum, Raman spectrum, thin film. 

Êëþ÷îâ³ ñëîâà: ïåðåíàïðóæåíèé íàíîñåêóíäíèé ðîçðÿä, ñóëüô³ä Àð´å-
íòóìó, ãåë³é, ñïåêòåð âèïðîì³íåííÿ, Ðàìàí³â ñïåêòåð, òîíêà ïë³âêà. 
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1. INTRODUCTION 

An overvoltage nanosecond discharge (OND) of atmospheric pres-
sure between electrodes made of transition metals (Cu, Zn, Fe, Al) 
and the CuInSe2 compound in air and oxygen was successfully used 
for the synthesis of surface micro-nanostructures of electrode mate-
rial on a solid substrate installed near the electrode system [1–4]. 
The introduction of vapours of the electrode material in these cases 
occurred due to microexplosions of natural inhomogeneities of the 
electrode surface in the form of nanopoints in a strong electric field 
(formation of ectons) [5]. The plasma of such a discharge was quite 
homogeneous in space even without prior ionization of the inte-
relectrode gap [6] and was a source ultraviolet radiation, therefore, 
the synthesis of these structural elements took place with the auto-
matic assistance of ultraviolet radiation, which can be promising 
for improving the characteristics of the synthesized structures, 
conditions of application of such films in solar batteries and other 
optoelectronic devices. 
 A windowless OND-based reactor in atmospheric pressure air be-
tween transition metal electrodes was effectively a source of UV ra-
diation streams and metal oxide nanoparticle streams that were au-
tomatically time-synchronized. 
 Therefore, it may be promising to use OND in inert gases at at-
mospheric pressure and for the synthesis of surface structures 
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based on superionic conductors such as Ag2S, Ag8GeS6, etc. Such 
compounds are synthesized by various chemical methods initially in 
the form of macroscopic polycrystalline elements. However, their 
use in micro-nanotechnology requires the synthesis of such com-
pounds in the form of thin films. 
 Physical methods for the synthesis of thin films based on superi-
onic conductors were used in Ref. [8], where the synthesis of thin 
films from the Ag2S compound in a magnetron discharge was re-
ported, and the results of the synthesis of films from the Ag2S 
compound, which was excited in the form of a vapour by a low-
voltage electron beam (E 800–1600 eV) are given in Ref. [9]. 
 To optimize the process of gas-discharge synthesis of films of su-
perionic conductors, it is necessary to study the characteristics and 
parameters of the OND plasma in inert gases between electrodes 
made of superionic conductors in the form of polycrystalline sam-
ples. Such characteristics and parameters of plasma currently do 
not exist. This restrains the development of new supercapacitors, 
batteries, photovoltaic devices and sensitive gas sensors based on 
superionic conductors. 
 The goal and task of this research is the development of new gas-
discharge UV lamps based on the destruction products of superionic 
conductors (Ag2S) and the development of a technique for the syn-
thesis of thin nanostructured films with the properties of superion-
ic conductors by using microexplosions of inhomogeneities on the 
surface of metal electrodes and electrodes made of superionic con-
ductors in an overvoltage nanosecond electric field discharge (for-
mation of ectons, flow of nanoparticles and clusters of electrode 
material and UV plasma radiation). 
 The article presents the results of an experimental study of elec-
trical and optical characteristics and numerical modelling of the 
OND plasma parameters in helium at atmospheric pressure between 
silver sulphide electrodes. Thin films from the products of destruc-
tion of electrodes in plasma were synthesized and their qualitative 
composition was determined. 

2. EXPERIMENTAL METHODOLOGY 

Experimental measurements were carried out using the method of 
measuring the spectral analysis of the emission of light sources. 
 A bipolar high-voltage discharge with duration of 100–450 ns 
was ignited between two electrodes, which were made of a polycrys-
talline Ag2S compound. The distance between the electrodes was 2 
mm. The radius of rounding of the end parts of the cylindrical elec-
trodes is of 10 mm. The diameter of the electrodes is of 5 mm. 
 Silver sulphide is a superionic conductor, and thin films based on 
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it are promising for use in high-voltage pulse technology (superca-
pacitors, etc.). Since such films contain silver, in addition to high 
ionic conductivity, they can also have bactericidal properties. 
 The scheme of the installation, the structure of the discharge de-
vice and other conditions for studying the characteristics of the 
OND are given in the work [4]. 
 The discharge was ignited by overvoltage of the discharge gap, 
when a beam of runaway electrons is formed in it [6]. Under the 
action of such a beam, the discharge in atmospheric pressure helium 
was uniform and had an aperture close to square, the area of which 
was of 4 mm2. In a strong electric field on the working surface of 
the electrode based on the Ag2S superionic conductor, micro-
explosions of inhomogeneities occur on the surface of the electrodes 
[5], which contributed to the introduction of vapours of the superi-
onic conductor Ag2S products and their decay (Ag, Ag+, S, ...) into 
the plasma and the formation of a flow of clusters and of nanopar-
ticles based on the Ag2S compound and its dissociation products in 
the plasma, which were further deposited on the quartz substrate in 
the form of thin films. For the synthesis of nanostructures of su-
perionic conductors, which are intended for various applications in 
micro-nanotechnology, mainly chemical methods are used, i.e., 
methods of exploding thin wires or plates, when a current pulse of 
hundreds to thousands of amperes passes through them. Therefore, 
the application of synthesis technologies of these nanostructures 
based on more technological and less expensive gas discharge tech-
nologies is promising. At the same time, it becomes possible to car-
ry out the synthesis of nanostructures without the use of vacuum 
technology in low-cost gases, both in gasostatic conditions and in 
low-velocity gas flows. 
 The UV-radiation power density of the discharge was measured 
using a TKA-PCM UV meter at a distance of 15 cm from the centre 
of the discharge. 
 The surface of synthesized samples of thin films was examined 
with the help of a microscope with a magnification of 50 times. 
 The polycrystalline compound of silver sulphide (Ag2S), from 
which the electrodes are made, was synthesized in the technological 
laboratory of the Uzhhorod National University. 
 The study of thin films of Ag2S in helium at atmospheric pres-
sure was carried out under the following conditions: the voltage at 
the anode of the thyratron modulator of high-voltage nanosecond 
pulses was of 13 kV, the frequency of following voltage pulses was 
of 80 Hz, the distance from the centre of the discharge to the glass 
plate was of 10 mm, the sputtering time was of five cycles of 30 
minutes each. Analysis of thin films was carried out using three 
available laser wavelengths, 532, 633 and 785 nm, on a Renishaw 
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InVia confocal Raman microscope spectrometer at their 100% pow-
er of 60.6, 9.2 and 32 mW, respectively. The diameter of the laser 
beam was of 1–2 μm. The micro-Raman method is recognized as a 
powerful and versatile tool for the analysis of solid films and con-
densed media in general. This method is non-contact, which allows 
non-destructive and quantitative microanalysis of structural and 
electrical properties. 
 The OND plasma parameters were determined numerically and cal-
culated as total integrals of the electron distribution function (EEDF). 
The EEDF was found by solving the Boltzmann kinetic equation in 
the binomial approximation [13]. EEDF calculations were carried out 
using the program [14]. Based on the obtained EEDF, the plasma pa-
rameters were calculated depending on the magnitude of the reduced 
electric field—E/N (the ratio of the electric field strength (E) to the 
total concentration of helium atoms and a small admixture of silver 
sulphide vapours (N)). The range of changes in the parameter 
E/N 1–1000 Td (1 10 17–1 10 14 V·cm2) included the values of the 
parameter E/N, which were implemented in the experiment. These 
values of the E/N parameter were of 327 Td and 53 Td at 0 ns and 
180 ns from the start of the discharge, respectively (Fig. 1, a). 
 In the integral of collisions of electrons with helium atoms and 
silver atoms, the following processes are taken into account: elastic 
scattering of electrons on helium and silver atoms; excitation of the 
energy level of helium atoms (threshold energy of 19.80 eV); ioniza-
tion of a helium atom (threshold energy of 24.58 eV); excitation of 
energy levels of atoms and silver ions (threshold energies of 6.01 
eV, 5.99 eV, 3.78 eV, 3.66 eV, 7.19 eV, 7.02 eV, 6.71 eV, 5.99 eV, 
and 17.00 eV); ionization of silver atoms (threshold energy of 8.00 
eV); electron–electron and electron–ion collisions. Effective sections 
of processes were taken from databases [15–18]. 

3. RESULTS AND DISCUSSION 

In Figure 1, the oscillograms of voltage and current pulses, the 
pulsed power of the OND and the energy contribution to the plasma 
of the He–Ag2S gas–vapour mixture for one discharge pulse are 
shown. 
 The total duration of voltage pulses reached 450 ns. The voltage 
pulse included oscillations decaying in time with duration of 40–
50 ns. The maximum values of the electrical characteristics of the 
OND were observed at the atmospheric pressure of helium. Thus, 
the greatest drop in the value of the voltage of positive polarity 
during the discharge interval was of 17 kV, and the maximum am-
plitude of the pulse of the current of positive polarity reached 150 
A. The maximum impulse power of the discharge was observed at 
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p(Íå) 101 kPa in the first 110 ns from the moment of its ignition 
and reached 2.3 MW (at t 110 ns). The energy of a single electric 
pulse at p(He) 101 kPa was of 91 mJ, and at p(He) 13.3 kPa, it 
decreased to 35.6 mJ. 
 Let us consider the dependence of the radiation intensity of the 
discharge in He–Ag2S gas–vapour mixtures on the value of the he-
lium pressure and the main parameters of its excitation system—
the pulse tracking frequency and the value of the charging voltage 
of the working capacitor of the high-voltage modulator of nanosec-
ond pulses. 
 Figures 2, 3 present the dependence of the intensity of UV-
radiation on the frequency of repetition of voltage pulses and the 

 
a 

 
b 

Fig. 1. Oscillograms of current pulses, voltages, pulsed power, and energy 
contribution to the plasma of an overvoltage nanosecond discharge for one 
discharge pulse: (a) p(Íå) 101 kPa, (b) p(Íå) 13.3 kPa; f 1000 Hz. 
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value of the charging voltage. 
 The highest value of the average power of plasma UV radiation 
was observed at a helium pressure equal to 101 kPa at a maximum 
frequency f 1000 Hz and a charging voltage of 19 kV (Figs. 2, 3). 
 The emission spectra of OND in the He–Ag2S gas–vapour mixture 
at different helium pressures and different repetition frequencies of 
voltage pulses are shown in Fig. 4. For the spectrum in Fig. 4, the 
reference book [10] was used to decode the spectrum. 

 

Fig. 2. Dependences of the UV-radiation intensity in the UV-C, UV-B, and 
UV-A ranges for OND plasma on the value of the repetition frequency of 
voltage pulses at a charging voltage of U 13 kV in helium between Ag2S 
electrodes at a He pressure of 101 kPa. 

 

Fig. 3. Dependences of the UV-radiation intensity in the UV-C, UV-B, UV-
A ranges for the OND plasma on the voltage on the electrodes at a fre-
quency f 80 Hz in helium between the Ag2S electrodes at a He pressure 
of 101 kPa. 
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 As can be seen in Table 1, in the ultraviolet part of the OND-
plasma spectrum, radiation at the transitions of an atom and a sin-
gly charged silver ion is prevailing. 

 

Fig. 4. The emission spectra of OND between the Ag2S-compound electrodes 

at: p(Íå) 101 kPa, f 1000 Hz (a); p(Íå) 13.3 kPa, f 80 Hz (b). 

TABLE 1. The maximum values of the power of UV-OND radiation in he-
lium–silver sulphide steam–gas mixtures at different pressures of helium 
(Uch 20 kV, f 1000 Hz). 

Spectral range 
ð(He) 13.3 kPa ð(He) 101 kPa 

W, a.u. W, a.u. 
UV-Ñ (200–280 nm) 1.4 3.3 
UV-Â (280–315 nm) 0.8 1.2 
UV-À (315–400 nm) 1.7 3.8 
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 The results of identification of spectral lines are shown in Table 2. 

TABLE 2. The results of the identification of the emission spectra of OND 
between the electrodes of the Ag2S compound at atmospheric pressure of 
helium (f 1000 Hz). 

No. tab, nm 
²,

 a
.u

. 

O
bj

ec
t 

Å
lo

w
, 
eV

 

Å
u
pp

er
, 
eV

 

Lowerterm Upperterm 

1 211.38 250 AgII 4.85 10.71 4d9(2D5/2)5s 2[5/2]3 4d9(2D5/2)5p 2[5/2]3 
2 224.64 1226 AgII 4.85 10.37 4d9(2D5/2)5s 2[5/2]3 4d9(2D5/2)5p 2[7/2]4 
3 227.99 582 AgII 5.70 11.05 4d9(2D3/2)5s 2[3/2]2 4d9(2D3/2)5p 2[5/2]3 
4 232.02 1514 AgII 5.05 10.36 4d9(2D5/2) 5s2[5/2]2 4d9(2D5/2)5p 2[3/2]1 
5 238.62 584 AgII 11.14 16.34 4d9(2D3/2)5p 2[3/2]1 4d9(2D3/2)5d 2[3/2]2 
6 241.13 975 AgII 5.42 10.56 4d9(2D3/2)5s 2[3/2]1 4d9(2D5/2)5p 2[5/2]2 
7 243.77 952 AgII 4.85 9.94 4d9(2D5/2)5s 2[5/2]3 4d9(2D5/2)5p 2[3/2]2 
8 244.78 580 AgII 5.70 10.77 4d9(2D3/2)5s 2[3/2]2 4d9(2D3/2)5p 2[5/2]2 
9 260.59 251 AgII 10.18 14.94 4d9(2D5/2)5p 2[7/2]3 4d9(2D5/2)6s 2[5/2]3 
12 271.17 254 AgII 10.37 14.94 4d9(2D5/2)5p 2[7/2]4 4d9(2D5/2)6s 2[5/2]3 
13 276.75 150 AgII 5.70 10.18 4d9(2D3/2)5s 2[3/2]2 4d9(2D5/2)5p 2[7/2]3 
14 293.83 280 AgII 10.77 14.99 4d9(2D3/2)5p 2[5/2]2 4d9(

2D5/2)6s 2[5/2]2 
15 318.77 256 HeI 19.81 23.70 1s2s 3S1 1s4p 3P2 
16 328.06 2793 AgI 0.00 3.77 4d105s 2S1/2 4d105p 2P3/2 
17 338.28 2589 AgI 0.00 3.66 4d105s 2S1/2 4d105p 2P1/2 
18 388.86 1129 HeI 7.42 23.00 1s2s 3S1 1s3p 3P1 
19 405.54 356 AgI 3.66 6.72 4d105p 2P1/2 4d106d 2D3/2 
20 421.09 417 AgI 3.77 6.72 4d105p 2P3/2 4d106d 2D5/2 
21 447.14 905 HeI 20.96 23.73 1s2p 3P1 1s4d 3D2 
22 487.41 465 AgI 7.30 9.84 4d95s(3D)5p 4F9/2 4d95s(3D)6s 4D7/2 
23 490.24 508 SII 15.55 18.08 3s23p2(3P)4p 2S1/2 3s3p4 2P1/2 
24 501.56 673  HeI 20.61 23.08 1s2s 1S0 1s3p 1P1 
25 520.90 2482 AgI 3.66 6.04 4d105p 2P1/2 4d105d 2D3/2 
26 546.54 3888 AgI 3.77 6.04 4d105p 2P3/2 4d105d 2D5/2 
27 587.59 11174 HeI 20.96 23.07 1s2p 3P2 1s3d 3D2 

28 657.07 
328.06(2) 

5157 AgI 0.00 3.77 4d105s 2S1/2 4d105p 2P3/2 

29 667.81 2663 HeI 21.21 23.07 1s2p 1P1 1s3d 1D2 

30 
679.2 

338.28(2) 
2253 AgI 0.00 3.66 4d105s 2S1/2 4d105p 2P1/2 

31 706.51 1498 HeI 20.96 22.71 1s2p 3P2 1s3s 3S1 
32 777.19 1669 OI 9.14 10.74 3s 5S0

2 3p 5P3 
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 The most intense lines were the resonant spectral lines of the sil-
ver atom at 328.06 nm of AgI and 338.28 nm of AgI. The 224.64 
lines stood out from the ion spectral lines by intensity at 232.02 
nm. 
 The most intense spectral lines include lines 388.86, 447.14, 
501.56, 587.59, 667.81, 706.51 nm of HeI. These lines of the He 
atom in a pulsed atmospheric pressure plasma are observed, when 
the process of energy transfer from the lower metastable levels of 
HeI to some impurity (for example, silver sulphide molecules and 
its dissociation products) is effective [11, 12]. 
 When the frequency of voltage pulses was reduced to 80 Hz and 
the He pressure was reduced to 13.3 kPa, a decrease in the intensi-
ty of all spectral lines of silver was observed that is caused by a de-
crease in the concentration of the electrode material in the dis-
charge plasma. 
 The formation of excited silver atoms and ions can occur during 
the excitation of a silver atom by electrons, in the processes of exci-
tation of a singly charged silver ion by electrons with subsequent 
recombination of silver ions (AgII, AgIII). 
 When the quartz substrate was installed at a distance of 2–3 cm 
from the centre of the discharge gap and the burning time of the dis-
charge was of 30–60 minutes, the deposition of a thin film from the 
products of sputtering of the electrode material in atmospheric-
pressure helium was recorded on the substrate (Fig. 5). As can be 
seen from this photo, the surface of the synthesized thin film is 
quite uniform. Against the background of a homogeneous surface, 
individual surface microstructures with characteristic dimensions of 

 

Fig. 5. Photo of the surface of the current film obtained at a 50-fold mag-
nification and synthesized from OND products between electrodes from the 
superionic conductor Ag2S at atmospheric pressure of helium. 
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10–20 μm can be observed (in the photo, they have a dark gray col-
our and an ellipsoidal shape). It is most likely that these are pieces 
broken off from the electrodes, when their surface is affected by 
the powerful electric field of the OND. Therefore, in order to im-
prove the uniformity of the film, it is worth reducing the pulsed 
power of the OND energy contribution to the plasma. 
 Of all buffer inert gases (Ne, Ar, Kr), the energy characteristics 
of OND in Ne are minimal. It is also possible to reduce the energy 
characteristics of the OND by reducing the pressure of the buffer 
gas and the magnitude of the electric field between the electrodes 
(lowering the charging voltage on the anode of the thyratron), but 
this will lead to significant changes in the value of the E/N param-
eter, as indicated by the results of modelling plasma parameters [2] 
and the result of calculations shown below. 
 Figures 6–8 show the Raman spectra of a thin film that was syn-
thesized from OND products between silver sulphide electrodes at 
atmospheric helium pressure using laser radiation at wavelengths 

785 nm, 532 nm and 633 nm, in accordance. The use of 
different wavelengths of laser radiation allows obtaining additional 
information about the properties of Ag2S nanoparticles, since the 
intensity and position of the bands in the Raman scattering spectra 
depend on the wavelength of the excitation radiation. The wave-
length affects the depth of radiation penetration into the sample 
and the efficiency of the induced oscillations in the crystals. This 
can lead to a difference in the intensity and position of the spectral 
bands of scattered light. 
 When examining the samples using laser radiation at 785 nm, 
the spectra in Fig. 6, a, b, ñ are characterized by bands in the range 
of 100–300 cm 1, in particular, at 228 cm 1 (Fig. 6, a), 235 cm 1 
(Fig. 6, ñ); laser spectrum at 532 nm in Fig. 7, a are character-
ized by bands in the range of 100–300 cm 1, in particular, at 
242 cm 1 (Fig. 7, a); laser spectra at 633 nm are characterized 
by bands in the range of 100–300 cm 1, in particular, at 238 cm 1 
(Fig. 8, a), 242 cm 1 (Fig. 8, b). Broad bands in the range of 210–
250 cm 1, in particular, the maxima in this range given above 
caused by Ag2S nanoparticles, are associated with symmetric longi-
tudinal vibrational modes of Ag–S–Ag bonds. Bands with a maxi-
mum at 604 cm 1 (Fig. 6, ñ), 595 cm 1 (Fig. 8, a), 602 cm 1 (Fig. 8, 
b) can be attributed to O–S–O bonds (asymmetric bending). Bands 
with a maximum at 960 cm 1 (Fig. 2, ñ), 957 cm 1 (Fig. 8, a–d) re-
fer to the symmetric stretching of S–O bonds. 
 In Figures 6, b, 7, b, 8, d, visible broad bands in the range of 
1460–1600 cm 1 are associated with fluctuations of silver and sul-
phur oxide compounds, which are formed during the photoinduced 
decomposition of Ag2S. 
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 Therefore, the results showed that the Raman spectra reflect the 
characteristic features of Ag2S films and their oxides. In particular, 
bands were observed that corresponded to chemical bonds in the 
composition of Ag2S compounds. This indicates a successful synthe-
sis and formation of films with the desired properties. 
 Let us consider the results of numerical modelling of the parame-
ters of the OND plasma in the He–Ag2S gas–vapour mixture. 

 

Fig. 6. Raman spectra of light scattering by a thin film deposited from 
OND plasma at atmospheric helium pressure, which were obtained using 
laser radiation at 785 nm (a, b, c). 

 

Fig. 7. Raman spectra of light scattering by a thin film deposited from an 
OND plasma at atmospheric helium pressure, which were obtained using 
laser radiation at 532 nm (a, b). 
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 Figure 9 shows the dependence of the average energy of electrons 
in the discharge on the value of the reduced electric field strength 
for the gas–vapour mixture He:Ag2S 101000:300 [Pa]. 
 The mean energy of discharge electrons in the gas–vapour mix-
ture increased from 0.3778 to 118.8 eV (Fig. 9) as the reduced elec-
tric-field strength increased from 1 to 1000 Td. At the same time, 
an increase in the rate of its change was observed in the range of 
growth of the E/N parameter from 100 to 1000 Td. 

 

Fig. 8. Raman spectra of light scattering by a thin film deposited from 
OND plasma at atmospheric helium pressure, which were obtained using 
laser radiation at 633 nm (a–d). 

 

Fig. 9. Dependence of the average energy of electrons in the plasma of a 
gas–vapour mixture, He:Ag2S 101000:300 [Pa], at a total pressure 
p 101300 Pa on the value of the parameter E/N. 
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 Table 3 shows the results of calculating the transport characteris-
tics of discharge electrons: mean energy ( ), temperature (Ò, K) and 
drift speed (Vdr.) of electrons for plasma on a mixture of helium and 
silver. The following regularities were observed: the mean energy, 
temperature, and electron drift speed increased with an increase in 
the applied voltage and were of 28.54 eV and 4.774 eV, 331.064 K 
and 51.898 K, 6.7 105 m/s and 8.4 104

 m/s for E/N 327 Td and 53 
Td, respectively, which were reached at the time 60 ns and 180 
ns from the start of breakdown between the electrodes. The values 
of the electron concentration at these moments of time were of 
2.4 1019 m 3 and 2.3 1020 m 3 at the current density of (2.55 and 
3.06) 106 A/m2 on the surface of the electrode of the radiation 
source (0.196 10 4 m2) for the reduced electric-field strengths 
E/N 327 Td and 53 Td (Fig. 2). 
 Table 4 shows the values of the specific power of discharge losses 
due to elastic and inelastic processes of collisions of electrons with 
helium and silver atoms in the plasma of the gas–vapour mixture 
He:Ag2S 101000:300 [Pa] at a total pressure of p 101300 Pa for 
the reduced electric-field strength between the electrodes, which was 
reached at the time 60 ns and 180 ns from the start of break-
down. The maximum value of the specific power of discharge losses 
was obtained for inelastic processes, and it was of 0.1519 10 12 

TABLE 3. Electron-transport characteristics for times 60 and 180 ns at 
electric-field strength E 8 106 V/m and 1.3 106 V/m for a discharge in a 
gas–vapour mixture He:Ag2S 101000:300 [Pa] at total pressure p  

101300 Pa. 

, ns E/N, Td 
Mixture Íå:Ag2S 101000:300 [Pa] 

, eV T, K Vdr, m/s Ne, m
3 

60 327 28. 54 331 064 6.7 105 2.4 1019 
180 53 4.774 51 898 8.4 104 2.3 1020 

TABLE 4. The value of the specific power of discharge losses due to the 
elastic and inelastic processes of collisions of electrons with helium and 
silver atoms in the plasma of the steam–gas mixture He:Ag2S  

101000:300 [Pa] for the reduced electric-field strength on the plasma, 
which was reached at the moment of time 60 ns and 130 ns from the 
start of the breakdown of the bit gap. 

Mixture Íå:Ag2S 101000:300 [Pa] 
E/N, Td Elastic, Power/N, eV m3/s Inelastic, Power /N, eV m3/s 

327 0.4371 10 15 0.1519 10 12 
53 0.1041 10 15 0.2532 10 14 
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eV m3/s for E/N 327 Td. 
 Specific discharge power losses in the mixture of He:Ag2S  

101000:300 [Pa] were the largest for elastic scattering on helium 
atoms (Fig. 10, curve 1) at E/N 1 Td. For the total inelastic scat-
tering and ionization of electrons on silver atoms, they were of 
80% for E/N 35.4 Td; a smaller value (34.8%) was reached for 
E/N 248 Td for the process of atom ionization helium. Excitation 
of the energy level of helium atoms (threshold energy of 19.80 eV), 
namely, by 27.3% at E/N 104 Td, and for ionization of silver at-
oms, by 5% at E/N 50 Td. The specific discharge power losses for 
the excitation of energy levels of silver atoms had maximum values 
at E/N 30 Td for the excitation of energy levels of silver atoms 
(threshold energy of 3.78 eV, 328.068 nm and threshold energy 
of 3.66 eV, 338.289 nm), and they are of 3.8% and 2.2%, re-
spectively. 
 This completeness was consistent with the radiation spectrum of 
the discharge, where these spectral lines were the most intense (Fig. 
2), for ionization of silver atoms (threshold energy of 8 eV), by 
3.2% at a reduced electric-field strength of 70 Td. 
 The rate of rise and fall of discharge power losses due to the pro-
cesses of excitation of electronic states and ionization and its mag-
nitude are related to the nature of the dependence of the effective 
cross sections of inelastic processes of collisions of electrons with 
the components of the mixture on the energies of electrons, their 
absolute values, and the dependence of the electrons’ distribution 
function on the values of the reduced field strength and threshold 
energy values of the process. 
 The rate constants of electron collisions with helium and silver at-

 

Fig. 10. Dependence of the specific power of discharge losses on the elastic 
and inelastic processes of collisions of electrons with helium and silver at-
oms on the reduced electric-field strength in the plasma of the vapour–gas 
mixture He:Ag2S 101000:300 [Pa] at a total pressure of p 101300 Pa. 
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oms on the E/N parameter in the discharge on gas–vapour mixtures 
varied in the range of k 10 12–10 29 m3/s that is related to the val-
ues of the absolute effective cross sections of the corresponding pro-
cesses. For silver atoms, they are maximal for the excitation of lines 
with wavelengths 328.06 nm and 338.28 nm (Table 5) and reached 
values of 0.1914 10 12 m3/s and 0.1138 10 12 m3/s at the value of the 
reduced electric field of 327 Td. The elastic-scattering rate constant 
of electrons on helium atoms was greater than the elastic-scattering 
rate constant on silver atoms, namely, 0.6666 10 13 on helium and 
0.1815 10 12 on silver, both for the parameter E/N 327 Td, and for 
the parameter E/N 53 Td of the reduced electric field, they are of 
0.7151 10 13 on helium and 0.4276 10 13 on silver. 

4. CONCLUSIONS 

As a result of studies of the characteristics and parameters of the 
plasma of an overvoltage nanosecond discharge in helium at atmos-
pheric pressure between electrodes made of a polycrystalline Ag2S 
compound, the following was revealed: 
— with the total duration of the voltage pulses up to 450 ns, the 
maximum amplitude of the voltage of positive polarity between the 
electrodes reached 17 kV, and the maximum amplitude of the cur-
rent pulses reached 150 A, the largest pulsed electric power of the 
discharge reached 2.3 MW with the energy in a single pulse of 91 
mJ; decreasing the helium pressure to 13.3 kPa led to a decrease in 
the amplitudes of voltage, current, and pulse power, and the energy 
in the pulse decreased to 35.6 mJ, the maximum intensity of UV 
radiation was achieved at the atmospheric pressure of helium, the 
frequency was of 1000 Hz, and the value of the charging voltage 
was of 19 kV; 
— discharge plasma radiated in the UV range of wavelengths at the 
transitions of an atom and a singly charged silver ion; resonance 
spectral lines of the silver atom (328.06 and 338.28 nm of AgI) 

TABLE 5. Excitation-rate constants of the spectral lines of silver atoms 
for fixed values of the reduced electric-field strength in the plasma on a 
gas–vapour mixture of helium with silver at time points of 50 ns and 100 
ns from the start of discharge ignition. 

E/N, Td Mixture He:Ag 101000:300 [Pa] 

327 Ag 
, nm 328.06 338.28 405.54 421.09 

k, m3/s 0.1914 10 12 0.1138 10 12 0.2362 10 15 0.2362 10 15 

53 Ag 
, nm 328.068 338.289 405.54 421.09 

k, m3/s 0.9089 10 14 0.5541 10 17 0.5791 10 17 0.5791 10 17 
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were distinguished by intensity; the discharge plasma is the source 
of the flow of UV radiation and the flow of silver sulphide 
nanostructures that is promising for applications in micro-
nanotechnology, microbiology and biomedical engineering; the high-
est intensity of UV radiation at the transitions of atoms and singly 
charged silver ions was obtained at the atmospheric pressure of he-
lium at the repetition frequency of voltage pulses f 1000 Hz; 
— surface microstructures with dimensions of 10–20 μm were syn-
thesized during deposition of electrode-erosion products on a quartz 
substrate installed near the electrode system; 
— the results of Raman light-scattering spectra of synthesized 
films showed that they consist exclusively of silver sulphide and are 
quite homogeneous in terms of surface structure; 
 Analysis of the plasma parameters of an overvoltage discharge in 
a gas–vapour mixture of helium and silver sulphide showed the fol-
lowing patterns: 
— an increase in the reduced electric-field intensity led to an in-
crease in the number of ‘fast’ electrons in the discharge and an in-
crease in the mean electron energy from 0.3778 eV to 118.8 eV in 
the range of E/N 1–1000 Td; the mean energy, temperature, and 
electron drift speed increased with increasing applied voltage and 
were of 4.774 eV and 28.54 eV, 51898 K and 331064 K, 8.4 104 m/s 
and 6.7 105 m/s for E/N 53 Td and 327 Td, respectively, which 
were reached at the moment of time 180 ns and 60 ns from the 
beginning of the breakdown between the electrodes; the electron 
concentration at these moments was of 2.3 1020 m 3 and 2.4 1019 m 3 
for reduced electric-field strength E/N 53 Td and 327 Td; 
— an increase in power losses was observed with an increase in the 
reduced electric-field strength, both for elastic electronic processes 
and for inelastic electronic processes; for inelastic processes, dis-
charge losses were approximately three orders of magnitude higher 
for E/N 327 Td and approximately two orders of magnitude high-
er for E/N 53 Td; the maximum value of the specific power of 
discharge losses was for inelastic processes, and it was equal to 
0.1519 10 12 eV m3/s for E/N 327 Td; the specific discharge power 
losses for the excitation of the energy levels of silver atoms had 
maximum values at E/N 30 Td for the excitation of the energy 
levels of silver atoms at 328.068 nm and 338.289 nm, and 
they are of 3.8% and 2.2%, respectively; for ionization of silver 
atoms,  loss is of 3.2% at E/N 70 Td. 
 Taking into account the results of our work [20], in which the 
characteristics of OND between selenium electrodes in an inert gas 
atmosphere are given, it is possible to propose a gas-discharge 
plasma chemical reactor based on OND for the synthesis of complex 
compounds of the Ag2Se–Ag2S type, which will combine the proper-
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ties of individual silver chalcogens and can find new fields of appli-
cation in medicine, biomedical engineering and biotechnology. For 
this, one electrode made of selenium and another one made of sul-
phur sulphide should be installed in the reactor and filled with he-
lium at atmospheric pressure. 
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Thin GaN films are obtained on sapphire (Al2O3) substrates and amor-
phous quartz ( -SiO2) substrates with MgAl2O4, AlN, and ZnO buffer lay-
ers using radio-frequency (RF) ion-plasma spraying in a nitrogen atmos-
phere. Based on x-ray phase analysis, the phase composition of the ob-
tained films is investigated, and the sizes of the nanocrystallites forming 
the deposited GaN films, as well as the average stresses in the crystal lat-
tices, are determined. As found, the smallest crystallite sizes and the 
highest mechanical stresses are characteristic for thin GaN films deposit-
ed on quartz substrates with an MgAl2O4 buffer layer. 

Ìåòîäîì âèñîêî÷àñòîòíîãî (Â×) éîííî-ïëàçìîâîãî ðîçïîðîøåííÿ â àò-
ìîñôåð³ àçîòó îäåðæàíî òîíê³ ïë³âêè GaN íà ñàïô³ðîâèõ ï³äêëàäèíêàõ 
(Al2O3) òà ï³äêëàäèíêàõ ç àìîðôíîãî êâàðöó ( -SiO2) ³ç áóôåðíèìè ï³ä-
øàðàìè MgAl2O4, AlN ³ ZnO. Íà îñíîâ³ ðåíò´åíîôàçîâî¿ àíàë³çè äîñë³-
äæåíî ôàçîâèé ñêëàä îäåðæàíèõ ïë³âîê, âèçíà÷åíî ðîçì³ðè íàíîêðèñ-
òàë³ò³â, ÿê³ ôîðìóþòü îñàäæåí³ ïë³âêè GaN, òà ñåðåäí³ íàïðóæåííÿ 
êðèñòàë³÷íèõ ´ðàòíèöü. Âñòàíîâëåíî, ùî íàéìåíø³ ðîçì³ðè êðèñòàë³ò³â 
³ íàéá³ëüø³ ìåõàí³÷í³ íàïðóæåííÿ õàðàêòåðí³ äëÿ òîíêèõ ïë³âîê GaN, 
îñàäæåíèõ íà êâàðöîâ³ ï³äêëàäèíêè ç áóôåðíèì ï³äøàðîì MgAl2O4. 

Key words: gallium nitride, thin films, buffer layer, RF sputtering. 
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1. INTRODUCTION 

Compounds based on gallium nitride (GaN) and gallium oxide 
(Ga2O3) are promising materials for optoelectronic applications. 
They are used to produce semiconductor lasers and light-emitting 
diodes, which emit in the blue and ultraviolet regions of the spec-
trum, and are also used as detectors of ultraviolet radiation [1–8]. 
Along with this, high-power fast-acting transistors based on GaN 
have also become widely used. Such devices surpass their silicon 
counterparts in terms of operating frequencies and power densities 
[9–13]. 
 An important technical task in the creation of various electronic 
devices based on thin GaN films is to obtain films of perfect quality 
with a controlled composition of intrinsic defects. Such atomic de-
fects largely determine the absorption and emission spectra, the 
type and magnitude of electrical conductivity, and a number of oth-
er optical and electrical properties of the material. 
 To obtain samples of the required quality based on thin GaN 
films in electronic or optoelectronic device technologies, it is im-
portant to find optimal substrates, which match GaN in terms of 
crystal-lattice parameters and thermal-expansion coefficient. An-
other approach to solving this problem is to use thin buffer layers, 
whose characteristics are consistent with the high-temperature 
growth modes of the main gallium-nitride layer. The properties of 
the buffer layer used are indirectly determined by the properties of 
the main thin-film layer deposited on it. At the same time, optimi-
sation of the deposition mode of films of the required quality is on-
ly possible, if there is a suitable buffer layer. In general, the proce-
dure for determining the optimal parameters for the deposition of 
thin GaN films is complex and multifaceted. 
 Based on this, this work conducts structural studies of thin GaN 
films obtained by radio-frequency (RF) ion-plasma spraying on vari-
ous substrates and MgAl2O4, AlN, and ZnO buffer sublayers. The 
RF ion-plasma spraying method is considered optimal for obtaining 
homogeneous semiconductor and dielectric films [14]. 

2. EXPERIMENTAL TECHNIQUE 

Thin GaN films with a thickness of 0.3–1.0 μm were obtained by 
radio-frequency ion-plasma spraying in a nitrogen atmosphere. The 
films were deposited on sapphire (Al2O3) substrates and amorphous 
quartz ( -SiO2) substrates, on which there are corresponding buffer 
sublayers of MgAl2O4 ( -SiO2 MgAl2O4), AlN ( -SiO2 AlN) and 
ZnO ( -SiO2 ZnO). 
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 The structure and phase composition of the obtained gallium-
nitride films were studied by x-ray diffraction analysis (Shimadzu 
XDR-600). X-ray structural studies showed the presence of a poly-
crystalline structure with a predominant orientation in the (002) 
and (011) planes, depending on the type of substrate. At the same 
time, all diffraction maxima are identified according to the selec-
tion rules for the ideal hexagonal structure of wurtzite. 

3. RESULTS AND DISCUSSION 

One of the most reliable methods for determining the composition 
and structure of a substance under investigation is x-ray phase 
analysis. The diffraction patterns we obtained for thin GaN films 
on various substrates and buffer layers are shown in Fig. 
 Analysis of the obtained diffractograms shows that the structure 
of the deposited films differs slightly depending on the type of sub-
strate or buffer layer. In particular, it has been established that 
films deposited on sapphire (Al2O3) substrates and quartz ( -SiO2) 
substrates with MgAl2O4 and AlN sublayers have a dominant orien-
tation in the (011) plane. At the same time, films deposited on a 
quartz substrate with a ZnO sublayer have a dominant orientation 
in the (002) plane. In addition, we have established that, for thin 
GaN films deposited on a -SiO2 MgAl2O4 substrate, there is a 
slight shift of the maximum dominant characteristic reflection band 
from the (011) plane towards smaller 2 -angle values up to 36.35 . 
For gallium-nitride films deposited on pure sapphire (Al2O3) sub-

 

Fig. X-ray diffractograms of thin GaN films deposited on a quartz sub-
strate with an MgAl2O4 underlayer (1), on a pure sapphire substrate (2), on 
a quartz substrate with a ZnO underlayer (3), and an AlN underlayer (4). 
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strates and -SiO2 AlN substrates, the 2 -angle values for this re-
flection band are of 36.68  and 36.65 , respectively. The reason for 
this shift is most likely a slight increase in the interplanar distanc-
es in GaN films on -SiO2 MgAl2O4 substrates relative to films on 
the other two types of substrates. Considering that the value of the 
detected shift exceeds the instrumental error of the experiment 
( 2 0.07 ), it can be stated that the packing density of GaN films 
on -SiO2 MgAl2O4 substrates is lower than on the Al2O3 and -
SiO2 AlN substrates. This situation is consistent with previous 
studies, which have shown that the packing density of thin films is 
determined by technological parameters and the type of substrate 
and is lower than the packing density of single-crystal samples [15]. 
 It is known that the widths of diffraction bands are determined 
by the sizes of nanocrystals (areas of coherent scattering) and the 
presence of defects and mechanical stresses in the sample [16]. This 
allows the obtained results to be used to determine the size of the 
particles, which form the obtained thin films, and to analyse the 
mechanical stresses in the samples. 
 According to Debye and Scherrer, the relationship between the 
half-width of the diffraction band and the size of the crystallites d 
is given by the expression 

 
0.94

cos
d , (1) 

where  is the wavelength of the diffracting wave, which is of 
0.15418 nm (CuK  radiation) in our case,  is the half-width of the 
diffraction band (width at half height), and  is the diffraction an-
gle. 
 Another reason for the broadening of diffraction bands is imper-
fections in the structure of crystallites and defects, which cause 
stress in crystallites. Stress-related broadening is described by the 
expression 

 
4tg

, (2) 

where  is the average value of the crystal-lattice stresses. 
 If the broadening of the bands is caused by the presence of very 
small particles in the sample, then, the characteristic bands will 
have values close to cos . Otherwise, in the presence of stresses, 
the diffraction bands will have values close to the ratio /(4tg ). 
 The results of calculations of the crystallite sizes d and the aver-
age values of the crystal-lattice stresses  in gallium-nitride films 
depending on the substrate type are given in Table. 
 Analysis of the results presented in Table indicates that the sizes 
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of nanocrystals forming thin GaN films are determined by the type 
of substrate and buffer layer, on which these films are deposited. 
At the same time, the smallest size of nanocrystals and the highest 
stresses in them are observed for thin GaN films deposited on 
quartz substrates with an MgAl2O4 buffer layer. Other types of sub-
strates and buffer layers are characterised by larger sizes of nano-
crystals, which form GaN films and lower stresses. The  values we 
obtained indicate that thin GaN films obtained by RF sputtering in 
a nitrogen atmosphere are characterised by rather low average crys-
tal-lattice stresses. For example, in thin films based on Y2O3 ob-
tained by RF sputtering in different atmospheres, the  values vary 
from 0.0125 to 0.0148 [17]. 

4. CONCLUSIONS 

Based on x-ray phase analysis data, it was established that thin 
GaN films obtained by RF sputtering in a nitrogen atmosphere form 
a hexagonal wurtzite structure on sapphire (Al2O3) substrates and 
quartz ( -SiO2) substrates with MgAl2O4, AlN and ZnO. Analysis of 
the width of the diffraction bands showed that the sizes of nano-
crystals forming gallium-nitride films on these substrates vary 
from 13.2 to 38.2 nm, depending on the type of substrate. It was 
found that low average crystal-lattice stresses are observed in the 
deposited GaN films for all types of substrates. At the same time, 
the smallest crystal sizes and the highest mechanical stresses are 
characteristic of thin GaN films deposited on a quartz substrate 
with an MgAl2O4 buffer layer. 
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The article deals with development of solutions and influence caused by 
nanoadditives and surfactants on the processes of structural formation of 
sulphoaluminate phases. According to the results of the research, the in-
troduction of nanoadditives is not possible without surfactants. The influ-
ence of modifiers is determined on the basis of experimental studies of 
mixtures of pure C3A and AC, AC H minerals. Therefore, the technology 
of dispersion of nanoadditives and their introduction during the process 
of preparation of the mixture is proposed. Based on the methods of plan-
ning a full-factor experiment and conducting experimental studies, a set 
of experimental and statistical models are developed, a number of solution 
compositions based on the components of alumina and gypsum binders 
containing the maximum amount of ettringite are determined: 17.1% 
alumina cement, 7.32% gypsum, 0.4% plasticizer, 0.18% nanotubes, 75% 
sand, and a system strength of 40.2 MPa is provided. The optimal compo-
sition providing system strength of 37.8 MPa includes 16.7% alumina 
cement, 7.15% gypsum, 0.4% plasticizer, 0.75% taurite, and 75% sand. 
Samples with silicon dioxide (the optimal content of it is of 1%) have sys-
tem strength of 42.8 MPa and consist of 16.52% alumina cement, 8.48% 
gypsum, 0.4% plasticizer, 1% taurite, and 75% sand. Formation of a 
strong structure of solutions is associated with the creation of a gel phase 
and hydroaluminates of cubic crystal system Ñ3ÀÍ6, as well as a stable 
ettringite phase. With the use of nanomodifiers, the formed blocks are 
freely joined in the cement matrix that leads to a decrease in internal 
stresses in the not yet formed cement system. In addition, doping of 
C3AṤH32 and C3AṤH12 crystals is suggested. Internal stresses leading to a 
decrease in the strength of the not yet formed structure do not arise be-
cause the joining of blocks takes place in free space. In the case when the 
hydration process is topochemical, the rate of structure formation will 
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depend on the granulometric composition of the components and the rate 
of diffusion inside the grain. By means of changing conditions for intro-
duction of various additives into the solution system, it is possible to in-
fluence the shape, size, number of crystals, and, accordingly, formation of 
a spatial structure for the purpose of obtaining a product with the re-
quired properties. 

Â ñòàòò³ ðîçãëÿäàþòüñÿ ïèòàííÿ ðîçðîáêè ðîç÷èí³â ³ âïëèâó íàíîäîáà-
âîê ³ ÏÀÐ íà ïðîöåñè ñòðóêòóðîóòâîðåííÿ ñóëüôîàëþì³íàòíèõ ôàç. Çà 
ðåçóëüòàòàìè äîñë³äæåííÿ ââåäåííÿ íàíîäîáàâîê º íåìîæëèâèì áåç 
ÏÀÐ. Âïëèâ ìîäèô³êàòîð³â âèçíà÷àëè íà îñíîâ³ åêñïåðèìåíòàëüíèõ 
äîñë³äæåíü ñóì³øåé ÷èñòèõ ì³íåðàë³â Ñ3À ³ ÃÖ, ÃÖ Ã. Òîìó çàïðîïî-
íîâàíî òåõíîëîã³þ äèñïåð´àö³¿ íàíîäîáàâîê ³ ââåäåííÿ ¿õ ó ïðîöåñ³ 
ïðèãîòóâàííÿ ñóì³ø³. Íà îñíîâ³ ìåòîä³â ïëàíóâàííÿ ïîâíîôàêòîðíîãî 
åêñïåðèìåíòó òà ïðîâåäåííÿ åêñïåðèìåíòàëüíèõ äîñë³äæåíü ðîçðîáëåíî 
ðÿä åêñïåðèìåíòàëüíî-ñòàòèñòè÷íèõ ìîäåë³â, âèçíà÷åíî ðÿä ñêëàä³â 
ðîç÷èí³â íà îñíîâ³ êîìïîíåíò³â ãëèíîçåìèñòèõ ³ ã³ïñîâèõ çâ'ÿçóâàëü-
íèõ ðå÷îâèí, ùî ì³ñòÿòü ìàêñèìàëüíó ê³ëüê³ñòü åòðèíã³òó (17,1% ãëè-
íîçåìèñòîãî öåìåíòó, 7,32% ã³ïñó, 0,4% ïëàñòèô³êàòîðà, 0,18% íàíî-
òðóáîê, 75% ï³ñêó) òà çàáåçïå÷óþòü ì³öí³ñòü ñèñòåìè ó 40,2 ÌÏà. Îï-
òèìàëüíèì ñêëàäîì, ÿêèé çàáåçïå÷óº ì³öí³ñòü ñèñòåìè ó 37,8 ÌÏà, º: 
16,7% ãëèíîçåìèñòîãî öåìåíòó, 7,15% ã³ïñó, 0,4% ïëàñòèô³êàòîðà, 
0,75% òàóðèòó òà 75% ï³ñêó. Çðàçêè ç ä³îêñèäîì Ñèë³ö³þ, îïòèìàëü-
íèé âì³ñò ÿêîãî ñòàíîâèòü 1%, ìàþòü ì³öí³ñòü ñèñòåìè ó 42,8 ÌÏà ³ 
ñêëàäàþòüñÿ ç 16,52% ãëèíîçåìèñòîãî öåìåíòó, 8,48% ã³ïñó, 0,4% 
ïëàñòèô³êàòîðà, 1% òàóðèòó òà 75 % ï³ñêó. Ôîðìóâàííÿ ì³öíî¿ ñòðóê-
òóðè ðîç÷èí³â ïîâ'ÿçàíå ç óòâîðåííÿì äðàãëèñòî¿ ôàçè òà ã³äðîàëþì³-
íàò³â êóá³÷íî¿ ñèí´îí³¿ Ñ3ÀÍ6, à òàêîæ ñò³éêî¿ åòðèíã³òîâî¿ ôàçè. Çà 
äîïîìîãîþ íàíîìîäèô³êàòîð³â ñôîðìîâàí³ áëîêè â³ëüíî çðîùóþòüñÿ â 
öåìåíòí³é ìàòðèö³, ùî ïðèâîäèòü äî çìåíøåííÿ âíóòð³øí³õ íàïðóæåíü 
ó ùå íåñôîðìîâàí³é öåìåíòí³é ñèñòåì³. Êð³ì òîãî, ïðèïóùåíî ëå´óâàí-
íÿ êðèñòàë³â Ñ3ÀṤH32 òà Ñ3ÀṤH12. Âíóòð³øí³ íàïðóæåííÿ, ùî ïðèçâî-
äÿòü äî ïîíèæåííÿ ì³öíîñòè ùå íåóòâîðåíî¿ ñòðóêòóðè, íå âèíèêàþòü 
âíàñë³äîê òîãî, ùî çðîùåííÿ áëîê³â â³äáóâàºòüñÿ ó â³ëüíîìó ïðîñòîð³. 
Ó ðàç³, êîëè ïðîöåñ ã³äðàòàö³¿ éäå òîïîõåì³÷íî, øâèäê³ñòü ôîðìóâàííÿ 
ñòðóêòóðè áóäå çàëåæàòè â³ä ´ðàíóëîìåòðè÷íîãî ñêëàäó êîìïîíåíò³â ³ 
øâèäêîñòè äèôóç³¿ âñåðåäèí³ çåðíà. Çì³íþþ÷è óìîâè ââåäåííÿ ð³çíèõ 
äîáàâîê ó ñèñòåìó ðîç÷èíó, ìîæíà âïëèâàòè íà ôîðìó, ðîçì³ð, ê³ëü-
ê³ñòü êðèñòàë³â ³, â³äïîâ³äíî, íà ôîðìóâàííÿ ïðîñòîðîâî¿ ñòðóêòóðè ç 
ìåòîþ îäåðæàííÿ ïðîäóêòó ç ïîòð³áíèìè âëàñòèâîñòÿìè. 

Key words: nanomodified solutions, sulphoaluminate binders, alumina ce-
ment, carbon nanotubes, hydration, nanosystem, hardened structure. 
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1. INTRODUCTION 

In modern construction, there is a rather great need to use cements 
with special properties and solutions based on them [1–5]. Alumi-
nate and sulphoaluminate cements belong to the group of such ce-
ments. However, the disadvantages of their properties include re-
crystallization during the exploitation of the ettringite phase [3, 6]. 
 To solve this problem, a hypothesis was proposed as follows: sta-
bilization of the ettringite phase of sulphoaluminate cements due to 
nanomodification. 
 During the research, the following tasks were set: 
 1. to determine the factors affecting the stability of ettringite; 
 2. to conduct a study of the effect of Gibbs surface energy on the 
order of formation of minerals; 
 3. to test the hypothesis of stabilization of the ettringite phase 
with nanoadditives (silicon dioxide, taurite, SiC, carbon nanotubes). 

2. RESULTS AND DISCUSSION 

An analysis of potential reserves for improving physical and me-
chanical properties of sulphoaluminate binders was performed. 
 The method of creating composite binders based on compositions 
of alumina cement and gypsum and the hypothesis of increasing the 
stability of the high-sulphate ettringite phase (calcium monosulpha-
toaluminate hydrate—CmSAH) and the production of solutions 
based on them was proposed. 
 Sulphoaluminate cements belong to the group of special cements 
with phase composition represented by calcium sulphoaluminate 
minerals 3CaO Al2O3 SO3 (ÑÀS). Positive properties: firing tempera-
ture (1250–1350 Ñ), reduced amount of CO2 release, high hydraulic 
activity, rapid gain of strength, no volume changes during harden-
ing. 
 However, production of sulphoaluminate cement (SAC) with Ñ3ÀÑ 
as its main material requires the use of scarce materials: bauxite 
ores, aluminate slags. In addition, some sulphoaluminates are not 
stable under certain operating conditions [7–9]. 
 The second direction consists in development of special cements 
and composite binders based on the CaO–Al2O3–SO3–H2O system of 
increased stability of ettringite due to modification with nanoaddi-
tives. This is because one of the main phases of these binders is 
represented as hydrosulphoaluminate C3Às3H32 [6]. 
 Analysis of research results in the field of concrete science con-
firms that creation of a cement matrix with the regulation of struc-
ture formation processes at the macro-, micro- and nanolevel is a 
necessity today, as far as it will allow obtaining new construction 
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materials with improved strength characteristics in terms of compo-
sition and structure [3, 6]. 
 The main research work during the development of such cements 
is carried out in the direction of creating new compositions provid-
ing replacement of scarce components. With such a material compo-
sition, the cost of such cements is slightly higher than those of or-
dinary cements, but their properties make it possible to replace 
sulphoaluminate cements in construction. Summarizing the accumu-
lated experience, we note that new effective sulphoaluminate com-
positions can be obtained on the basis of gypsum and production 
waste. Modification of calcium sulphates will make it possible to 
purposefully regulate the rate of their hydration and coordinate the 
structure formation of pastematrix in time. 
 Works of the following domestic scientists are devoted to study-
ing technology and properties of cements: P. V. Kryvenko, R. F. 
Runova, L. Y. Dvorkin, V. D. Hlukhovskyi, I. V. Kryvenko, T. V. 
Kuznetsova, O. O. Pashchenko, T. H. Habadadze, I. H. Lugina, 
A. A. Saley, H. Ì. Shabanova, and this matter was also researched 
by foreign scientists: Ì. Polivky, J. L. Kolouseka, P. K. Mehty, 
H. Lakhuma, U. Yarmaki and others. Also, the generalization of 
scientific and technical information in the field of cements made it 
possible to draw a conclusion about expediency of using nanoaddi-
tives as a structuring component of the formation of calcium hy-
drosilicates; this matter was developed in the fundamental works by 
H. F. Taylor, M. V. Belov, V. V. Ilyukhin, L. H. Shpinova, M. A. 
Sanytskyi, H. S. Sobol. 
 Characterization of raw rocks and production waste, which can be 
used for the production of alumina and composite sulphoaluminate 
cements, was carried out. 
 Special attention is paid to the technology of manufacturing and 
use of composite binders (alumina cement gypsum). 
 To determine the properties and structure of materials, a com-
plex of modern physical and physical and chemical methods of anal-
ysis (chemical, x-ray phase, differential-thermal, electron-
microscopic, determination of the degree of sintering and glass 
phase formation, micro- and macroporosity research) carried out in 
Ukraine were used in the work. Determination of physical and me-
chanical properties was carried out according to standard methods. 
 A research methodology was developed, which includes the fol-
lowing using a hypothetical method. According to the purpose of 
the work, it is development of special concretes based on composite 
binders of the CaO–Al2O3–SO3 system, where the main mineralogical 
phase of such binders during the transition to the CaO–Al2O3–SO3–
H2O system is represented as ettringite, which is characterized by a 
violation of stability in certain operating conditions. Therefore, the 
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methodology of conducting research provides for determination of 
influencing factors as well as dependence of stability on these fac-
tors. First, analysis of research results obtained in this direction by 
the following scientists was performed: P. V. Kryvenko, R. F. 
Runova, L. Y. Dvorkin, V. D. Hlukhovskyi, I. V. Kryvenko, 
T. V. Kuznetsova, O. O. Pashchenko, T. H. Habadadze, I. H. Lugi-
na, A. A. Saley, H. Ì. Shabanova, V. A. Voznesensky [11–17]. 
 Next, a study of the properties of the ettringite phase was car-
ried out using pure minerals: Ñ3À and ÑaSO4 2H2O. 
 The main goal of experimental research is to test the hypothesis 
of increasing phase stability due to CNT nanomodification. 
 Research methods were based on the use of x-ray phase and elec-
tron microscopic analysis, as well as on determination of the main 
properties of solidified solutions. 
 Due to the fact that it is difficult to organize production of 
sulphoaluminate cements due to the lack of bauxites in Ukraine, the 
hypothesis for production of composite binders of the CaO–Al2O3–
SO3 system based on alumina cement and gypsum binders is pro-
posed. 
 According to the research methodology, the main properties of 
raw materials AC-400, AC-500 (Turkish and Polish manufacturers) 
and gypsum binders (G-5 Kamianets-Podilskyi and Ivano-Frankivsk) 
were determined according to the methods of DSTU. 
 Additives based on surface-active substances of the plasticizing 
group were used for reducing water consumption, regulating rheo-
logical properties, as well as for introducing nanomodifiers. 
 As a result of the research, it was established that the mineralog-
ical composition of alumina cement is represented as monalbite 
(d/n 0.275, 0.243, 0.229, 0.213, 0.204, 0.1988, 0.1893, 0.1727, 
0.1574, 0.1490, 0, 1455). 
 Theoretical calculations of the amount of ettringite based on pure 
minerals Ñ3À and ÑṤÍ2 gave a ratio of 28:72. 
 For the composition of alumina cement + gypsum plaster, this 
ratio was determined experimentally with the help of research con-
ducted on the basis of Full Factorial Experiment (FFE-2n). 
 Further investigation of the hydration processes of the Al2O3–
ÑaO–SO3–H2O system shows that the formation of ettringite can be 
divided into two stages. At the first stage, compounds are formed 
and then they interact with sulphates. The direct formation of 
ettringite is the reaction of C3A aluminates and sulphates, as well 
as a small amount of CA and CA2. Hydration processes, formation 
of hydrosulphoaluminates of highly sulphated form based on inter-
mediate compounds create problems of internal stresses. Moreover, 
when the system has gained certain strength, it leads to destruction 
of the structure (Fig. 1, 2). 
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 In the process of hydration of minerals of the CaO–Al2O3–H2O 
system, hydroaluminates and gel ÑÀÍ10, Ñ4ÀÍ10, Ñ3ÀÍ6, Ñ3ÀÍ8, 
Ñ4ÀÍ13, Al(OH)3 are formed. With the presence of calcium sulphates 
(CaO–Al2O3–SO3–H2O) in the system, the hydration process is more 
complicated. 
 Ettringite or the calcium trisulphatoaluminate hydrate (CtSAH) 
and calcium monosulphatoaluminate hydrate (CmSAH) (accordingly, 
3CaO Al2O3 3ÑaSO4 31H2O and 3CaO Al2O3 3ÑaSO4 12H2O) is a prod-
uct of the hydration reaction in many mineralogical mixtures. Con-

 
a    b   c 

Fig. 1. Photos of the structure of composition samples of the highly sul-
phated hydrosulphoaluminates Ñ3ÀS3H32: a—3 days; b—28 days; c—90 
days. 

 
a      b 

Fig. 2. Roentgenograms of the composition of alumina cement gypsum 
(AC G); during hardening periods 1–3 days (a) and 14–28 days (b); —
ettringite (3CaO Al2O3 3ÑaSO4 31H2O); —ettringite (3CaO Al2O3 3ÑaSO4 12H2O); 
—hydroaluminate (Ca4 Al2(OH)14 6H2O); —tetracalcium nineteen-hydroaluminate 

(4CaOAl2O3 19H2O); —tetracalcium thirteen-hydroaluminate (4CaOAl2O3 13H2O). 
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tents of crystallization water may vary. When heating the sample 
in dry conditions, ettringite is stable up to 65 C, and in wet condi-
tions, it is stable up to 93 C. Within 10–12% relative humidity, the 
amount of crystallization water does not change, but when it de-
creases, 10–20 H2O molecules are lost, which is accompanied by de-
struction of the ettringite structure. 
 Aluminous cement minerals in the presence of calcium sulphate 
ions also form ettringite of primary (a) and secondary (b) com-
pounds: 

a) ÑÀ 3ÑṤ 2ÑÍ 30Í Ñ6ÀṤ3Í32,  
b) Ñ4ÀÍ13 2ÑṤÍ2 16Í Ñ6ÀṤ3Í32. 

 Research on the properties of ettringite obtained in the process of 
hydration of pure minerals ettringite (Ñ3À) and dihydrate calcium 
sulphate (ÑṤÍ2) was carried out. 
 The process of hydration of alumina cement and the addition of 
calcium hydrosulphates also creates conditions for the formation of 
secondary ettringite (Fig. 4), the maximum amount of which is 
formed at the ratio of alumina cement gypsum AC G (70–30%) 
(Fig. 3, à). 
 According to the results of the research, the introduction of 
nanoadditives is not possible without surfactants. The influence of 
modifiers was determined on the basis of experimental studies of 
mixtures of pure C3A and AC, AC H minerals. Therefore, the 

 
a      b 

Fig. 3. X-ray diffractogram of samples made from the composition 70 
AC:30 G (a) and 50 AC:50 G (b) on the 3rd day of hardening; —ettringite 
(3CaO Al2O3 3ÑaSO4 31H2O); —ettringite (3CaO Al2O3 3ÑaSO4 12H2O); —
hydroaluminate (Ca4 Al2(OH)14 6H2O);  — tetracalcium nineteen-hydroaluminate 
(4CaOAl2O3 19H2O);  — tetracalcium thirteen-hydroaluminate (4CaOAl2O3 13H2O). 
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technology of dispersion of nanoadditives and their introduction in 
the process of preparation of the mixture is proposed. 
 A method of improving the distribution and stability of solutions 
using carbon nanotubes was developed. This is achieved by reducing 
the settling of solutions with the help of Sika plasticizer and their 
treatment with ultrasound with a frequency of oscillations from 15 
Hz to 20 Hz, as well as further mixing with water to obtain stable 
connections, which opens prospects for introduction of a modifica-
tion technology for construction solutions. Theoretical concepts 
were developed and confirmed by experimental studies regarding 
the mechanism of the ettringite phase stabilization by introducing 
functional nanotubes with a diameter of 5 to 25 nm. This mecha-
nism includes alloying and nanoreinforcement of the structure of 
the ettringite phase, which guarantees its stability during operation 
of products. 
 The results of the development of solutions based on nanomodi-
fied composite binders of the CaO–Al2O3–SO3 system are shown in 
Fig. 4 and Table. 
 First, it was performed the combined ultrasound treatment of 
carefully dosed and mixed components of the solution, which con-
sists of plasticizer, nanoparticles, and water. Ultrasound treatment 
depends on the values of the transmission coefficient and optical 
density and is of 4.5 min for nanotubes. After the treatment of this 
solution with ultrasound, it was mixed with cement, gypsum and 
sand until a solution of normal density was obtained. Samples 
160 40 40 mm in size were formed from the paste, which hardened 
in air–dry conditions. 

4. CONCLUSIONS 

Conducted research aimed at obtaining the maximum amount of 
ettringite phase showed that the best ratio of Ñ3À ³ ÑṤÍ2 is of 70–
30. 
 In this way, it can be emphasized that, at the ratio of AC:G of 
70–30, it is possible to replace 30% of AC with gypsum, and at the 
ratio of 30–70, it can be considered as a technology of modifying 
gypsum binders. 
 The results of studying nanomodified solutions containing the 
maximum amount of ettringite show that the optimal composition 
ensuring the strength of the system of 40.2 MPa is as follows: 
17.1% alumina cement, 7.32% gypsum, 0.4% plasticizer, 0.18% 
nanotubes, and 75% sand. 
 The principles of dispersion and increasing the stability of solu-
tions using carbon nanotubes by ultrasonic treatment at a frequency 
of 15–20 Hz and subsequent mixing with water was developed, 
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which made it possible to develop a modified technology for produc-
tion of construction solutions. 
 For the first time, theoretical provisions were developed and the 
mechanism of stabilization of the ettringite phase due to the intro-
duction of functional nanotubes with a diameter of 5–25 nm was 
confirmed by means of experimental studies. The mechanism in-

 

Fig. 4. Change in the compressive strength limit for AC:G solutions 
(7:17)% 25% sand 0.1–0.4% Sika 0.035–0.18% CNT. 

TABLE. Structures of research compositions and results of cement tests 
based on nanotubes. 

Compositions of binders  
and their properties 

Ratio of components (in wt.%)  
and indicators of properties 

1 2 3 4 

Alumina cement 7.47 9.88 12.28 17.1 

Gypsum 17.4 14.82 12.28 7.32 
Plasticizer 0.1 0.2 0.3 0.4 

Nanotubes 0.035 0.1 0.14 0.18 
Sand 75 75 75 75 

Water/solid ratio 0.29 0.27 0.26 0.25 
Compression strength, MPa 

1 day 25.3 26.4 26.7 28.5 

3 days 40.1 40.7 40.9 40.2 
7 days 42.3 43.1 44.3 45.2 

28 days 44.2 45.9 46.1 48.9 
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volves alloying and nanoreinforcement of the ettringite phase struc-
ture, and in this way, its stability during operation of products is 
ensured. 
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Âïëèâ ìàãíåòíîãî ïîëÿ íà óòâîðåííÿ íàíîðîçì³ðíîãî âóãëåöþ 

ó ìàòðèöÿõ ç ï³ðîãåííîãî ä³îêñèäó Ñèë³ö³þ 

Â. Â. Ãîí÷àðóê1, Â. Ì. Îãåíêî2, Ë. Â. Äóáðîâ³íà1 

1²íñòèòóò êîëî¿äíî¿ õ³ì³¿ òà õ³ì³¿ âîäè ³ì. À. Â. Äóìàíñüêîãî ÍÀÍ Óêðà¿íè,  
 áóëüâ. Àêàäåì³êà Âåðíàäñüêîãî, 42,  
 03142 Êè¿â, Óêðà¿íà 
2²íñòèòóò çàãàëüíî¿ òà íåîðãàí³÷íî¿ õ³ì³¿ ³ì. Â. ². Âåðíàäñüêîãî ÍÀÍ Óêðà¿íè, 
 ïðîñï. Àêàäåì³êà Ïàëëàä³íà, 32/34,  
 03142 Êè¿â, Óêðà¿íà 

Ïîðèñò³ íàíîêîìïîçèòè, ùî ñêëàäàþòüñÿ ç êðåìíåçåìó òà âóãëåöþ, áó-
ëî îäåðæàíî ìåòîäîì îäíîðåàêòîðíî¿ ñèíòåçè øëÿõîì êàðáîí³çàö³¿ íà-
òð³é-êàðáîêñèìåòèëöåëþëîçè (ÊÌÖ) ó ìàòðèö³ ç ï³ðîãåííîãî Ñèë³ö³þ 
ä³îêñèäó. Çì³øóâàëè ï³ðîãåííèé êðåìíåçåì (ï³ðîãåííèé Ñèë³ö³þ ä³îê-
ñèä À-50, ðîçì³ð ÷àñòèíîê 80 íì, Sïèò 50 ì2/ã) ³ âîäíèé ðîç÷èí ÊÌÖ 
(íàòð³éîâà ñ³ëü êàðáîêñèìåòèëöåëþëîçè Acucell AF 3265). Çà ðàõóíîê 
ïðîöåñó ñàìîîðãàí³çàö³¿ (self-assembly) ó äèñïåðñ³¿ ³ç Ñèë³ö³þ ä³îêñèäîì 
³ ÊÌÖ ôîðìóâàííÿ ìàòðèö³ òà ðîçì³ùåííÿ ó í³é ìàêðîìîëåêóë ïîë³-
ìåðó â³äáóâàëîñÿ îäíî÷àñíî. Êð³ì òîãî, äîäàâàëè ðîç÷èí NiCl2 ó åòàíîë³ 
ÿê ïðåêàòàë³çàòîð. Îäíó ÷àñòèíó (çðàçîê SiO2/C/Ni) îäåðæàíî¿ äèñïåð-
ñ³¿ ó çàêðèòîìó âì³ñòèù³ ðîçòàøîâóâàëè íà äåðåâ’ÿíîìó ñòîë³, à äðóãó 
(çðàçîê m/SiO2/C/Ni) — íà ïîñò³éíîìó ìàãíåò³ òà âèòðèìóâàëè äîáó. 
ßê êîíòðîëüíèé, çðàçîê áåç äîäàâàííÿ ðîç÷èíó NiCl2 ñèíòåçóâàëè ó òèõ 
æå óìîâàõ (SiO2/C). Ïîò³ì âì³ñòèùà â³äêðèâàëè òà âèñóøóâàëè äèñïåð-
ñ³¿ äî óòâîðåííÿ êñåðî´åëþ. Êñåðî´åë³ êàðáîí³çóâàëè çà 750 C ó ïîòîö³ 
àð´îíó âïðîäîâæ 20 õâ; øâèäê³ñòü íàãð³âó ñêëàäàëà 10 ´ðàä/õâ. Ï³ñëÿ 
êàðáîí³çàö³¿ çðàçêè íàáóëè ÷îðíîãî êîëüîðó. Ìåòîäîì ÐÔÀ ïîêàçàíî, 
ùî ñèíòåçîâàí³ íàíîêîìïîçèòè ñêëàäàþòüñÿ ç SiO2, âóãëåöþ ó ð³çíèõ 
àëîòðîïíèõ ôîðìàõ, â³äíîâëåíîãî äî ìåòàëåâîãî ñòàíó í³êëþ òà NaCl. 
Âèâ÷åííÿ ñòðóêòóðè çðàçê³â çà äîïîìîãîþ ÑÅÌ ïîêàçàëî, ùî â³çóàëüíî 
ìîðôîëîã³¿ çðàçê³â SiO2/C é m/SiO2/C/Ni ïðàêòè÷íî ³äåíòè÷í³, òîáòî 
íàíîñòðóêòóðè âóãëåöþ ðîçòàøîâàí³ ïî ïîâåðõí³ ÷àñòèíîê SiO2. Ó çðà-
çê³â m/SiO2/C/Ni íà ïðèñóòí³ñòü â³äíîâëåíèõ ÷àñòèíîê ìåòàëåâîãî í³ê-
ëþ âêàçóº íàÿâí³ñòü á³ëüø êîíòðàñòíèõ ñôåðè÷íèõ ÷àñòèíîê ðîçì³ðîì 
ìåíøå 100 íì òà ¿õí³õ ñêóï÷åíü. Ó çðàçêàõ SiO2/C/Ni, êð³ì ï³ðîâóãëå-
öþ, ÿêèé óòâîðèâñÿ íà ïîâåðõí³ ÷àñòèíîê SiO2, ïðèñóòí³ êëóáêè ç íà-
íîòðóáîê àáî âîëîêîí âóãëåöþ ðîçì³ðîì â³ä 20 íì äî 60 íì. Íà ê³íöÿõ 
öèõ ñòðóêòóð çíàõîäÿòüñÿ íàíî÷àñòèíêè ìåòàëåâîãî í³êëþ ðîçì³ðîì äî 
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Íàäðóêîâàíî â Óêðà¿í³. 
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80 íì, ùî äåìîíñòðóº òèïîâå ê³í÷èêîâå êàòàë³òè÷íå çðîñòàííÿ íàíîóò-
âîðåíü. Óñ³ îäåðæàí³ êîìïîçèòè º âèñîêîïîðèñòèìè ìàòåð³ÿëàìè; ¿õíÿ 
ïîç³ðíà ãóñòèíà ñêëàäàº â³ä 0,55 ã/ñì3 äî 0,64 ã/ñì3. Ïðîÿâîì ìîëåêó-
ëÿðíî-ñèòîâîãî åôåêòó º òå, ùî â³äêðèòà ïîðèñò³ñòü (â³ä 73,3% äî 
55,2%) ³ âáèðàííÿ ðîç÷èííèê³â çðàçêàìè çàëåæàòü â³ä ðîçì³ðó ìîëåêóë 
ðîç÷èííèêà, ïî ÿêèõ ¿õ âèçíà÷àëè. Íàéêðàùèé åôåêò îäåðæàíî äëÿ 
çðàçêà SiO2/C. Çðàçêè SiO2/C/Ni é m/SiO2/C/Ni, ÿê³ ìàþòü ó ñâîºìó 
ñêëàä³ ìåòàëåâèé í³êåëü, ïðèòÿãóþòüñÿ äî ïîñò³éíîãî ìàãíåòó, òîáòî 
âîíè âèÿâëÿþòü ôåðîìàãíåòí³ âëàñòèâîñò³. 

Porous nanocomposites consisting of silica and carbon are obtained by the 
method of one-reactor synthesis by carbonization of sodium carboxyme-
thyl cellulose (CMC) in a matrix of pyrogenic silicon dioxide. Fumed silica 
(fumed silicon dioxide A-50, particle size 80 nm, Ssp 50 m2/g) and an 
aqueous solution of CMC (sodium carboxymethyl cellulose Acucell AF 
3265) are mixed. Due to the process of self-assembly in the dispersion of 
silicon dioxide and CMC, the formation of the matrix and the arrange-
ment of polymer macromolecules within it are occurred simultaneously. 
Additionally, a solution of NiCl2 in ethanol is added as a precatalyst. One 
part (the SiO2/C/Ni sample) of the obtained dispersion in a closed contain-
er is placed on a table, and the second part (the m/SiO2/C/Ni sample) is 
placed on a permanent magnet and kept for a day. A sample of SiO2/C is 
synthesized as a control under the same conditions without adding a NiCl2 
solution. Then, the containers are opened, and the dispersions are dried to 
form a xerogel. Xerogels are carbonized at 750 C in an argon stream for 
20 min; the heating rate is of 10 degrees/min. After carbonization, the 
samples are acquired a black colour. The XRF method shows that the syn-
thesized nanocomposites consist of SiO2, carbon in various allotropic 
forms, metallic nickel, and NaCl. Studying the structure of the samples 
using SEM shows that the visual morphologies of the SiO2/C and 
m/SiO2/C/Ni samples are practically identical, i.e., the carbon nanostruc-
tures are located on the surface of the SiO2 particles. In the m/SiO2/C/Ni 
samples, the presence of metallic nickel particles is indicated by the pres-
ence of both brighter spherical particles smaller than 100 nm and their 
clusters. In the SiO2/C/Ni samples, in addition to the pyrocarbon formed 
on the surface of the SiO2 particles, there are tangles of carbon nanotubes 
or fibres ranging in size from 20 nm to 60 nm. At the ends of these for-
mations, there are nanoparticles of metallic nickel up to 80 nm in size 
that demonstrates the typical catalytic tip growth of nanoformations. All 
obtained composites are highly porous materials; their apparent density 
ranges from 0.55 g/cm3 to 0.64 g/cm3. A manifestation of the molecular-
sieve effect is that the open porosity (from 73.3% to 55.2%) and the ab-
sorption of solvents by the samples depend on the size of the solvent mol-
ecules, by which they are determined. The best effect belongs to the 
SiO2/C sample. The SiO2/C/Ni and m/SiO2/C/Ni samples, which contain 
metallic nickel, are attracted to a permanent magnet, i.e., they have ac-
quired ferromagnetic properties. 

Êëþ÷îâ³ ñëîâà: ïîðèñò³ êðåìíåçåì-âóãëåöåâ³ êîìïîçèòè, ï³ðîãåííèé 
Ñèë³ö³þ ä³îêñèä, íàòð³é-êàðáîêñèìåòèëöåëþëîçà, âóãëåöåâ³ íàíîñòðóê-
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òóðè, í³êëåâ³ íàíî÷àñòèíêè, åôåêò ïîñò³éíîãî ìàãíåòíîãî ïîëÿ. 

Key words: porous silica-carbon composites, fumed silica, sodium carbox-
ymethyl cellulose, carbon nanostructures, nickel nanoparticles, effect of 
permanent magnetic field. 

(Îòðèìàíî 27 âåðåñíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Â äàíèé ÷àñ äëÿ âèð³øåííÿ ïðîáëåì íàíîòåõíîëîã³é ÿê ó ôóíäà-
ìåíòàëüíîìó, òàê ³ â ïðèêëàäíîìó çíà÷åíí³ äëÿ ñòâîðåííÿ íîâèõ 
ïîêîë³íü ôóíêö³îíàëüíèõ ³ êîíñòðóêö³éíèõ íàíîìàòåð³ÿë³â âè-
êîðèñòîâóþòü ð³çí³ íàïðÿìè ïîøóêó. Ðîçðîáêà íàíîìàòåð³ÿë³â ³ç 
çàäàíèìè âëàñòèâîñòÿìè º äîñòàòíüî ñêëàäíèì íàóêîâèì ³ ïðàê-
òè÷íèì çàâäàííÿì, ÿêå ìàº çàáåçïå÷óâàòè âçàºìîçâ’ÿçîê ôóíäà-
ìåíòàëüíèõ îñîáëèâîñòåé íàíîìàòåð³ÿë³â ³ç âçàºìîä³ºþ íàíî-
îá’ºêò³â íà âñ³õ ð³âíÿõ ³ºðàðõ³¿ ñòðóêòóðè. Çàâäÿêè ñâî¿é óí³êà-
ëüí³é íàíîñòðóêòóð³ òà õåì³÷íèì âëàñòèâîñòÿì áàãàòîîá³öÿþ÷èì 
ìàòåð³ÿëîì äëÿ ð³çíîìàí³òíèõ çàñòîñóâàíü ñòàâ íàíîâóãëåöü. Äëÿ 
ñèíòåçè âóãëåöåâèõ íàíîìàòåð³ÿë³â, òàêèõ ÿê âóãëåöåâ³ íàíîòðó-
áêè, ãðàôåí ³ ôóëëåðåíè, âèêîðèñòîâóþòü õåì³÷íå îñàäæåííÿ ç 
ïàðîâî¿ ôàçè, â³äíîâëåííÿ îêñèäó ãðàôåíó, äóãîâèé ðîçðÿä ³ ìå-
òîäè ëàçåðíî¿ àáëÿö³¿. Äëÿ îäåðæàííÿ íàíîêîìïîçèò³â íà îñíîâ³ 
âóãëåöþ çàñòîñîâóþòü ìåòîäè çì³øóâàííÿ â ðîç÷èí³, ïîë³ìåðèçà-
ö³¿ in situ, çì³øóâàííÿ â ðîçòîï³, åëåêòðîôîðìóâàííÿ òà â³äíîâ-
ëåííÿ in situ [1–3]. 
 Ïîðèñò³ íåîðãàí³÷í³ ìàòåð³ÿëè ìàþòü ð³çíîìàí³òí³ çàñòîñóâàí-
íÿ äëÿ î÷èùåííÿ âîäè, ïîâ³òðÿ òà áàãàòüîõ ³íøèõ ðå÷îâèí, çîê-
ðåìà, â ìåäèöèí³ ÿê åíòåðî- ³ õåìîñîðáåíòè, à òàêîæ ÿê íîñ³¿ êà-
òàë³çàòîð³â òà ³í. Âñå öå çóìîâëåíî ¿õí³ìè åêñïëóàòàö³éíèìè 
âëàñòèâîñòÿìè: õåì³÷íîþ ³íåðòí³ñòþ, âèñîêîþ òåðì³÷íîþ ñò³éê³ñ-
òþ, ì³öí³ñòþ, âåëèêèì îá’ºìîì ïîð çà íèçüêî¿ âàðòîñòè âèðîáíè-
öòâà òà ïðîñòîòè âèêîðèñòàííÿ. Äëÿ ñèíòåçè òàêèõ ìàòåð³ÿë³â ç 
âèñîêèì ñòóïåíåì êîíòðîëþ ¿õí³õ ñòðóêòóðíèõ ³ òåêñòóðíèõ âëà-
ñòèâîñòåé íàé÷àñò³øå âèêîðèñòîâóþòü ìàòðè÷íèé ìåòîä. ßê øà-
áëîíè ó êîìïîíåíòè äëÿ ñèíòåçè äîäàþòüñÿ ìîëåêóëÿðí³ àáî ñóï-
ðàìîëåêóëÿðí³ îäèíèö³. Çàâäÿêè âäàëîìó âèáîðó ïðîöåäóðè øàá-
ëîíóâàííÿ çà îñòàíí³ äåê³ëüêà ðîê³â áóëî äîñÿãíóòî áåçïðåöåäåí-
òíèé êîíòðîëü ñòðóêòóð ³ òåêñòóð ðîçì³ðîì â³ä íàíîìåòð³â äî ì³-
êðîìåòð³â. Ó á³ëüøîñò³ ðîá³ò òåìïëàòíó ñèíòåçó êðåìíåçåì-
âóãëåöåâèõ íàíîêîìïîçèò³â ïðîâîäÿòü øëÿõîì ³ìïðå´íàö³¿ òà 
âò³ëåííÿ ó ñèë³êàòí³ ìàòðèö³ ïîë³ìåðíèõ êîìïîçèö³é ç ïîäàëü-
øîþ êàðáîí³çàö³ºþ ¿õ ³ âèäàëåííÿì ìàòðèöü [4–6]. 
 Ç âèêîðèñòàííÿì êîëî¿äíîãî êðåìíåçåìó ÿê ìàòðèöü, ùî óòâî-
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ðþþòüñÿ ìåòîäîì ñàìîñêëàäàííÿ (self-assembly) â ïðèñóòíîñò³ 
ïîë³ìåð³â àáî çà îäíî÷àñíîãî óòâîðåííÿ ¿õ, íàìè áóëî îäåðæàíî 
ï³ñëÿ êàðáîí³çàö³¿ íàíîâóãëåöåâ³ ÷àñòèíêè, òîáòî îäåðæàíî êðå-
ìíåçåì-âóãëåöåâ³ íàíîìàòåð³ÿëè, â òîìó ÷èñë³ íàíîòðóáêè [7, 8]. 
 Â îñòàíí³ ðîêè ç’ÿâèëîñÿ áàãàòî ðîá³ò ç âèâ÷åííÿ âïëèâó ìàã-
íåòíîãî ïîëÿ íà ñòðóêòóðó òà âëàñòèâîñò³ âîäè, âîäíèõ ðîç÷èí³â ³ 
ðîç÷èí³â ïîë³ìåð³â. Ó ïðèñóòíîñò³ ìàãíåòíîãî ïîëÿ çì³íþºòüñÿ 
êîíôîðìàö³ÿ äåÿêèõ ïîë³ìåðíèõ ìàêðîìîëåêóë, ùî çóìîâëåíî 
àí³çîòðîï³ºþ ¿õíüî¿ ìàãíåòíî¿ ñïðèéíÿòëèâîñòè. Íàêëàäàííÿ ìà-
ãíåòíîãî ïîëÿ íà ðîç÷èíè ïîë³ìåð³â ïðèâîäèòü äî äîäàòêîâî¿ îð³-
ºíòàö³¿ ìàêðîìîëåêóë, îñîáëèâî ïîáëèçó ð³äêîêðèñòàë³÷íîãî ôà-
çîâîãî ïåðåõîäó. Äëÿ âîäíèõ ðîç÷èí³â äåÿêèõ åô³ð³â öåëþëîçè 
áóëî âèÿâëåíî, ùî íàêëàäàííÿ ìàãíåòíîãî ïîëÿ ïðèâîäèòü äî 
ïîì³òíîãî çá³ëüøåííÿ â’ÿçêîñòè ðîç÷èí³â, ùî ïîâ’ÿçàíå ç îð³ºí-
òàö³ºþ ìàêðîìîëåêóë ó ïîë³ òà ïðîöåñàìè äîäàòêîâîãî ñòðóêòó-
ðîóòâîðåííÿ ì³æ ìîëåêóëàìè âîäè òà ìàêðîìîëåêóëàìè çà ðàõó-
íîê ã³äðî´åíîâèõ çâ’ÿçê³â. Çà ìàãíåòíîãî îáðîáëåííÿ âîäíî-
äèñïåðñíèõ ñèñòåì òàêîæ â³äáóâàºòüñÿ çì³íà ô³çèêî-õåì³÷íèõ 
ïîêàçíèê³â, ùî âêàçóº íà âïëèâ ìàãíåòíîãî ïîëÿ íà ¿õíþ ñòðóê-
òóðó [9–13]. 
 Ìåòîþ äàíî¿ ðîáîòè áóëî âèâ÷åííÿ âïëèâó ïîñò³éíîãî ìàãíåò-
íîãî ïîëÿ íà óòâîðåííÿ íàíîâóãëåöåâèõ ñòðóêòóð ó ìàòðèö³ ç ï³-
ðîãåííîãî êðåìíåçåìó òà âîäíèõ ðîç÷èí³â êàðáîêñèìåòèëöåëþëî-
çè ï³ñëÿ êàðáîí³çàö³¿. 

2. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ×ÀÑÒÈÍÀ 

Ìàòåð³ÿëè. ßê ñòðóêòóðîóòâîðþâàëüíèé êîìïîíåíò äëÿ îäåð-
æàííÿ êîìïîçèòíèõ ìàòðèöü âèêîðèñòîâóâàëè ï³ðîãåííèé Ñèë³-
ö³þ ä³îêñèä (Êàëóø, À-50, ðîçì³ð ÷àñòèíîê 80 íì, Sïèò 50 
ì2/ã). Ïîë³ìåðíèì ïðåêóðñîðîì ï³ðîâóãëåöþ ñëóãóâàëà íàòð³éîâà 
ñ³ëü êàðáîêñèìåòèëöåëþëîçè (ÊÌÖ, Í³äåðëàíäè, Acucell AF 
3265, õàð÷îâà, ñòóï³íü çàì³ùåííÿ 0,7–0,85). ßê ïðåêàòàë³çàòîð 
âèêîðèñòàíî Í³êëþ õëîðèä NiCl2 6H2O (õ÷). Ðîç÷èííèêàìè áóëè 
äèñòèëüîâàíà âîäà é åòàíîë. 
Ìåòîäèêà îäåðæàííÿ íàíîðîçì³ðíîãî âóãëåöþ ó ìàòðèöÿõ. Ó 
ñêëÿíå âì³ñòèùå, ùî ì³ñòèëî 30 ìë 1%-ðîç÷èíó ÊÌÖ â äèñòè-
ëüîâàí³é âîä³ äîäàâàëè 4 ã À-50 (çðàçîê SiO2/C) ³ 1 ìë 12%-
ðîç÷èíó NiCl2 â åòàíîë³, ïåðåì³øóâàëè 15 õâ. çà øâèäêîñòè ó 
3000 îá/õâ. Îäåðæàíèé ´åëü [14] ðîçä³ëèëè íà äâ³ ð³âí³ ÷àñòèíè 
é îäíó (çðàçîê SiO2/C/Ni) çàëèøàëè íà ëàáîðàòîðíîìó ñòîë³, à 
³íøó (çðàçîê m/SiO2/C/Ni) ðîçì³ùóâàëè íà çàë³çî-êîáàëüò-
í³îá³éîâîìó ïîñò³éíîìó ìàãíåò³ ç ì³äíî-í³êëåâèì ïîêðèòòÿì, íà-
ïðóæåí³ñòü ïîëÿ ÿêîãî íà ïîëþñàõ ñòàíîâèëà 77 Òë. Çàêðèò³ 
êðèøêàìè çðàçêè âèòðèìóâàëè ó òàêèõ óìîâàõ äîáó, ï³ñëÿ ÷îãî 
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çí³ìàëè êðèøêè òà âèñóøóâàëè çðàçêè çà ê³ìíàòíî¿ òåìïåðàòóðè 
íà ïîâ³òð³. Âèñóøåí³ çðàçêè êàðáîí³çóâàëè çà 750 C ó ïîòîö³ àð-
´îíó óïðîäîâæ 20 õâ.; øâèäê³ñòü íàãð³âó ñêëàäàëà 10 ´ðàä/õâ. 
Òàêèì ÷èíîì áóëî îäåðæàíî ïîðèñò³ íåîðãàí³÷í³ íàíîêîìïîçèòè. 
Ìåòîäè äîñë³äæåííÿ ñêëàäó, ñòðóêòóðè òà âëàñòèâîñòåé íàíîêî-
ìïîçèò³â. Ïîç³ðíó ãóñòèíó (dïîç) âèçíà÷àëè âàãîâèì ìåòîäîì, âè-
õîäÿ÷è ç ãåîìåòðè÷íèõ ðîçì³ð³â çðàçê³â. Â³äêðèòó ïîðèñò³ñòü íà-
íîêîìïîçèò³â (W, %) ³ âáèðàííÿ öèõ ðîç÷èííèê³â çðàçêàìè âè-
çíà÷àëè çà ïîãëèíàííÿì (ð, ñì3/ã) îðãàí³÷íèõ ðîç÷èííèê³â ó ñòà-
òè÷íèõ óìîâàõ ï³ñëÿ âèòðèìêè ¿õ óïðîäîâæ 1 äîáè ó â³äïîâ³äíî-
ìó ðîç÷èííèêó çà ê³ìíàòíî¿ òåìïåðàòóðè [15]. Ñêëàä íàíîêîìïî-
çèò³â âèâ÷àëè ìåòîäîì ðåíò´åíîôàçîâî¿ àíàë³çè (ÐÔÀ) íà àâòîìà-
òè÷íîìó äèôðàêòîìåòð³ ÄÐÎÍ-3Ì ç äæåðåëîì âèïðîì³íåííÿ 
CuK  ( 1.54178 Å) ó ä³ÿïàçîí³ êóò³â 2  â³ä 5  äî 70 . Â³äíåñåí-
íÿ ðåôëåêñ³â íà äèôðàêòîãðàìàõ áóëî çðîáëåíî íà ï³äñòàâ³ áàçè 
äàíèõ ïðîãðàìíîãî çàáåçïå÷åííÿ Match!, ùî â³äíîñèòüñÿ äî ³äåí-
òèô³êàö³¿ ôàç ïîðîøêîâèõ äèôðàêòîãðàì. Ìîðôîëîã³þ çðàçê³â 
äîñë³äæóâàëè çà äîïîìîãîþ ñêàíóâàëüíîãî åëåêòðîííîãî ì³êðîñ-
êîïà JSM-6700F (JEOL, ßïîí³ÿ). Ïîïåðåäíüî íà ïîâåðõíþ çðàçê³â 
íàïîðîøóâàëè ïëàòèíîâó ïë³âêó çàâòîâøêè ó 30 Å. Çéîìêà âè-
êîíóâàëàñÿ â ðåæèì³ SEI çà ïðèøâèäøóâàëüíî¿ íàïðóãè ó 10 êÂ 
³ ñòðóìó çîíäà ó 0,65 íÀ. 

3. ÐÅÇÓËÜÒÀÒÈ ÒÀ ¯Õ ÎÁÃÎÂÎÐÅÍÍß 

Âèêîðèñòàííÿ íåîðãàí³÷íèõ ìàòðèöü äëÿ ñèíòåçè íàíîìàòåð³ÿë³â 
çóìîâëþº ðîçì³ð ³ ôîðìó íàíîñòðóêòóð ³ çàáåçïå÷óº çáåðåæåííÿ 
¿õ çà ðàõóíîê ³çîëÿö³¿ ÷àñòèíîê ñò³íêàìè ïîð. ßêùî äëÿ îäåð-
æàííÿ íàíîâóãëåöþ âèêîðèñòîâóþòü òâåðäîôàçíó êàðáîí³çàö³þ 
ïîë³ìåð³â, òî ¿õ, ÿê ïðàâèëî, íàíîñÿòü ó âèãëÿä³ òîíêîãî øàðó íà 
ïîðèñòó ìàòðèöþ. Ï³ä ÷àñ òåðì³÷íîãî ðîçêëàäàííÿ ïîë³ìåðíîãî 
ïðåêóðñîðà ó òâåðä³é ôàç³ óòâîðþþòüñÿ òàê³ âóãëåöåâ³ ñòðóêòóðè, 
ÿê àêòèâîâàíå âóã³ëëÿ, ìîëåêóëÿðí³ ñèòà, âîëîêíà òà ³í. Ôîðìó-
âàííÿ ò³º¿ ÷è ³íøî¿ ñòðóêòóðè ï³ðîâóãëåöþ çàëåæèòü â³ä ñòðóê-
òóðíèõ õàðàêòåðèñòèê ìàòðèöü, êîíöåíòðàö³¿ òà ñêëàäó ïîë³ìåðó 
òà ïðîì³æíèõ ïðîäóêò³â êàðáîí³çàö³¿ [16, 17]. 
 Ìè âèêîðèñòîâóâàëè ï³ðîãåííèé êðåìíåçåì ³ âîäíèé ðîç÷èí 
ÊÌÖ îäíî÷àñíî; òîìó çà ðàõóíîê ïðîöåñó ñàìîîðãàí³çàö³¿ (self-
assembly) ôîðìóâàííÿ ìàòðèö³ ³ç Ñèë³ö³é ä³îêñèäó òà ðîçòàøó-
âàííÿ ó í³é ìàêðîìîëåêóë ïîë³ìåðó â³äáóâàëîñü îäíî÷àñíî. Ï³ä 
÷àñ íàãð³âó îäåðæàíîãî ï³ñëÿ âèñóøóâàííÿ êñåðî´åëþ â³äáóâàºòü-
ñÿ ï³ðîë³çà ç óòâîðåííÿì ð³çíîìàí³òíèõ ôîðì âóãëåöþ òà íèçü-
êîìîëåêóëÿðíèõ ãàçîïîä³áíèõ ñïîëóê. Ï³ñëÿ êàðáîí³çàö³¿ çðàçêè 
íàáóâàþòü ÷îðíîãî çàáàðâëåííÿ. 
 Íà ðèñóíêó 1 ïðåäñòàâëåíî ðåçóëüòàòè äîñë³äæåííÿ ñêëàäó 
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îäåðæàíèõ ìàòåð³ÿë³â ìåòîäîì ÐÔÀ. Íà äèôðàêòîãðàìàõ º øè-
ðîêèé ï³ê ïðè 2  ó 15–30 , ÿêèé â³äïîâ³äàº àìîðôíîìó Ñèë³ö³þ 
ä³îêñèäó òà ðåôëåêñàì â³ä àìîðôíîãî âóãëåöþ, âóãëåöåâèõ íàíî-
âîëîêîí, òðóáîê ³ ãðàô³òó. Òàêîæ ïðèñóòí³ ðåôëåêñè â³ä ìåòàëå-
âîãî Í³êëþ òà NaCl. Ïîÿâó ðåôëåêñ³â â³ä ôàçè ìåòàëåâîãî Í³êëþ 
çóìîâëåíî â³äíîâëåííÿì Ni2  ç Í³êëþ õëîðèäó ãàçîïîä³áíèìè 
ñïîëóêàìè, ÿê³ óòâîðèëèñÿ ï³ä ÷àñ ï³ðîë³çè ÊÌÖ. Ìåòàëåâèé í³-
êåëü º êàòàë³çàòîðîì óòâîðåííÿ íàíîòðóáîê ç îðãàí³÷íèõ ñïîëóê; 
îñîáëèâî ÿñêðàâî ö³ âëàñòèâîñò³ âèÿâëÿþòüñÿ çà éîãî îñàäæåííÿ 
íà ïîâåðõíþ SiO2. Óòâîðåííÿ NaCl ïåðåá³ãàº ÿê çà ðåàêö³¿ îáì³íó 
ì³æ ÊÌÖ ³ NiCl2 ó ðîç÷èí³, âíàñë³äîê ÷îãî óòâîðþºòüñÿ ñ³ëü Ni-
êàðáîêñèìåòèëöåëþëîçè ³ NaCl, òàê ³ ï³ä ÷àñ êàðáîí³çàö³¿ ÊÌÖ 
òà ðîçêëàäàííÿ NiCl2 [18, 19]. 
 Íà ðèñóíêó 2 íàâåäåíî ì³êðîôîòîãðàô³¿ îäåðæàíèõ çðàçê³â íà-
íîìàòåð³ÿë³â. ßê âèäíî ç íàâåäåíèõ äàíèõ (ðèñ. 2, à, á), â³çóàëü-
íî ìîðôîëîã³¿ çðàçê³â SiO2/C ³ m/SiO2/C/Ni º ïðàêòè÷íî ³äåíòè÷-
íèìè, òîáòî íàíîñòðóêòóðè âóãëåöþ ðîçòàøîâàí³ ïî ïîâåðõí³ ÷à-
ñòèíîê SiO2. Àëå ÷àñòèíêè íàíîêîìïîçèòó, ÿêèé óòâîðèâñÿ ï³ä 
÷àñ êàðáîí³çàö³¿ ò³ëüêè ÊÌÖ, óïàêîâàí³ á³ëüø ù³ëüíî, í³æ ó 
çðàçêà, ÿêèé îäåðæàíî çà êàðáîí³çàö³¿ ñóì³ø³ ðîç÷èí³â ÊÌÖ ³ 
NiCl2, õî÷à ïðèñóòí³ ïîðè á³ëüøèõ ðîçì³ð³â. Íà ïðèñóòí³ñòü ìå-
òàëåâîãî Í³êëþ ó çðàçêó m/SiO2/C/Ni âêàçóº íàÿâí³ñòü á³ëüø ÿñ-
êðàâèõ øàðîïîä³áíèõ ÷àñòèíîê ðîçì³ðîì ìåíøå 100 íì òà ¿õí³õ 
ñêóï÷åíü. Ç ðèñóíêó 2, â, ã âèäíî, ùî, êð³ì ï³ðîâóãëåöþ, ÿêèé 
óòâîðèâñÿ íà ïîâåðõí³ ÷àñòèíîê SiO2 ó çðàçêó SiO2/C/Ni, ïðèñóò-
í³ êëóáêè ç íàíîòðóáîê àáî âîëîêîí âóãëåöþ ðîçì³ðîì â³ä 20 íì 
äî 60 íì. Íà ê³íöÿõ òðóáîê çíàõîäÿòüñÿ íàíî÷àñòèíêè ìåòàëåâî-

 

Fig. 1. Äèôðàêòîãðàìè êðåìíåçåì-âóãëåöåâèõ çðàçê³â SiO2/C (1), 
m/SiO2/C/Ni (2) òà SiO2/C/Ni (3).1 
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ãî í³êëþ ðîçì³ðîì äî 80 íì, ùî äåìîíñòðóº òèïîâå êàòàë³òè÷íå 
ê³í÷èêîâå çðîñòàííÿ íàíîóòâîðåíü [20, 21]. Ñë³ä çàçíà÷èòè, ùî 
çðàçêè âóãëåöü-êðåìíåçåìíèõ êîìïîçèò³â m/SiO2/C/Ni òà 
SiO2/C/Ni ï³ñëÿ êàðáîí³çàö³¿ íàáóëè âíàñë³äîê ïðèñóòíîñòè ÷àñ-
òèíîê ìåòàëåâîãî í³êëþ ôåðîìàãíåòíèõ âëàñòèâîñòåé — âîíè 
ïðèòÿãóþòüñÿ äî ïîñò³éíîãî ìàãíåòó. 
 Îäåðæàí³ ðåçóëüòàòè ìîæíà ïîÿñíèòè òèì, ùî ÊÌÖ º ïîë³åëå-
êòðîë³òîì, ³ ¿¿ êîíöåíòðîâàí³ âîäí³ ðîç÷èíè º ïðîñòîðîâîþ ôëþê-
òóàö³éíîþ ñ³òêîþ ç³ ñòèñíóòèõ êëóáê³â ìàêðîìîëåêóë, òîáòî ´å-
ëåì, óòâîðåííÿ ÿêîãî çóìîâëåíî íàÿâí³ñòþ Êóëîíîâèõ ³ ã³äðîôî-
áíèõ âçàºìîä³é, âîäíåâèìè çâ’ÿçêàìè òà âçàºìîä³ºþ éîí³â Na  ³ 
COO -ãðóï ìàêðîìîëåêóëè. Ó ïðèñóòíîñò³ ï³ðîãåííîãî êðåìíåçå-

  
à      á 

  
â      ã 

Fig. 2. ÑÅÌ-ì³êðîôîòîãðàô³¿ êðåìíåçåì-âóãëåöåâèõ íàíîêîìïîçèò³â 
SiO2/C (à), m/SiO2/C/Ni (b) òà SiO2/C/Ni (c, d).2 
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ìó íà éîãî ïîâåðõí³ â³äáóâàºòüñÿ àäñîðáö³ÿ ÿê îêðåìèõ ìàêðîìî-
ëåêóë ÊÌÖ, òàê ³ ¿õí³õ êëóáê³â. Ï³ä ÷àñ ðåàêö³¿ éîí³â Ni2  ç ìàê-
ðîìîëåêóëàìè ÊÌÖ óòâîðþºòüñÿ âîäîíåðîç÷èííà ñ³ëü Ni-ÊÌÖ, 
ÿêà ìîæå ïåðåøêîäæàòè çì³í³ êîíôîðìàö³¿ ìàêðîìîëåêóë ïîë³-
ìåðó â ðîç÷èí³, ùî ïðèâåäå çà êàðáîí³çàö³¿ çðàçê³â äî óòâîðåííÿ 
êëóáê³â íàíîòðóáîê àáî âîëîêîí (ðèñ. 2, â, ã) [22–24]. 
 Ó ïðèñóòíîñò³ ìàãíåòíîãî ïîëÿ ï³ä éîãî âïëèâîì àí³çîòðîïí³ 
ñòðóêòóðè îáåðòàþòüñÿ ï³ä ä³ºþ ìàãíåòíîãî ìîìåíòó, âíàñë³äîê 
÷îãî ïðîõîäèòü ïåâíà ïåðåîð³ºíòàö³ÿ ìàêðîìîëåêóë ïàðàëåëüíî 
äî ë³í³é ïîëÿ ìàãíåòíî¿ ³íäóêö³¿, ùî ïðèâîäèòü äî äîäàòêîâîãî 
âïîðÿäêóâàííÿ ñòðóêòóðè äèñïåðñ³¿ SiO2–âîäíèé ðîç÷èí ÊÌÖ, ³ 
ëîêàëüíà êîíöåíòðàö³ÿ ïîë³ìåðó ñòàº íåäîñòàòíüîþ äëÿ óòâîðåí-
íÿ íàíîòðóáîê àáî âîëîêîí [11]. 
 Ó òàáëèö³ ïðåäñòàâëåíî âëàñòèâîñò³ îäåðæàíèõ êàðáîíâì³ñíèõ 
êîìïîçèò³â. Ç òàáëèö³ âèäíî, ùî êîìïîçèòè º âèñîêîïîðèñòèìè 
ìàòåð³ÿëàìè, òîìó ùî ¿õíÿ ãóñòèíà ³ñòîòíî íèæ÷à, í³æ ãóñòèíà 
àìîðôíîãî Ñèë³ö³þ ä³îêñèäó òà ãðàô³òó (2,20 ã/ñì3 ³ 2,27 ã/ñì3 
â³äïîâ³äíî), à ¿õíÿ ñòðóêòóðà çàëåæèòü â³ä ñêëàäó òà ñïîñîáó îäå-
ðæàííÿ. 
 ßê âèäíî ç íàâåäåíèõ äàíèõ, óòâîðåííÿ ìåòàëåâîãî í³êëþ ó 
çðàçêàõ ïðèâîäèòü äî çá³ëüøåííÿ ïîç³ðíî¿ ãóñòèíè. Çàëåæí³ñòü 
â³äêðèòî¿ ïîðèñòîñòè çðàçê³â ³ ê³ëüêîñòè àáñîðáîâàíèõ ðîç÷èííè-
ê³â â³ä ðîçì³ðó ¿õí³õ ìîëåêóë ñâ³ä÷èòü ïðî íàÿâí³ñòü ìîëåêóëÿð-
íî-ñèòîâèõ âëàñòèâîñòåé. Íàéá³ëüø ÿñêðàâî ö³ âëàñòèâîñò³ ïðî-
ÿâëÿþòüñÿ ó çðàçê³â, ÿêèõ îäåðæàíî áåç Í³êëþ õëîðèäó, òîáòî 
óòâîðåííÿ ÷àñòèíîê ìåòàëåâîãî í³êëþ âïëèâàº íà ðîçì³ð àáî ê³-
ëüê³ñòü ïîð ó çðàçêàõ. 
 Îäåðæàí³ ïîðèñò³ íåîðãàí³÷í³ íàíîêîìïîçèòè ç ìàãíåòíèìè 
âëàñòèâîñòÿìè ìîæóòü çíàéòè äîñòàòíüî øèðîêå çàñòîñóâàííÿ ÿê 
ñîðáåíòè, íîñ³¿ êàòàë³çàòîð³â òà ³í. 

4. ÂÈÑÍÎÂÊÈ 

Ñèíòåçîâàíî âóãëåöü-êðåìíåçåìí³ ïîðèñò³ íàíîêîìïîçèòè øëÿ-

ÒÀÁËÈÖß. Âëàñòèâîñò³ êðåìíåçåì-âóãëåöåâèõ êîìïîçèò³â.3 

çðàçîê dïîç., ã/ñì
3 

CCl4 ãåêñàí áåíçîë 
âàí-äåð-Âààëüñ³â  ìîëåêóë, íì [25] 

0,61–0,69 0,67 0,59 
W, % p, ñì3/ã W, % p, ñì3/ã W, % p, ñì3/ã 

SiO2/C  0,55 64,1 1,08 66,7 1,12 73,3 1,53 
SiO2/C/Ni 0,64 62,7 1,06 64,5 1,04 67,5 1,07 

m/SiO2/C/Ni 0,57 55,2 1,02 57,9 1,01 62,4 1,05 
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õîì êàðáîí³çàö³¿ íàòð³éîâî¿ ñîë³ êàðáîêñèìåòèëöåëþëîçè (ÊÌÖ) 
â ìàòðèö³ ï³ðîãåííîãî Ñèë³ö³þ ä³îêñèäó ç NiCl2. Ôîðìóâàííÿ ÷à-
ñòèíè çðàçê³â ïðîâîäèëè íà ïîñò³éíîìó ìàãíåò³. Ïîêàçàíî, ùî 
ï³ñëÿ êàðáîí³çàö³¿ êñåðî´åëþ ç ñóì³ø³ íàíîðîçì³ðíîãî SiO2 ³ âîä-
íîãî ðîç÷èíó ÊÌÖ óòâîðþºòüñÿ êîìïîçèò, â ÿêîìó ÷àñòèíêè Ñè-
ë³ö³þ ä³îêñèäó ïîêðèò³ øàðîì ï³ðîâóãëåöþ. Äîäàâàííÿ ó âèõ³äíó 
äèñïåðñ³þ ðîç÷èíó NiCl2 â åòàíîë³ ïðèâåëî (ï³ñëÿ âèñóøóâàííÿ òà 
êàðáîí³çàö³¿) äî îäåðæàííÿ êîìïîçèò³â ç ÷àñòèíêàìè ìåòàëåâîãî 
í³êëþ ðîçì³ðîì ìåíøå 100 íì. Ó çðàçêó, ñòðóêòóðà ÿêîãî ôîð-
ìóâàëàñü ó ìàãíåòíîìó ïîë³, óòâîðèâñÿ øàð ï³ðîâóãëåöþ íà 
ñòðóêòóðíèõ ñêëàäîâèõ ìàòðèö³. Ó ³íøîãî çðàçêà, ÿêèé ôîðìó-
âàâñÿ ó çâè÷àéíèõ óìîâàõ, êð³ì òîíêîãî øàðó ï³ðîâóãëåöþ, 
óòâîðèëèñÿ âóãëåöåâ³ íàíîòðóáêè àáî âîëîêíà ðîçì³ðîì ó 20–
60 íì ç ÷àñòèíêàìè ìåòàëåâîãî í³êëþ ðîçì³ðîì ó 80 íì íà ¿õí³õ 
ê³í÷èêàõ. Âñ³ çðàçêè ìàþòü âèñîêó â³äêðèòó ïîðèñò³ñòü (â³ä 
73,3% äî 55,2%) ³ ïðîÿâëÿþòü ìîëåêóëÿðíî-ñèòîâ³ âëàñòèâîñò³. 
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Solution casting is used to create the PVA–PEG–Ag nanocomposites of 
silver (Ag), polyethylene glycol (PEG), and polyvinyl alcohol (PVA) with 
varying weight ratios of Ag nanoparticles: 0, 2, 4, and 6 wt.%. The re-
sults show that the index of refraction, the extinction coefficient, real 
and imaginary parts of the dielectric constant, and the optical conductivi-
ty all increase with increasing of concentration of Ag nanoparticles. These 
results could be crucial for the use of PVA–PEG–Ag nanocomposites in a 
variety of photonics applications and optoelectronic devices. 

Äëÿ ñòâîðåííÿ íàíîêîìïîçèò³â ÏÂÑ–ÏÅÃ–Ag ç³ ñð³áëà (Ag), ïîë³åòèëå-
íãë³êîëþ (ÏÅÃ) òà ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ) ç ð³çíèì âàãîâèì ñï³â-
â³äíîøåííÿì íàíî÷àñòèíîê Ag: 0, 2, 4 òà 6 ìàñ.% áóëî âèêîðèñòàíî 
ìåòîä ëèòòÿ ç ðîç÷èíó. Ðåçóëüòàòè ïîêàçóþòü, ùî ïîêàçíèê çàëîìëåí-
íÿ, êîåô³ö³ºíò åêñòèíêö³¿, ä³éñíà é óÿâíà ÷àñòèíè ä³åëåêòðè÷íî¿ ïðî-
íèêíîñòè òà îïòè÷íà ïðîâ³äí³ñòü çðîñòàþòü ç³ çá³ëüøåííÿì êîíöåíòðà-
ö³¿ íàíî÷àñòèíîê Ag. Ö³ ðåçóëüòàòè ìîæóòü ìàòè âèð³øàëüíå çíà÷åííÿ 
äëÿ âèêîðèñòàííÿ íàíîêîìïîçèò³â ÏÂÑ–ÏÅÃ–Ag ó ð³çíîìàí³òíèõ çà-
ñòîñóâàííÿõ ôîòîí³êè é îïòîåëåêòðîííèõ ïðèñòðî¿â. 

Key words: polyvinyl alcohol (PVA), polyethylene glycol (PEG), silver 
(Ag), extinction coefficient, dielectric constant, optical conductivity. 

Êëþ÷îâ³ ñëîâà: ïîë³â³í³ëîâèé ñïèðò, ïîë³åòèëåíãë³êîëü, ñð³áëî, êîåô³-
ö³ºíò åêñòèíêö³¿, ä³åëåêòðè÷íà ïðîíèêí³ñòü, îïòè÷íà ïðîâ³äí³ñòü. 
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nanoscience is called a nanocomposite. Along with these qualities, it 
demonstrated the outstanding benefits of optical, structural, elec-
trical, biodegradable, and biocompatible properties [1, 2]. Because 
of their remarkable qualities such as low cost, ease of synthesis, 
stability, etc., polymers are widely used in a variety of applications. 
Polymer-based composites have advantages of being inexpensive and 
having straightforward manufacturing procedures [3, 4]. Further-
more, flexible electronics that are lightweight might be produced 
primarily from polymer matrix composites, which would be advan-
tageous given consumer demands [5, 6]. The usage of nanocompo-
site materials in scientific research has increased recently, with 
modifications in energy storage technologies and the advancement 
of physical qualities being crucial elements for real-world applica-
tions [7]. Now, nanocomposites (NCs) are being used in gas sensors, 
UV filters, optoelectronics, high-energy batteries, fuel cells, and 
microwave absorbers. Stretchable, lightweight, dielectric/conductive 
polymer materials are needed for many microelectronic devices [8, 
9]. 
 Better optical and thermal characteristics can result from the 
successful formation of electrical conduction networks in insulating 
polymers with the addition of a small number of nanofillers [10, 
11]. When building network co-ordination polymers, polyvinyl alco-
hol (PVA) anions make good bridge ligands. Because of bioinert-
ness, it has drawn more interest in the biomedical arena [12, 13]. 
Hydrophilic and non-toxic, polyethylene glycol (PEG) possesses re-
markable attributes such as electron-acceptor nature, biocompatibil-
ity, chain flexibility, and a broad molecular weight range [14, 15]. 
PEG is frequently used to improve the flexibility and ductility of 
stiff polymers [16]. Ag has the highest SPR peak in the visible 
range, which increases its demand across a variety of sectors, in-
cluding electronic fields, optical sensors, and cosmetics [17, 18]. 
Because of their unique chemical and physical properties, silver na-
noparticles are being used more and more in commercial, industrial, 
health care, and medical applications [19, 20]. 

2. EXPERIMENTAL PROCEDURE 

Casting process was used to create films of PVA/PEG/Ag NCs with 
different Ag concentrations of 0, 2, 4, and 6 wt.%. PVA and PEG 
were dissolved in 40 ml of distilled water by using a magnetic stir-
rer for 45 min at temperature of 70 C to create a more uniform so-
lution. Ag nanoparticles were added to the polymer blend. A Shi-
madzu UV-1800 dual-beam spectrophotometer was used to analyse 
optical properties of nanocomposite films at wavelengths ranging 
from 190 nm to 800 nm. 
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 One may find coefficient of extinction (k) by Refs. [21, 22] as fol-
lows: 

 
4

k ; (1) 

 is wavelength. 
 Refractive index (n) is defined by Refs. [23, 24] as follows: 

 
2

2

4 1

( 1) 1

R k R
n

R R
; (2) 

R is reflection. 
 Real ( 1) and imaginary ( 2) components of the dielectric constant 
are provided by Refs. [25, 26]: 

 1 n2 k2, (3) 

 2 2nk. (4) 

 Optical conductivity ( ) is defined by Refs. [27, 28] as follows: 

 
4

nc
, (5) 

where c is the velocity of light. 

3. RESULTS AND DISCUSSIONS 

3.3. The Optical Characteristics for PVA/PEG/Ag NCs 

Figure 1 depicts how extinction coefficient of PVA/PEG/Ag NCs 
fluctuates with wavelength. Extinction coefficient is less at low 
concentrations and increases with increasing Ag nanoparticle con-
centrations. This is because as the proportion of nanoparticles 
grows, so, does the absorption coefficient [29, 30]. This study 
demonstrates that Ag-nanoparticle atoms affect the structure of the 
host polymers [31, 32]. 
 As the NCs’ wavelengths change, Fig. 2 illustrates how the re-
fractive index of PVA/PEG/Ag NCs varies. Figure demonstrates 
that, when the density of the nanocomposites rises, the concentra-
tion of 6 wt.% Ag nanoparticles also rises, as refractive index does 
with increasing weight percentages of Ag nanoparticles added to the 
PVA/PEG formulation [33, 34]. In the visible spectrum, high 
transmittance results in low refractive index values, whereas poor 
transmittance causes high values in the UV range [35, 36]. 
 Figures 3 and 4 show the real and imaginary dielectric constants 
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as both components for PVA/PEG/Ag NCs. Figure 3 illustrates how 
1 varies in relation to wavelength. Because of the low k2 value, 1 is 

heavily dependent on n2. Furthermore, the real dielectric constant 
rises as the Ag-nanoparticle concentration does. The wavelength-
dependent fluctuation of 2 is seen in Fig. 4. As demonstrated, val-
ue of k fluctuates with absorption coefficient [37–40]. 
 The relationship between wavelength and optical conductivity is 
depicted in Fig. 5. This figure demonstrates that, when the Ag con-
tent of the PVA/PEG mix rises (6 wt.%), the optical conductivity 
rises as well. Electrons may more easily transit from valence band 
to these lower levels and the conduction band thanks to this eleva-
tion in band gap, which is result of new-levels’ forming. Conse-

 

Fig. 1. Extinction-coefficient variation with wavelength for PVA/PEG/Ag 
NCs. 

 

Fig. 2. Refractive index of PVA/PEG/Ag NCs varying with wavelength. 
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quently, conductivity rises and band gap narrows [41, 43]. 

4. CONCLUSION 

Solution-casting technique is used to make films of PVA/PEG/Ag 
NCs. The optical measurements showed that the refractive index, 
extinction coefficient, dielectric constant (both real and imaginary 

 

Fig. 3. The wavelength effects on the actual dielectric constant for 
PVA/PEG/Ag NCs. 

 

Fig. 4. Imaginary component of the dielectric constant changes with wave-
length for PVA/PEG/Ag NCs. 
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ones), and optical conductivity all increase with increasing numbers 
of Ag nanoparticles until they reach a weight of 6% compared with 
pure; these results are much better than pure. Furthermore, the re-
sults used in this study showed that the PVA/PEG/Ag-NCs’ films 
have superior optical properties compared to the pure mixture. 
These results indicate the possibility of using PVA/PEG/Ag NCs in 
photonic and optical applications. 
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Using casting technology, nanocomposites are created from a mixture of 
polyvinyl alcohol (PVA), polyethylene glycol (PEG) doped with silver (Ag) 
nanoparticles (NPs) in their different amounts: 0, 2, 4, and 6 wt.%. At 
frequencies ranging from 100 Hz to 5 MHz, the A.C. electrical properties 
of PVA–PEG–Ag nanocomposites are studied. Experimental results indi-
cate that an increase in proportion of Ag NPs led to an increase in A.C. 
electrical properties of the PVA–PEG mixture, including dielectric con-
stant, dielectric loss, and A.C. electrical conductivity. Moreover, when 
frequency increases from 100 Hz to 5 MHz, A.C. electrical conductivity 
increases, while the dielectric constant and dielectric loss decrease. The 
improved dielectric properties of PVA–PEG–Ag nanocomposites make 
them suitable for a range of electricity and energy storage applications. 
The study provides a new understanding of materials’ design for electrical 
and electronic applications. 

Çà äîïîìîãîþ òåõíîëîã³¿ ëèòòÿ íàíîêîìïîçèòè ñòâîðþþòüñÿ ³ç ñóì³ø³ 
ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ), ïîë³åòèëåíãë³êîëþ (ÏÅÃ), ëå´îâàíèõ íà-
íî÷àñòèíêàìè ñð³áëà (Ag) ó ð³çíèõ ê³ëüêîñòÿõ: 0, 2, 4 òà 6 ìàñ.%. Íà 
÷àñòîòàõ â³ä 100 Ãö äî 5 ÌÃö äîñë³äæóâàëè åëåêòðè÷í³ âëàñòèâîñò³ 
çì³ííîãî ñòðóìó ó íàíîêîìïîçèòàõ ÏÂÑ–ÏÅÃ–Ag. Åêñïåðèìåíòàëüí³ 
ðåçóëüòàòè ïîêàçóþòü, ùî çá³ëüøåííÿ ÷àñòêè íàíî÷àñòèíîê ñð³áëà 
ïðèâîäèòü äî ïîë³ïøåííÿ åëåêòðè÷íèõ âëàñòèâîñòåé çì³ííîãî ñòðóìó ó 
ñóì³ø³ ÏÂÑ–ÏÅÃ, âêëþ÷àþ÷è ä³åëåêòðè÷íó ïðîíèêí³ñòü, ä³åëåêòðè÷í³ 
âòðàòè é åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó. Á³ëüøå òîãî, êîëè ÷àñòî-
òà çá³ëüøóºòüñÿ â³ä 100 Ãö äî 5 ÌÃö, åëåêòðîïðîâ³äí³ñòü çì³ííîãî 
ñòðóìó çá³ëüøóºòüñÿ, òîä³ ÿê ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ 
âòðàòè çìåíøóþòüñÿ. Ïîë³ïøåí³ ä³åëåêòðè÷í³ âëàñòèâîñò³ íàíîêîìïî-
çèò³â ÏÂÑ–ÏÅÃ–Ag ðîáëÿòü ¿õ ïðèäàòíèìè äëÿ øèðîêîãî ñïåêòðó çà-
ñòîñóâàíü åëåêòðèêè òà íàêîïè÷åííÿ åëåêòðîåíåðã³¿. Äîñë³äæåííÿ çà-
áåçïå÷óº íîâå ðîçóì³ííÿ ðîçðîáêè ìàòåð³ÿë³â äëÿ åëåêòðè÷íèõ ³ åëåêò-
ðîííèõ çàñòîñóâàíü. 
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1. INTRODUCTION 

Recently, there has been a significant and pressing need for the 
synthesis of new materials with high dielectric constant and low di-
electric loss for embedded microelectronic applications. Polymer 
composites are active materials that offer a perfect way to integrate 
electrical or dielectric qualities for microelectronic applications. 
Furthermore, there are several low-cost dielectric applications, for 
which they may be employed. There are several low-cost materials 
available; thus, great efforts are being made to locate ones that 
work [1, 2]. The primary reason for the extensive research on poly-
mer nanocomposites is not their vast range of uses, but rather their 
physical characteristics. These studies have shown that incorporat-
ing a small percentage of the nanoparticles into the polymer matrix 
results in properties that are noteworthy for a variety of applica-
tions, including microwave absorbers, charge storage capacitor sys-
tems, and electrostatic dissipation [3, 4]. Due to their interesting 
physical and chemical properties, polymers have received a lot of 
attention recently. The electrical and microelectronics sectors, as 
well as the insulation industry, widely use polymers. There are sev-
eral uses for distinct polymer films in biology, technology, and 
medicine, including pure and doped versions with various additives 
[5, 6]. 
 Many studies have focused on PVA (doped and unsaturated) pol-
ymer films because of their inexpensive cost and outstanding dura-
bility in industry [7]. It is utilized in a variety of applications, in-
cluding polymerization aids that break down polyvinyl acetate to 
make adhesives, paper coatings, paper adhesives, thickeners, chemi-
cal-resistant protective gloves, eye therapy, polymerization in coat-
ed nanobeads, and culinary items [8–12]. In addition to being ex-
tremely water-soluble and nontoxic, polyethylene glycol (PEG) is 
also very soluble in most organic solvents. Furthermore, the majori-
ty of these properties can be shared by the blended product when 
PEG is combined with other polymeric materials [13–16]. The re-
sultant nanocomposite-materials’ chemical and physical properties 
change, when metal-oxide nanoparticles are added to polymers. Ob-
viously, these properties depend on the type of nanoparticles used 



EFFECT OF Ag NANOPARTICLES ON THE DIELECTRIC PROPERTIES OF PVA–PEG 815 

and how they are prepared [17, 18]. 
 The aim of this work is to prepare PVA–PEG films blended with 
nanocomposites impregnated with Ag nanoparticles and examine 
their A.C. electrical properties. 

2. MATERIALS AND METHODS 

Movies were made using a casting method to create PVA–PEG–Ag 
nanocomposites (NCs). The PVA–PEG formulation was created by 
dissolving 1 g of polymers in 30 mL of distilled water at various 
concentrations. Ag nanoparticles (NPs) were added at weight ratios 
of 0, 2, 4, and 6% to the polymer mixture. Using an LCR meter 
(HIOKI 3532-50 LCR HI TESTER), A.C. electrical properties of the 
PVA–PEG–Ag NCs were measured in the frequency range from 100 
Hz to 5106 kHz. 
 Following equation can be used to compute dielectric constant ( ) 
[19, 20]: 

 Cp/C0, (1) 

where, as the vacuum capacitor (C0) is denoted, by the symbol Cp, 
the capacitance is denoted. 
 The dielectric loss ( ) was computed using the equation [21, 22] 

  (2) 

where D is the dispersion factor. 
 To compute electrical conductivity, the equation is used as fol-
lows [23, 24]: 

 A.C. . (3) 

3. RESULTS AND DISCUSSIONS 

Figure 1 shows the frequency-dependent changes in the dielectric 
constant of PVA–PEG–Ag nanocomposites. It was noted that dielec-
tric constant values are high only at lower frequencies that may in-
dicate the presence of interfacial polarization [25, 26] only at low 
frequencies; if interfacial polarization occurs at higher frequencies, 
it becomes less pronounced. Higher frequencies may cause the mate-
rials’ polar molecular rotational motion to be too slow to achieve 
equilibrium with the use of an applied electric field [27, 28]. 
 Figure 2 shows the increase in dielectric constant with increasing 
concentration of Ag NPs. Until the concentration reaches 6% of Ag 
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NPs, this activity can be explained by interfacial polarization, a 
phenomenon that occurs, when two surfaces within PVA–PEG–Ag 
NCs are separated by an oscillating electric field, leads to an in-
crease in charge carriers [29–32]. 
 Figure 3 shows the increase in frequency leading to a decrease in 
dielectric loss. This is due to the reduced effect of space charge po-
larization. The number of charge carriers accumulated at the elec-
trode–sample interface of PVA–PEG–Ag NCs increases due to the 
additional charges generated by polarization and low-frequency die-

 

Fig. 1. The dielectric constant of PVA–PEG–Ag NCs changing with fre-
quency. 

 

Fig. 2. Variation in the dielectric constant for PVA–PEG–Ag NCs with Ag 
NPs’ concentration. 
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lectric-loss values [33–35]. These may be a result of the Maxwell–
Wagner effect, which occurs with charge-carrier migration at the 
interface, or polar radicals with a dipole moment and mobile ionic 
contaminants [36, 37]. 
 Figure 4 shows low concentrations of Ag NPs leading to a de-
crease in dielectric-loss values. When concentrations of Ag NPs rise 
until they reach 6% by weight, dielectric loss increases, as network 
of nanostructures of nanocomposite continues to grow within the 

 

Fig. 3. Dielectric loss in PVA–PEG–Ag nanocomposites varying with fre-
quency. 

 

Fig. 4. Dielectric-loss variation with Ag-NPs’ concentration for PVA–
PEG–Ag nanocomposites. 



818 Majeed Ali HABEEB and Shaimaa Mazhar MAHDI 

mixture of PVA–PEG [38, 39]. 
 Figure 5 shows variation of A.C. electrical conductivity of PVA–
PEG–Ag with frequency. At high frequencies, the electrical conduc-
tivity increases. This is due to the mobility mechanism, which 
moves the charge carriers, and polarization of the space charge, 

 

Fig. 5. A.C. electrical conductivity of PVA–PEG–Ag NCs with frequency 
increasing. 

 

Fig. 6. Changes in A.C. electrical conductivity for PVA–PEG–Ag NCs with 
Ag NPs. 
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which occurs at low frequencies; these are reasons behind the sig-
nificant increase in electrical conductivity with the frequency 
shown in this figure [40, 41]. Electron polarization and charge car-
riers lead to a slight improvement in electrical conductivity at high 
frequencies [42]. 
 In Figure 6, the change in A.C. electrical conductivity of PVA–
PEG–Ag nanocomposites with concentration of Ag nanoparticles. As 
shown in this figure, with increasing of Ag concentration, the elec-
trical conductivity increases. Until the Ag-nanoparticles’ concentra-
tion reaches 6 percent, density of charge carriers in PVA–PEG pol-
ymer matrix increases that enhances electrical conductivity [43]. 
 Table displays the results for , , and A.C. conductivity. 

4. CONCLUSIONS 

Using the casting method, PVA–PEG–Ag films were prepared to 
determine A.C. electrical properties. The results showed that, when 
the concentration of nanoparticles is increased, both the dielectric 
constant and dielectric loss of PVA–PEG–Ag NCs are increased, 
while, with the increase of frequency, both the dielectric constant 
and dielectric loss are decreased. The A.C. electrical conductivity of 
PVA–PEG–Ag NCs increased with increasing of frequency and Ag-
nanoparticles’ concentration. A wide range of electrical applications 
can take advantage of these qualities in films. 
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This work aims to investigate the synthesis of PVA–NiO–Ti nanostruc-
tures and exploring their dielectric properties to use in various nanoelec-
tronics applications. The dielectric properties of PVA–NiO–Ti nanostruc-
tures are examined in the range of frequency between 100 Hz and 2 MHz. 
The experimental results demonstrate that the dielectric constant, dielec-
tric loss, and electrical conductivity of PVA are improved with increasing 
NiO–Ti-nanoparticles’ ratio. The dielectric constant and dielectric loss of 
PVA–NiO–Ti nanostructures are reducing, while the electrical conductivi-
ty is rising with increasing frequency. The attained results of dielectric 
properties for PVA–NiO–Ti nanostructures indicate that these nanocom-
posites are useful for various nanoelectronics applications. 

Ìåòîþ ö³º¿ ðîáîòè º äîñë³äæåííÿ ñèíòåçè íàíîñòðóêòóð ÏÂÑ–NiO–Ti òà 
âèâ÷åííÿ ¿õí³õ ä³åëåêòðè÷íèõ âëàñòèâîñòåé äëÿ âèêîðèñòàííÿ â ð³çíèõ 
çàñòîñóâàííÿõ íàíîåëåêòðîí³êè. Ä³åëåêòðè÷í³ âëàñòèâîñò³ íàíîñòðóê-
òóð ÏÂÑ–NiO–Ti äîñë³äæóâàëèñÿ â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 2 
ÌÃö. Åêñïåðèìåíòàëüí³ ðåçóëüòàòè ïîêàçàëè, ùî ä³åëåêòðè÷íà ïðîíè-
êí³ñòü, ä³åëåêòðè÷í³ âòðàòè é åëåêòðîïðîâ³äí³ñòü ÏÂÑ ïîë³ïøóâàëèñÿ 
ç³ çá³ëüøåííÿì ñï³ââ³äíîøåííÿ íàíî÷àñòèíîê NiO–Ti. Ä³åëåêòðè÷íà 
ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîñòðóêòóð ÏÂÑ–NiO–Ti çìåíøó-
âàëèñÿ, òîä³ ÿê åëåêòðîïðîâ³äí³ñòü çðîñòàëà ç³ çá³ëüøåííÿì ÷àñòîòè. 
Îäåðæàí³ ðåçóëüòàòè äîñë³äæåííÿ ä³åëåêòðè÷íèõ âëàñòèâîñòåé íàíîñò-
ðóêòóð ÏÂÑ–NiO–Ti âêàçóþòü íà òå, ùî ö³ íàíîêîìïîçèòè êîðèñí³ äëÿ 
ð³çíèõ çàñòîñóâàíü ó íàíîåëåêòðîí³ö³. 
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1. INTRODUCTION 

Hybrid (organic–inorganic) nanocomposites have recently attracted 
more attention for their outstanding physical and chemical proper-
ties. Hybrid nanocomposite films are used in various technological 
and industrial fields, including supercapacitors, optical lenses, 
light-emitting diodes (LED), photodetectors, solar cells, multisen-
sors, and UV shielding [1–4]. Polymer-matrix nanocomposites, 
which exhibit distinct physicochemical characteristics by incorpo-
rating inorganic fillers into polymer networks, have received much 
attention due to their various industrial applications in drug deliv-
ery, water treatment, food industry, aeronautical and aerospace 
structures [5]. Metal nanoparticles (NPs) combined with polymers 
are greatly attractive because of the various applications offered by 
these materials. More development of the nanocomposites properties 
can be enhanced by loading nanofiller materials with aspect ratio 
[6]. Polyvinyl alcohol (PVA) has significant potential for ground-
breaking innovations. It is a non-toxic, water-soluble, and biocom-
patible synthetic polymer and is mostly utilized in the pharmaceuti-
cal, packaging, and biomedical industries with various purposes. 
The chemical structure of PVA is simple and consists of the main 
structure of carbons with hydroxyl groups. Because of intra- and 
intermolecular hydrogen interactions, PVA samples dissolve at high 
temperatures (of about 80 C) and require constant stirring. Addi-
tionally, it has great film-forming properties, high chemical re-
sistance, and a PVA surface layer that prevents nanocomposites 
from clumping together, which causes them to become stable and 
monodispersed [7]. The nanocomposites of inorganic-doped polymers 
or inorganic–inorganic included numerous applications in various 
fields involved thermal energy storage [8–16], antibacterial [17–
25], optical fields [26–35], etc. 
 The present study investigates the fabrication of PVA–NiO–Ti 
nanostructures to utilize in various nanoelectronics applications. 

2. MATERIALS AND METHODS 

The samples of pure PVA and PVA–NiO–Ti nanostructures were 
synthesized with various contents of PVA and NiO–Ti NPs via cast-
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ing method. The PVA of 1 gm was dissolved in 30 ml of distilled 
water to produce of PVA film. The NiO–Ti NPs were added to the 
PVA solution by contents of 1, 2 and 3 wt.% with concentration 
50% NiO:50% Ti. The dielectric properties of PVA–NiO–Ti 
nanostructures were investigated at the frequency from 100 Hz to 2 
MHz using LCR meter type (HIOKI 3532-50 LCR HI TESTER). The 
dielectric constant, , is defined by Ref. [36] as follows: 

 0pC C , (1) 

where Cp is the matter capacitance and C0 is the vacuum capacitor. 
 The dielectric loss, , is determined be Ref. [37] as 

 D, (2) 

where D is represented dispersion factor. 
 The A.C. conductivity is given by Ref. [38] as 

 A.C. 0, (3) 

where  is the angular frequency. 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 confirm the variations of  and  for PVA–NiO–Ti 
nanostructures with frequency, respectively. From these figures, 
the includes elevated values at low frequency. The  value of die-
lectric constant at low frequency might be related to the electrode 
effect and interfacial effect of the film. The elevated value of  for 
PVA–NiO–Ti nanostructures at low frequency is due to the charges’ 
mobility. The  and  are rising with increasing NiO–Ti-
nanoparticles’ content; this result can be related to the rise in con-
ductivity because of the rising density of charge carriers in polymer 
medium [39–55]. 
 Figure 3 illustrates the A.C. electrical conductivity behaviour 
with frequency for PVA–NiO–Ti nanostructures. With decreasing 
frequency, the more charge is accumulated at the electrode and 
electrode interface that leads to reducing in the number of mobile 
ions and, eventually, to a drop in the conductivity at low frequen-
cies. At high frequency, the conductivity increases with the fre-
quency as related to the mobility of charge carriers and the hopping 
of ions from the infinite cluster. As a result, the ion exchange pro-
cess occurs effectively in the high-frequency region. The A.C. elec-
trical conductivity of PVA is increasing with an increase in the 
NiO–Ti-NPs’ content; this performance is due to the improvement 
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of the mobility of charge ions and the larger number of charge car-
riers in polymer medium [56–67]. 

4. CONCLUSIONS 

Fabrication of PVA and PVA NiO–Ti-doped nanostructures’ films 
are investigated in this work. The dielectric properties of PVA–
NiO–Ti nanostructures were studied to utilize in various nanoelec-
tronics fields. The results demonstrate that the dielectric constant, 

 

Fig. 1. Variation of  for PVA–NiO–Ti nanostructures with frequency F. 

 

Fig. 2. Behaviour of  for PVA–NiO–Ti nanostructures with frequency F. 
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dielectric loss, and electrical conductivity of PVA are increased 
with increasing NiO–Ti-NPs’ content. The dielectric constant is en-
hanced by 32.1% at 100 Hz, when the NiO–Ti-NPs’ content of 3% 
is reached. The dielectric constant and dielectric loss of PVA–NiO–
Ti nanostructures are decreased, while the electrical conductivity is 
rising with increasing frequency. The obtained results for dielectric 
properties of PVA–NiO–Ti nanostructures show that these nano-
composites are functional materials for deferent nanoelectronics 
fields. 
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This study investigates the dielectric properties of polyvinyl alcohol 
(PVA) with manganese dioxide (MnO2) and tin dioxide (SnO2) nanoparti-
cles. The objective is to utilize these properties in electronic and electric 
nanodevices. An investigation is conducted to analyse the impact of vary-
ing concentrations of MnO2/SnO2 nanoparticles on the dielectric properties 
and A.C. electrical conductivity of the composites. The findings indicate 
that, as the frequency increases, the dielectric constant and dielectric loss 
decrease. However, with a higher concentration of MnO2/SnO2 nanoparti-
cles, both the dielectric constant and dielectric loss increase. On the other 
hand, the A.C. electrical conductivity shows an increase as the frequency 
and concentration of MnO2/SnO2 nanoparticles increase. The 
PVA/MnO2/SnO2 nanocomposites exhibit exceptional dielectric properties, 
making them highly versatile for a wide range of applications in the elec-
tronics and energy-storage industries. This study offers fresh perspectives 
on the development of materials for electrical and electronics applications. 

Öå äîñë³äæåííÿ ñòîñóºòüñÿ ä³åëåêòðè÷íèõ âëàñòèâîñòåé ïîë³â³í³ëîâîãî 
ñïèðòó (ÏÂÑ) ³ç íàíî÷àñòèíêàìè ä³îêñèäó Ìàí´àíó (MnO2) òà ä³îêñèäó 
Ñòàíóìó (SnO2). Ìåòîþ º âèêîðèñòàííÿ öèõ âëàñòèâîñòåé â åëåêòðîí-
íèõ òà åëåêòðè÷íèõ íàíîïðèñòðîÿõ. Áóëî ïðîâåäåíî äîñë³äæåííÿ äëÿ 
àíàë³çè âïëèâó ð³çíèõ êîíöåíòðàö³é íàíî÷àñòèíîê MnO2/SnO2 íà ä³å-
ëåêòðè÷í³ âëàñòèâîñò³ òà çì³ííó åëåêòðîïðîâ³äí³ñòü êîìïîçèò³â. Ðå-
çóëüòàòè äîñë³äæåííÿ ïîêàçóþòü, ùî ç³ çá³ëüøåííÿì ÷àñòîòè ä³åëåêò-
ðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè çìåíøóþòüñÿ. Îäíàê ç ï³äâè-
ùåííÿì êîíöåíòðàö³¿ íàíî÷àñòèíîê MnO2/SnO2 ÿê ä³åëåêòðè÷íà ïðîíè-
êí³ñòü, òàê ³ ä³åëåêòðè÷í³ âòðàòè çá³ëüøóþòüñÿ. Ç ³íøîãî áîêó, çì³ííà 
åëåêòðîïðîâ³äí³ñòü çðîñòàº ç³ çá³ëüøåííÿì ÷àñòîòè òà êîíöåíòðàö³¿ íà-
íî÷àñòèíîê MnO2/SnO2. Íàíîêîìïîçèòè ÏÂÑ/MnO2/SnO2 äåìîíñòðóþòü 
âèíÿòêîâ³ ä³åëåêòðè÷í³ âëàñòèâîñò³, ùî ðîáèòü ¿õ äóæå óí³âåðñàëüíèìè 
äëÿ øèðîêîãî ñïåêòðó çàñòîñóâàíü â åëåêòðîí³ö³ òà íàêîïè÷åíí³ åíåð-
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ã³¿. Öå äîñë³äæåííÿ ïðîïîíóº íîâ³ ïåðñïåêòèâè ðîçðîáêè ìàòåð³ÿë³â 
äëÿ åëåêòðè÷íèõ ³ åëåêòðîííèõ çàñòîñóâàíü. 
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1. INTRODUCTION 

Since polymers operate as carriers of charges by causing charge mo-
bility along their chains via the -electrons, they are regarded as 
organic materials with conjugating chains, which exhibit strong 
electric conduction [1, 2]. The properties of polymers are compara-
ble to those of inorganic matter, but they also have a number of ad-
vantages (and disadvantages), including excellent flexibility, re-
sistance to corrosion, process ability, low cost, and lightweight na-
ture. Important properties like high mechanical properties and 
thermal stability are also present in inorganic materials [3, 4]. As a 
result, the polymer/inorganic system has several uses in many in-
dustries [5]. Nanocomposite materials show significant promise in 
several applications such as sensors, radiation shielding, antimicro-
bial agents, thermal energy storage and release, piezoelectric devic-
es, solar cells, diodes, and other industries, which prioritize to 
lightweight and cost-effectiveness [6, 7]. Polymer-matrix nanocom-
posites (NCs) are increasingly being used in materials owing to their 
many advantages, such as their low weight, ease of production, af-
fordability, superior resistance to fatigue, and exceptional ability to 
withstand corrosion [8, 9]. The incorporation of nanoparticles into a 
polymer matrix leads to significant modifications in the electrical, 
structural, thermal, and optical characteristics of the matrix [10]. 
Both organic and inorganic nanocomposites have great promise for 
applications in gas sensors, photovoltaic cells, photodiodes, light-
emitting diodes, smart microelectronics, etc. [11, 12]. Because of 
their remarkable chemical and physical properties that set them 
apart from the bulk, metal-oxide nanoparticles have attracted a 
great deal of attention in solar cell applications, optoelectronics, 
sensing, catalysis, and other fields. Semi-crystalline polyvinyl alco-
hol (PVA) has poor electrical conductivity [13, 14]. 
 PVA crystal–amorphous interfacial phenomena give rise to cer-
tain physical properties. By adding the appropriate doping material, 
its electrical properties may be precisely altered [15]. MnO2 is re-
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garded as one of the greatest catalysts because of its affordability, 
low toxicity, and friendliness with the environment. Manganese ox-
ide is a transition-metal oxide that occurs in a variety of forms. Be-
cause of its special qualities, MnO2 is one of the most appealing ox-
ides. Manganese dioxide (MnO2) is a semiconductor with a narrow 
band gap and a high optical constant that has catalytic and ferroe-
lectric qualities [16, 17]. In the field of scientific study, tin oxide 
(SnO2) is now a topic that is receiving a lot of attention. Because of 
its well-established features as an n-type semiconductor with a large 
band gap of 3.6–3.8 eV, this is the reason why it is so appealing 
[18, 19]. It has a significant potential for a variety of applications, 
including the use of transparent conducting electrodes in solar 
cells, the use of gas-sensing material in gas-sensor devices, and the 
use of transparent conducting electrodes in photochemical and pho-
toconductive devices for liquid-crystal displays and gas dischastifi-
cation [20]. 

2. EXPERIMENTAL PART 

Nanocomposite films containing polyvinyl alcohol (PVA) and nano-
particles of manganese dioxide (MnO2) and tin dioxide (SnO2) were 
fabricated using the casting method. In order to conduct the exper-
iment, 40 millilitres of distilled water were used to dissolve pure 
polyvinyl alcohol (PVA). Next, various weight percentages of 0, 2, 
4, and 6 wt.% of tin dioxide (SnO2) and manganese dioxide (MnO2) 
nanoparticles were added to the polymer. This dissolving procedure 
was place at 70 C for 40 minutes with constant stirring of the solu-
tion using a magnetic stirrer. Achieving more homogeneity in the 
solution was the aim of this process. Following 3 days of air-drying 
at room temperature, polymer nanocomposites were successfully 
formed. The PVA/MnO2/SnO2 nanocomposites were taken out of the 
Petri dish and used as measurement samples. With an LCR meter of 
the HIOKI 3532-50 LCR HI TESTER type, the dielectric character-
istics of nanocomposites were evaluated between 100 Hz and 5 
MHz. 
 The dielectric constant ( ) is computed using the following for-
mula [21, 22]: 

 0pC C . (1) 

The sign C0 is usually used to denote a vacuum capacitor, whereas 
the term Cp is generally used to describe capacitance. It is possible 
to express the dielectric loss ( ) [23, 24] as follows: 

 D. (2) 
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The variable ‘displacement’ (D) is utilized in this context. 
 The calculation for the alternating current (A.C.) electrical con-
ductivity is as follows [25, 26]: 

 A.C. 0, (3) 

where  denotes the angular frequency. 

3. RESULTS AND DISCUSSION 

As shown in Figures 1 and 2, the complex permittivity of the  
PVA/MnO2/SnO2 nanocomposite films changes in a way that is fre-
quency dependent, with regard to both the real component ( ) and 
the imaginary part ( ). The statistical findings show that at lower 
frequencies, both  and  have substantial values. With increasing 

 

Fig. 1. Variation of  for PVA/MnO2/SnO2 films with frequency. 

 

Fig. 2. Variation of  for PVA/MnO2/SnO2 films with frequency. 
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frequency, the values of  and  for PVA/MnO2/SnO2 NCs are no-
ticeably reduced. This phenomenon is more accurately described as 
interfacial polarisation, which is also known as the Maxwell–
Wagner effect [27–31]. 
 Figures 3 and 4 give more information on how the inclusion of 
MnO2/SnO2 nanoparticles (NPs) influences the performance of  and 

 for the PVA/MnO2/SnO2 films. When the concentration of 
MnO2/SnO2 NPs increases, the values of  and  increase propor-
tionally. This is clearly shown by the findings, which are clear and 
precise. One may deduce from the pattern that the MnO2/SnO2 na-
noparticles are responsible for an increase in the total number of 
charge carriers [32–37]. 
 The graphs in Figs. 5 and 6 illustrate the variations in the A.C. 
electrical conductivity ( A.C.) of the PVA/MnO2/SnO2-nanocomposite 
films as a function of frequency and the ratio of MnO2/SnO2 nano-

 

Fig. 3. Relation between dielectric constant and MnO2/SnO2-NPs’ content 
for PVA/MnO2/SnO2 films. 

 

Fig. 4. Variation of  with MnO2/SnO2-NPs’ content for PVA/MnO2/SnO2 
films. 
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particles. Based on these observations, it can be seen that the A.C. 
values of the PVA/MnO2/SnO2 films increase in tandem with the 
frequency and ratio of MnO2/SnO2 nanoparticles. There is a connec-
tion between the hopping process and the polarisation effect because 
the values of A.C. rise as the frequency increases [38–41]. Further-
more, the increase in conductivity values that occurs as the additive 
ratio rises may be attributed to an increase in the amount of charge 
carriers as well as the creation of a network of nanoparticles inside 
the composite [42–44]. 
 Table show values of A.C. electrical conductivity, dielectric loss, 

 

Fig. 5. Connection of A.C. for PVA/MnO2/SnO2 films with frequency. 

 

Fig. 6. Variation of A.C. with MnO2/SnO2-NPs’ content in PVA/MnO2/SnO2 
films. 
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and dielectric constant for NCs composed of PVA/MnO2/SnO2 at 
100 Hz. 

4. CONCLUSIONS 

This research aims to examine the dielectric properties, namely, the 
complex-permittivity real component ( ) and imaginary part ( ), as 
well as the electrical conductivity ( A.C.). Understanding how the 
materials react to different electrical loads requires paying close 
attention to these vital details. During the process of assessing the 
results of the PVA/MnO2/SnO2 nanocomposite films, a distinct pat-
tern was found. As the concentration of MnO2/SnO2 nanoparticles 
grew, it was observed that the dielectric constant ( ), dielectric loss 
( ), and alternating current conductivity ( A.C.) values for the poly-
vinyl alcohol (PVA) rose. It has been observed that the electrical 
characteristics of the composite material are improved in proportion 
to the increase in the concentration of nanoparticles. A further 
finding from the experiment was that the  and  values for the 
PVA/MnO2/SnO2-nanocomposite films decreased as the frequency 
rose. On the other hand, the A.C. values showed an increasing 
trend. It seems that there is a complex interplay taking place be-
tween the frequency and the dielectric properties of the material. 
Taking all of these findings into consideration, it is clear that the 
PVA/MnO2/SnO2 nanocomposite films have a significant amount of 
potential for use in the fields of electricity transfer and energy 
storage. Because of the unique dielectric properties, which they 
possess, they have the potential to be taken into consideration for 
further research and development in a variety of industries. 
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The present study explores the fabrication of new PVA–PbO2–ZrO2 nano-
composites to utilize in different electrical and electronics applications. 
The dielectric properties of PVA–PbO2–ZrO2 nanocomposites are tested in 
frequency range between 100 Hz and 2 MHz. The results illustrate that 
the dielectric parameters, namely, dielectric constant, dielectric loss, and 
electrical conductivity, of PVA are increased with rising PbO2–ZrO2-
nanoparticles’ content. The dielectric constant and dielectric loss of PVA–
PbO2–ZrO2 nanocomposites are decreased, while the electrical conductivity 
is increased with increasing frequency. The achieved results of dielectric 
properties indicate that the PVA–PbO2–ZrO2 nanocomposites are potential 
materials to use in different electrical and electronics fields. 

Öå äîñë³äæåííÿ ñòîñóºòüñÿ âèãîòîâëåííÿ íîâèõ íàíîêîìïîçèò³â ÏÂÑ–
PbO2–ZrO2 äëÿ âèêîðèñòàííÿ ó ð³çíèõ åëåêòðîòåõí³÷íèõ òà åëåêòðîí-
íèõ ãàëóçÿõ. Ä³åëåêòðè÷í³ âëàñòèâîñò³ íàíîêîìïîçèò³â ÏÂÑ–PbO2–ZrO2 
áóëî âèïðîáóâàíî â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 2 ÌÃö. Ðåçóëüòàòè 
ïîêàçàëè, ùî ä³åëåêòðè÷í³ ïàðàìåòðè, à ñàìå, ä³åëåêòðè÷íà ïðîíèê-
í³ñòü, ä³åëåêòðè÷í³ âòðàòè òà åëåêòðîïðîâ³äí³ñòü ÏÂÑ çá³ëüøóâàëèñÿ ç³ 
çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê PbO2–ZrO2. Ä³åëåêòðè÷íà ïðîíèê-
í³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â ÏÂÑ–PbO2–ZrO2 çìåíøóâà-
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ëèñÿ, òîä³ ÿê åëåêòðîïðîâ³äí³ñòü çðîñòàëà ç³ çá³ëüøåííÿì ÷àñòîòè. Îäå-
ðæàí³ ðåçóëüòàòè äîñë³äæåííÿ ä³åëåêòðè÷íèõ âëàñòèâîñòåé âêàçóþòü 
íà òå, ùî íàíîêîìïîçèòè ÏÂÑ–PbO2–ZrO2 º ïîòåíö³éíèìè ìàòåð³ÿëàìè 
äëÿ âèêîðèñòàííÿ â ð³çíèõ åëåêòðîòåõí³÷íèõ òà åëåêòðîííèõ ãàëóçÿõ. 

Key words: PVA, ZrO2, PbO2, nanocomposites, dielectric properties, con-
ductivity. 

Êëþ÷îâ³ ñëîâà: ïîë³â³í³ëîâèé ñïèðò (ÏÂÑ), ZrO2, PbO2, íàíîêîìïîçèòè, 
ä³åëåêòðè÷í³ âëàñòèâîñò³, ïðîâ³äí³ñòü. 
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1. INTRODUCTION 

Polymer composites are polymers contain of modifiers, which are 
used as passive and also active layers in optoelectronic devices, such 
as optical-waveguide materials, light-emitting diodes (LED), solar 
cells, and photochromic materials. In this regard, seeking low-cost 
photovoltaic substances and minimum energy consumption during 
the industrialized process is becoming increasingly demanding. To 
achieve this stage of demand, blending certain fillers with a number 
of functional polymers (i.e., polar polymers) at the atomic level of 
interaction has been carried out. For example, using the earlier 
mentioned methodology, a promising class of inorganic–organic 
nanostructured (NS) materials, i.e., polymer nanocomposites (PNCs) 
with exceptional mechanical strength can be obtained [1]. Flexible 
composite materials have been receiving a great deal of attention in 
optical-energy applications due to their remarkable electrical, ther-
mal, mechanical, dielectric, and optical properties versus the other 
traditional materials. Currently, polymer composites are of high in-
terest in different energy applications because of their pliable char-
acteristics and their easy to use. Huge attention has been given to 
reveal the optical properties of polymers and to potentiate their im-
plementations in optical-energy applications [2]. Modern electronics 
heighten the demand for adaptable, multipurpose, eco-friendly die-
lectric materials with superior properties. Historically, ceramics 
were used as dielectric materials; however, it possessed undesirable 
properties such as brittleness, processing difficulties, and low sta-
bility. Polymers have superior flexibility, processability, and light-
weight, when compared to ceramics. Moreover, they gained signifi-
cant interest in science and technology during the last decade as a 
dielectric or interfacial layer between metals and semiconductors. 
Among the polymers, biodegradable, non-toxic, and hydrophilic 
ones have specific research interest, as they can be applicable in bi-
oelectronics [3]. Polyvinyl alcohol (PVA) has drawn the researchers’ 
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attention because of its physical and chemical properties. PVA is a 
biocompatible, non-toxic, and chemically stable compound. It has 
been used for a wide variety of applications, including biomedicine, 
water filtration, and food packaging. It has a hydrophilic character, 
which can provide a suitable mechanism for its chemical interaction 
with the environment and, thus, ensure sufficient bioactivity. It 
has a semi-crystalline nature, arising from the position of hydrogen 
bonds and the OH groups. PVA has good charge-storage capacity, 
high dielectric strength, and filling-dependent electrical and optical 
properties [4]. The nanostructures of inorganic–organic and inor-
ganic–inorganic hybrid systems involved many applications in dif-
ferent fields included thermal energy storage [5–13], radiation 
shielding and bioenvironmental fields [14–18], and electronics and 
optoelectronics [19–34]. 
 This work deals with fabrication of new PVA–PbO2–ZrO2 nano-
composites to use them in various electrical and electronics applica-
tions. 

2. MATERIALS AND METHODS 

The films of PVA–PbO2–ZrO2 nanocomposites have been prepared 
with different contents of polymer and nanoparticles (NPs) using 
casting method. The PVA film was fabricated via dissolving of 
1 gm of PVA in 30 ml of distilled water. The PbO2–ZrO2 NPs were 
added to the PVA with concentration of 1:1 and different weight 
percentages are of 2, 4 and 6 wt.%. The dielectric properties of 
PVA–PbO2–ZrO2 nanocomposites were tested in frequency ranged 
from 100 Hz to 2 MHz by LCR meter type (HIOKI 3532-50 LCR HI 
TESTER). 
 The dielectric constant, , is defined by Ref. [35] as follows: 

 
0

pC

C
, (1) 

where Cp is the matter capacitance and C0 is the vacuum capacitor. 
 The dielectric loss, , is determined by Ref. [36] as 

 D, (2) 

where D represents the dispersion factor. 
 The A.C. conductivity is given by Ref. [37] as follows: 

 A.C. 0, (3) 

where  is the angular frequency. 
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3. RESULTS AND DISCUSSION 

Figures 1 and 2 illustrate the behaviours of dielectric constant and 
dielectric loss for PVA–PbO2–ZrO2 nanocomposites with frequency, 
respectively. At low frequencies, the dielectric-constant values for 
PVA–PbO2–ZrO2 nanocomposites are high. This is because of a large 
number of charges accumulated on the surface area of the polymer 
electrode, i.e., interfacial polarization and induced dipoles. Fur-

 

Fig. 1. Dielectric constant behaviour for PVA–PbO2–ZrO2 nanocomposites 
with frequency. 

 

Fig. 2. Performance of dielectric loss for PVA–PbO2–ZrO2 nanocomposites 
with frequency. 
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thermore, at high frequency, electrons and atoms exhibit displace-
ment polarization, while interfacial and orientation polarizations 
are restricted, resulting in a low charge on the film surface. In ad-
dition, the dielectric loss has high values at low frequency that is 
due to the polarization effect. The dielectric constant and dielectric 
loss of PVA are increased with rising PbO2–ZrO2-nanoparticles’ con-
centration. These results may be attributed to the increase charge-
carrier density [38–56]. 
 Figure 3 confirms the variation of electrical conductivity for 
PVA–PbO2–ZrO2 nanocomposites with frequency for different con-
tents of PbO2–ZrO2 nanoparticles. The electrical conductivity is in-
creased with increasing frequency and PbO2–ZrO2-nanoparticles’ 
content. The increase with the increase in PbO2–ZrO2 content is ob-
vious because of the increase in charge carriers. The electrical con-
ductivity also rises at higher frequencies because of the short-range 
intrawell hopping of charge carriers between localized states [57–
67]. 

4. CONCLUSIONS 

This work investigates the study of dielectric properties of PVA–
PbO2–ZrO2 nanocomposites to exploit in various electrical and elec-
tronics fields. The results demonstrated that the dielectric constant, 
dielectric loss, and electrical conductivity of PVA are enhanced with 
increasing PbO2–ZrO2-NPs’ content. The  is increased by 90% with 
rising PbO2–ZrO2-NPs’ content to 6% at 100 Hz. The dielectric con-
stant and dielectric loss of PVA–PbO2–ZrO2 nanocomposites are re-

 

Fig. 3. Variation of electrical conductivity for PVA–PbO2–ZrO2 nanocom-
posites with frequency for different content of PbO2–ZrO2 nanoparticles. 
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duced, while the electrical conductivity is raised with increasing 
frequency. The final results of dielectric properties indicated that 
the PVA–PbO2–ZrO2 nanocomposites are functional nanomaterials 
to utilize in various electrical and electronics applications. 
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This study investigates the fabrication of new polyvinyl alcohol (PVA)–
silicon nitride (Si3N4)–cobalt ferrite (CoFe2O4) nanocomposites to use them 
in various electrical and electronics fields. The dielectric properties of 
PVA–Si3N4–CoFe2O4 nanocomposites are examined in frequency range 
from 100 Hz to 2 MHz. The results indicate that the dielectric constant 
and dielectric loss of PVA–Si3N4–CoFe2O4 nanocomposites are reduced, 
while the electrical conductivity is increased with increasing of the fre-
quency. The dielectric constant, dielectric loss, and electrical conductivity 
of PVA are raised with rising of the Si3N4–CoFe2O4-nanoparticles’ content. 
The obtained results of dielectric properties demonstrate that the PVA–
Si3N4–CoFe2O4 nanocomposites are useful for different electrical and elec-
tronics fields. 

Öå äîñë³äæåííÿ ñòîñóºòüñÿ âèãîòîâëåííÿ íîâèõ íàíîêîìïîçèò³â íà îñ-
íîâ³ ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ)–í³òðèäó Ñèë³ö³þ (Si3N4)–ôåðèòó Êî-
áàëüòó (CoFe2O4) äëÿ âèêîðèñòàííÿ â ð³çíèõ ãàëóçÿõ åëåêòðîòåõí³êè òà 
åëåêòðîí³êè. Ä³åëåêòðè÷í³ âëàñòèâîñò³ íàíîêîìïîçèò³â ÏÂÑ–Si3N4–
CoFe2O4 äîñë³äæóâàëè â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 2 ÌÃö. Ðåçóëü-
òàòè ïîêàçàëè, ùî ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íà-
íîêîìïîçèò³â ÏÂÑ–Si3N4–CoFe2O4 çìåíøóþòüñÿ, òîä³ ÿê åëåêòðîïðîâ³ä-
í³ñòü çá³ëüøóºòüñÿ ç³ çá³ëüøåííÿì ÷àñòîòè. Ä³åëåêòðè÷íà ïðîíèêí³ñòü, 
ä³åëåêòðè÷í³ âòðàòè é åëåêòðîïðîâ³äí³ñòü ÏÂÑ çðîñòàþòü ç³ çá³ëüøåí-
íÿì âì³ñòó íàíî÷àñòèíîê Si3N4–CoFe2O4. Îäåðæàí³ ðåçóëüòàòè äîñë³-
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äæåííÿ ä³åëåêòðè÷íèõ âëàñòèâîñòåé ïðîäåìîíñòðóâàëè, ùî íàíîêîìïî-
çèòè ÏÂÑ–Si3N4–CoFe2O4 º êîðèñíèìè äëÿ ð³çíèõ ãàëóçåé åëåêòðîòåõ-
í³êè é åëåêòðîí³êè. 

Key words: polyvinyl alcohol (PVA), Si3N4, CoFe2O4, nanocomposites, die-
lectric properties, conductivity. 
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1. INTRODUCTION 

Polymer matrix composites are used in various fields, such as au-
tomotive, aircraft, aerospace, and marine machinery, due to their 
exceptional mechanical and physical properties. Polymeric compo-
sites have replaced conventional metal parts in ships because they 
are lightweight and wear-resistant [1–4]. Poly(vinyl alcohol) (PVA) 
is a semi-crystalline, water-soluble, environmentally friendly bi-
opolymer that is produced nowadays on a large scale. It has a hy-
drophilic nature and exhibits good processability, film forming abil-
ities, flexibility, high transparency, non-toxicity, excellent tensile 
strength, and good thermal stability (200 C) for applications, which 
do not require higher temperatures for optimal functionality of the 
material and interesting dielectric properties as was described in 
certain studies [5]. PVA [(C2H4O)n] is an exciting polymer due to its 
physical, chemical, mechanical, and thermal characteristics. Moreo-
ver, PVA has particular features such as semi-crystalline, adhesive 
properties, and water-soluble. It is suitable for a wide range of sci-
entific, biomedical, and technological applications [6]. Among the 
fillers, ferrimagnetic materials, such as cobalt ferrite (CoFe2O4), are 
characterized by permanent magnetization, raised coercitivity, heat 
stability, good dielectric features, and moderate hardness; however, 
the research regarding the implication of the CoFe2O4-loading on the 
physical properties of a polymer matrix is not so abundant [7]. Sili-
con nitride (Si3N4) is amid the mainly significant ceramic substances 
for elevated-temperature fields as a result of combination of its me-
chanical characteristics at the room and elevated temperatures, re-
sistance for oxidation, low thermal-expansion coefficient, and low 
density compared of refractory metals [8]. The nanostructures ma-
terials were added to improve the optical, electrical, and electronics 
properties to employ in different fields like sensors [9–15], elec-
tronics and optoelectronics [16–31]. 
 The present work deals with fabrication of PVA–Si3N4–CoFe2O4 
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nanocomposites and studying their dielectric constant to employ in 
different electrical and electronic applications. 

2. MATERIALS AND METHODS 

The PVA–Si3N4–CoFe2O4-nanocomposites’ films have been prepared 
employing casting technique. The film of pure PVA was prepared by 
dissolving of 1 gm in 30 ml of distilled water. Then, the Si3N4–
CoFe2O4 nanoparticles (NPs) were added to polymer (PVA) with ra-
tio 1:1 and various concentrations of 2.1, 4.2 and 6.3 wt.%. 
 The dielectric properties were examined in frequency range from 
100 Hz to 2 MHz by LCR meter type (HIOKI 3532-50 LCR HI 
TESTER). 
 The dielectric constant, , is defined by Ref. [32] as 

 
0

pC

C
, (1) 

where Cp is the matter capacitance and C0 is the vacuum capacitor. 
 The dielectric loss, , is determined by Ref. [33] as 

 D, (2) 

where D represents the dispersion factor. 
 The A.C. conductivity is given by Ref. [34] as follows: 

 A.C. 0, (3) 

where  is the angular frequency. 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the variation of dielectric constant and dielec-
tric loss for PVA–Si3N4–CoFe2O4 nanocomposites with frequency of 
applied field for different contents of Si3N4–CoFe2O4 nanoparticles. 
The behaviour of the dielectric properties concerns the increasing 
values of dielectric constant and dielectric loss. It has been observed 
that the provided attitude leads to an enhancement in the conduc-
tivity of the films. This is attributed to the increase in carrier con-
centration and mobility. 
 Additionally, the rise in dielectric constant and dielectric loss in 
the lower-frequency region is ascribed to the effect of polarization 
on the films. The dielectric constant and dielectric loss of PVA were 
rising with rising of the Si3N4–CoFe2O4-nanoparticles’ content. 
These behaviours are related to increase the density of carriers’ 
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numbers [35–50]. 
 Figure 3 demonstrates the performance of A.C. electrical conduc-
tivity for PVA–Si3N4–CoFe2O4 nanocomposites with frequency for 
various contents of Si3N4–CoFe2O4 nanoparticles. The conductivity 
has low values at low frequencies that could be related to spatial 
charge polarization, suggesting non-Debye properties of the films. 
The conductivity value increases, when the frequency is increased. 
Furthermore, the conductivity values of the PVA–Si3N4–CoFe2O4 
nanocomposites were found to be greater than those are for PVA, 
that implying the insertion of Si3N4–CoFe2O4 NPs into the PVA 

 

Fig. 1. Variation of dielectric constant for PVA–Si3N4–CoFe2O4 nanocom-
posites with frequency. 

 

Fig. 2. Variation of dielectric loss for PVA–Si3N4–CoFe2O4 nanocomposites 
with frequency. 



AUGMENTED DIELECTRIC PROPERTIES OF PVA/Si3N4/CoFe2O4 NANOCOMPOSITES 855 

could enhance significantly rapidly the charge-conduction mecha-
nism. Furthermore, such enhancement may indicate an increase in 
disorder degree that regulates charge-carriers’ movement and ob-
taining the formation of a linked percolating chain that is suitable 
for the mechanism of charge transfer [51–64]. 

4. CONCLUSIONS 

The present work comprises fabrication and dielectric properties of 
PVA–Si3N4–CoFe2O4 nanocomposites. The results indicate that the 
dielectric constant and dielectric loss of PVA–Si3N4–CoFe2O4 nano-
composites were decreased, while the electrical conductivity was in-
creased with increasing frequency. The dielectric constant, dielec-
tric loss, and electrical conductivity of PVA were rising with rising 
of the Si3N4–CoFe2O4-nanoparticles’ content. The dielectric constant 
is increased from 4.53 for PVA to 5.88, when Si3N4–CoFe2O4-
nanoparticles’ content reached 6.3%. The obtained results of dielec-
tric properties demonstrate that the PVA–Si3N4–CoFe2O4 nanocom-
posites are useful for different electrical and electronics fields. 
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This article aims to fabricate the silica (SiO2)/silicon nitride (Si3N4) nano-
particles’-doped polystyrene (PS) for utilize in a variety of electronics and 
electrical nanodevices. By casting method, the films of PS–SiO2–Si3N4 are 
synthesized at various weight percentages of 2.3%, 4.6%, 6.9% of SiO2–
Si3N4. The distribution of SiO2–Si3N4 nanoparticles (NPs) are examined by 
optical microscopy (OM). The OM confirms a good distribution of 
SiO2/Si3N4 NPs inside the matrix of polystyrene. The dielectric character-
istics are evaluated at room temperature across a frequency range of 
100 5 106 Hz. The results reveal that the dielectric constant and dielectric 
loss of PS–SiO2–Si3N4 nanocomposites are reduced as the frequency of the 
applied electric field is increased. The electrical conductivity of alternat-
ing current rises with rising frequency. With increasing concentration of 
SiO2–Si3N4 nanoparticles, the dielectric constant, dielectric loss, and A.C. 
electrical conductivity of PS–SiO2–Si3N4 nanocomposites are enhanced. 
The results confirm that the dielectric properties of the PS–SiO2–Si3N4 
nanostructures might be used in a variety of nanoelectronics and electrical 
applications. 

Öÿ ñòàòòÿ ìàº íà ìåò³ ñòâîðåííÿ íàíîìàòåð³ÿë³â íà îñíîâ³ ïîë³ñòèðîëó 
(ÏÑ), ëå´îâàíîãî íàíî÷àñòèíêàìè ä³îêñèäó Ñèë³ö³þ (SiO2)/í³òðèäó Ñè-
ë³ö³þ (Si3N4), äëÿ âèêîðèñòàííÿ â ð³çíîìàí³òíèõ åëåêòðîííèõ òà åëåêò-
ðè÷íèõ íàíîïðèñòðîÿõ. Ìåòîäîì ëèòòÿ áóëî ñèíòåçîâàíî ïë³âêè ÏÑ–
SiO2–Si3N4 ç ð³çíèì âàãîâèì â³äñîòêîì ó 2,3%, 4,6%, 6,9% SiO2–Si3N4. 
Ðîçïîä³ë íàíî÷àñòèíîê SiO2–Si3N4 áóëî äîñë³äæåíî çà äîïîìîãîþ îïòè-
÷íî¿ ì³êðîñêîï³¿, ùî ï³äòâåðäèëà õîðîøèé ðîçïîä³ë íàíî÷àñòèíîê 
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Íàäðóêîâàíî â Óêðà¿í³. 
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SiO2/Si3N4 âñåðåäèí³ ïîë³ñòèðîëîâî¿ ìàòðèö³. Ä³åëåêòðè÷í³ õàðàêòåðèñ-
òèêè áóëî îö³íåíî çà ê³ìíàòíî¿ òåìïåðàòóðè â ä³ÿïàçîí³ ÷àñòîò 
100 (5 106) Ãö. Ðåçóëüòàòè ïîêàçàëè, ùî ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ 
ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â ÏÑ–SiO2–Si3N4 çìåíøóþòüñÿ ç³ 
çá³ëüøåííÿì ÷àñòîòè ïðèêëàäåíîãî åëåêòðè÷íîãî ïîëÿ. Åëåêòðîïðîâ³ä-
í³ñòü çì³ííîãî ñòðóìó çðîñòàº ç³ çá³ëüøåííÿì ÷àñòîòè. Ç³ çá³ëüøåííÿì 
êîíöåíòðàö³¿ íàíî÷àñòèíîê SiO2–Si3N4 ä³åëåêòðè÷íà ïðîíèêí³ñòü, ä³å-
ëåêòðè÷í³ âòðàòè òà çì³ííà åëåêòðîïðîâ³äí³ñòü íàíîêîìïîçèò³â ÏÑ–
SiO2–Si3N4 ïîë³ïøóâàëèñÿ. Ðåçóëüòàòè ï³äòâåðäèëè, ùî äîñë³äæåí³ ä³å-
ëåêòðè÷í³ âëàñòèâîñò³ íàíîñòðóêòóð ÏÑ–SiO2–Si3N4 ìîæóòü áóòè âèêî-
ðèñòàí³ â ð³çíèõ íàíîåëåêòðîííèõ òà åëåêòðîòåõí³÷íèõ çàñòîñóâàííÿõ. 

Key words: polystyrene (PS), silica (SiO2), silicon nitride (Si3N4), dielectric 
constant, dielectric loss, conductivity, electrical nanodevices. 
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1. INTRODUCTION 

Polymer nanocomposites are one of the most important materials in 
the academic and industrial areas, and are produced by dispersing 
nanofillers with one or more dimensions at nanoscale into the poly-
meric matrix. Recently, researchers have been attracted to polymer 
nanocomposites over conventional microcomposites due to their 
wide applications in electromechanical systems and their large in-
terfacial area per unit volume of the dispersion medium [1]. Recent-
ly, the improvement of polymeric materials by modification of their 
physical properties has become of concern in order to fulfil the in-
creasing requirements in various industrial applications such as ca-
bles, materials of electronic packaging, jackets, and films of capaci-
tors [2]. Flexible composite materials have been receiving a great 
deal of attention in optical energy applications due to their remark-
able electrical, thermal, mechanical, dielectric and optical properties 
versus the other traditional materials. Currently, polymer compo-
sites are of high interest in different energy applications because of 
their pliable characteristics and their easy to use. Huge attention 
has been given to reveal the optical properties of polymers and to 
potentiate their implementations in optical energy applications [3–
6]. Silicon dioxide is developed as additive in polymer composites. 
Targeting to raise microwave absorption, behaviour for antimicro-
bial, mechanical characteristics, etc., silica may be employed as a 
dispersed phase in polymer substance. In numerous cases, SiO2 is 
accrued as to enhance the polymers processability in various fabri-
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cating techniques [7]. Si3N4 is an extremely stable covalent com-
pound with large application value in numerous fields because of 
excellent resistance for corrosion and good resistance to tempera-
ture alter. It may be an effectual filler to enhance the behaviour of 
polymer substances [8]. 
 This study examines how the SiO2–Si3N4 addition affects on the 
dielectric characteristics of polystyrene nanocomposites. 

2. EXPERIMENTAL PART 

Polystyrene (PS), silicon dioxide (SiO2) nanopowder, and silicon ni-
tride (Si3N4) nanopowder (obtained from US Research Nanomateri-
als) were casted in varying amounts to create PS/SiO2/Si3N4 
nanostructure films. The film of pure polystyrene was prepared by 
one gram of polystyrene dissolved in 30 mole of chloroform. The 
proportions of the SiO2/Si3N4 nanoparticles (NPs) added to the PS 
solution were of 2.3%, 4.6%, and 6.9%. We synthesized 100 μm-
thick PS/SiO2/Si3N4 nanostructure films. SiO2/Si3N4 nanostructure 
distribution inside the PS medium is investigated using an optical 
microscope. The Hioki 3532-50 Hi Tester LCR analyser is used to 
evaluate dielectric characteristics in the frequency range of 
100 Hz–5 MHz and at room temperature. 
 The dielectric constant ( ) of PS/SiO2/Si3N4 nanocomposites is 
calculated by the following equation [9]: 

 
0

pC

C
, (1) 

where Cp is parallel capacitance and C0 is vacuum capacitor. 
 The following formula calculates dielectric loss ( ) [10]: 

 D, (2) 

where D is dispersion factor. 
 The A.C. electrical conductivity of PS/SiO2/Si3N4 nanocomposites 
is determined by the following equation [11]: 

 A.C. 0, (3) 

where  is the angular frequency. 

3. RESULTS AND DISCUSSION 

Figure 1 shows that the SiO2–Si3N4 NPs are dispersed as clusters at 
lower ratios. When the ratios of SiO2–Si3N4 increase, the SiO2/Si3N4 
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particles form a network within the PS matrix. The nanoparticles 
specify the charge carriers inside the polymeric framework [12–19]. 
 Figures 2 and 3 indicate that the dielectric constant and dielec-
tric loss of the PS–SiO2–Si3N4 nanocomposite decrease with increas-
ing applied-field frequency. This is due to the nanocomposites’ di-
poles pointing in the direction of the applied electric field, resulting 
in a decrease in space charge polarization relative to total polariza-
tion. At low frequencies, space charge polarization contributes more 
to polarization, whereas polarization decreases at higher frequen-
cies. As a consequence, all samples of PS–SiO2–Si3N4 nanocompo-
sites exhibit a drop in the dielectric-constant and dielectric-loss 

  
a     b 

  
c     d 

Fig. 1. Microscope images ( 10) for PS–SiO2/Si3N4 nanocomposites. a—PS; 
b—2.3 wt.% SiO2/Si3N4; c—4.6 wt.% SiO2/Si3N4; d—6.9 wt.% SiO2/Si3N4. 

 

Fig. 2. Behaviour of dielectric constant against frequency for PS–SiO2–
Si3N4 nanocomposites. 
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values as the electric-field frequency increases. The figures show 
that, for nanocomposites at f 4 MHz,  and  increase to their 
highest values. The dielectric constant and dielectric loss of PS in-
crease with rising SiO2–Si3N4 that is due to increase in the number 
of charge carriers [20–35]. 
 Figure 4 confirms that the A.C. conductivity of PS–SiO2–Si3N4 
nanocomposites changes with frequency at room temperature. The 
substantial increase in A.C. conductivity with frequency is caused 
by both the hopping process, which moves charge carriers, and 
space charge polarization, which occurs at low frequencies. In addi-

 

Fig. 3. Behaviour of dielectric loss of PS–SiO2–Si3N4 nanocomposites 
against frequency. 

 

Fig. 4. Relation between A.C. electrical conductivity with frequency F for 
PS–SiO2–Si3N4 nanocomposites. 
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tion, the A.C. conductivity of PS rises with rising SiO2–Si3N4-
nanoparticles’ content; this performance is related to rise of charge-
carriers’ number [36–48]. 

4. CONCLUSIONS 

The current study comprises the fabrication of PS–SiO2–Si3N4 nano-
composites for utilize in a variety of electronics and electrical 
nanodevices. The PS–SiO2–Si3N4 nanocomposite films were synthe-
sized by casting method. The distribution of SiO2–Si3N4 nanoparti-
cles were examined by optical microscopy (OM). The OM confirms a 
good distribution of SiO2/Si3N4 NPs inside the matrix of polysty-
rene. The dielectric characteristics were evaluated at room tempera-
ture across a frequency range of 100–5 106 Hz. The results revealed 
that the dielectric constant and dielectric loss of PS–SiO2–Si3N4 
nanocomposites are reduced as the frequency of the applied electric 
field is increased. The electrical conductivity of alternating current 
rises with rising frequency. With increasing concentration of SiO2–
Si3N4 nanoparticles, the dielectric constant, dielectric loss, and A.C. 
electrical conductivity of PS–SiO2–Si3N4 nanocomposites were en-
hanced. Finally, the results confirmed that the dielectric properties 
of the PS–SiO2–Si3N4 nanostructures might be used in a variety of 
nanoelectronics and electrical applications. 
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Coordination Bonds as Information Systems of Polyvinyl 
Chloride–Nanodispersed Copper in an Ultrasonic Field 
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Using computational methods, the influence of the donor–acceptor inter-
play between the structural elements of polyvinyl chloride (PVC) and 
nanodispersed Cu-filler (at 298 K T Tg 10 K, 0 0.30 vol.% Cu, 

0.4 MHz) on the change in the values of dynamic moduli (E, K, G), 
viscosity ( ), internal friction (tg ), and relaxation times ( ³) of the sys-
tem. Based on the Maxwell–Frenkel model, the ways to regulate the be-
haviour of PVC composite in the ultrasonic and thermal fields are indicat-
ed. 

Ç âèêîðèñòàííÿì îá÷èñëþâàëüíèõ ìåòîä³â ç’ÿñîâàíî âïëèâ äîíîðíî-
àêöåïòîðíîãî âçàºìî÷èíó ì³æ åëåìåíòàìè ñòðóêòóðè ïîë³â³í³ëõëîðèäó 
(ÏÂÕ) ³ íàíîäèñïåðñíîãî Cu-íàïîâíþâà÷à (çà óìîâ 298 Ê T Tg 10 Ê, 
0 0,30 îá.% Cu, 0,4 ÌÃö) íà çì³íè âåëè÷èí äèíàì³÷íèõ ìîäóë³â 
(E, K, G), â’ÿçêîñòè ( ), âíóòð³øíüîãî òåðòÿ (tg ), ÷àñ³â ðåëàêñàö³¿ ( ³) 
ñèñòåìè. Íà îñíîâ³ ìîäåëþ Ìàêñâåëëà–Ôðåíêåëÿ çàçíà÷åíî øëÿõè ðå-
´óëþâàííÿ ïîâåä³íêè ÏÂÕ-êîìïîçèòà â óëüòðàçâóêîâîìó òà òåïëîâîìó 
ïîëÿõ. 

Key words: nanosystems, coordination bonds, structural element, dissipa-
tion. 

Êëþ÷îâ³ ñëîâà: íàíîñèñòåìè, êîîðäèíàö³éí³ çâ’ÿçêè, ñòðóêòóðíèé åëå-
ìåíò, äèñèïàö³ÿ. 
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1. INTRODUCTION 

It has been established that polyvinyl chloride (PVC) filled with 
nanodispersed metal can be used as a matrix for displays, acoustic 
delay lines, and structural elements [1]. However, there have been 
no systematic studies of the viscoelastic properties of PVC compo-
sites containing nanodispersed copper obtained by the method of 
rapid conductor electric explosion (RCE) at different types of de-
formation ( i (i 1, 2, 3), content ( ) of ingredients, and a wide 
range of temperatures (T). At the same time, the most valuable and 
complete information on the nature of the effect of nanodispersed 
metal on PVC structure formation can be obtained on the basis of 
the results of ultrasound physics (molecular acoustics) in the mega- 
and kilohertz frequency range [2]. Today, it has become obvious 
that the law of distribution of the internal energy of the system be-
tween the elastic and viscous components of the composite defor-
mation has not yet been established, the role of the surface and the 
interstructural interaction of amorphous polymer–metal on the 
formation of viscoelastic properties of the material has not been 
clarified, and there is no complete structural and statistical model 
that can explain the physics of the processes of momentum and en-
ergy transfer in the composite and indicate ways to control them. 
 Accordingly, the aim of the study is to investigate the viscoelas-
tic properties of PVC–nanodispersed metal systems using phenome-
nological approaches and elements of the molecular kinetic theory 
of polymers as a condensed state of matter, taking into account the 
physical chemistry of the surface metal (Cu)–dielectric (PVC), and 
to determine the limits of practical use of the composite. 

2. MODEL. THE EFFECT OF VISCOELASTICITY 
IN A COMPOSITE 

The development of non-ionic technology [3] requires the study of 
the viscoelastic properties of flexible chain polymers filled with 
nanodispersed metal powders. At the same time, it is necessary to 
investigate the directed effect of the active centres of the filler sur-
face on the distribution of the composite free energy between elastic 
and inelastic deformation of such heterogeneous polymer systems 
(HPS). The solution to this problem requires the use of the Boltz-
mann’s superposition principle, which allows describing the behav-
iour of HPS by a system of differential equations and using ele-
ments of the dual quasi-linear body model to determine changes in 
the mobility of structures in force and energy fields. The model 
representations of the PVC system are based on the statement about 
the fluctuating structure of the existence of microblocks [4], the 
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elements of which are characterised by a certain lifetime ik. Char-
acteristically, depending on T, macromolecules themselves can ex-
hibit different forms of mobility. This makes it possible to repre-
sent the PVC macromolecule as a one-dimensional crystal-like ‘pearl 
necklace’ [5] with the lattice value of the wave number, 

2 1/3(6 )Dk N  (N is the number of structural elements of a body 
with volume V). Calculations have shown that kD 1.6 1010 m 1 is 
commensurate with the size of the monomeric link CH2 CHCl n 
PVC. Since the Debye frequency D t Dv k  is equal to 2.4 1013 s 1, 
consequently, the condition D  is fulfilled that allows, accord-
ing to the Williams–Landel–Ferry principle, to study the relaxation 
spectrum of PVC–Cu at 0.4 MHz [2]. 
 It has been established [6] that, in order to regulate the viscoelas-
tic properties of a composite in a targeted manner, it is necessary to 
create an appropriate covalent network in it, in which there are ar-
eas for dissipating the thermal energy of dynamic structural ele-
ments, whose movement is realised due to the thermal energy of the 
structons. 
 The active centres of the surface of nanodispersed copper powder 
were chosen as a model for this coordination bond network, which 
contribute to changes in the mobility of the structures in accord-
ance with different inter- and intramolecular forces [7]. This sug-
gests that the material possesses the property of bulk viscoelasticity 
under the action of an ultrasonic field of low intensity, the defor-
mations are small ( 1V V 1) and are described by the Frankel–
Maxwell model [8]. The result of inter- and intramolecular interac-
tions between structural elements is manifested in the form of vis-
cosity (damper (Ri)), and springs characterise Hookean deformation 
( ). The analytical description of the model (as a kind of connection 
of dampers and springs) was carried out using the method of elec-
trical analogy [8], which allows the relaxation time of PVC struc-
tures exposed to the action of active Cu surface centres to be identi-
fied with the waiting time i of the transition across the potential 
barrier [9] and to determine the viscoelastic properties of the tran-
sition layer (TL) of the PVC–Cu system. First of all, let us take into 
account the fact that coordination bonds of the donor–acceptor-type 
interaction occur between them, which is due to the acceptor prop-
erties of PVC macromolecules containing polar chlorine (Cl) groups 
[5]; Cu ions can accept unshared elemental pairs of Cl atoms and 
thus form a stable energy bond [10]. 
 Let us assume that the surface density of donors and acceptors 
per 1 m2 is ND and NA, respectively. The occurrence of adsorption 
bonds of the PVC macromolecule with the Cu surface, when forming 
a polymer composite in the T–p mode, contributes to additional 
structuring of the system, limiting the mobility of polymer links 
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near the surface of the nanodispersed filler. As a result, this causes 
a change in the conditions of the relaxation processes and delays 
the establishment of a quasi-equilibrium state of PVC structure 
formation near the Cu surface, increasing the free volume of the 
composite [11]. 
 Thus, the PVC macromolecules are only in contact with a part 
(S1) of the total surface (S) of the filler: 

 1
1

1 2

n
S S

n n
, (1) 

where n1, n2 are the number of atoms of the polymer matrix and 
filler per unit volume, respectively. Considering that the interaction 
between the components, depending on the distance (di) between the 
structural elements, is determined, as a first approximation, by the 
Boltzmann’s function [8], the number of PVC-atoms’ ‘bounds’ to 
the surface of the filler is 

 1 1

( )
expsl

U x
N S N

kT
, (2) 

where N1 is the number of PVC kinetic elements per surface unit, 
U(x) is the energy of interaction between component atoms at the 
PVC–Cu interface. The values of S1, N1 were calculated based on 
the change in the value of the heat capacity for the unfilled ( Cà) 
and filled ( C) composite [11]; U(x) was calculated by the Morse’s 
method [8]. This difference between the potential energies of the 
electron in the donor and acceptor centres is defined as 

 0 1 2 1 2( ) , , ,W n W d d e V , (3) 

where V is the potential difference between the centres of the elec-
tron pits in the donor and acceptor centres created by the field of 
all other unreacted pairs. 
 Since the density of acceptor centres located on the surface of 
nanodispersed copper is greater than that of donor centres [12], we 
assume that the electron of the donor centre is transferred to the 
nearest acceptor centre. In this case, the quasi-equilibrium state of 
the composite is determined from the condition of minimum free 
energy with respect to the number of reacted donor–acceptor pairs 
[6]. This allowed us to determine the limits of parameter changes: 
W0(d1, d2, n1, n)2 (1.0–1.5) 10 19

 J, d1 d2 10 10–10 9
 m, n1 1013–

1014, which provide a change in the shear modulus at the interface 
of the order of (0.8–2.0) 109 N m2 at T1 343 K, T2 313 K, respec-
tively. 
 On the equivalent Frankel–Maxwell substitutional scheme [8], the 
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relationship between the change in pressure ( p) of the U/W field 
caused by the action of a low-intensity generator in the mode

0 exp( )p p j t  and the volumetric strain was established by intro-
ducing the viscosity coefficients R1, R2 and viscoelastic moduli 
(and/or compression coefficients C1, C2) Ki, Gi (i 1, 2) of PS and 
PVC, respectively. 
 To derive the rheological equation of state of the composite, the 
mechanical model of the Kneser’s medium is represented as the 
Kelvin’s electrical model [2] for the PS structures (R1, C1) and 
Maxwell’s one [8] for the original PVC (R2, C2). 
 Let us describe the proposed model using the method of symbolic 
representation through the potential difference Ui (i 1, ..., n) and 
the system charge q. After the appropriate mathematical transfor-
mations, we obtain the following relations: 

 
2 2

1 2 2 1
2 2

1

Re Re
1

R R R
Z , (4) 

 
2 2 2

1 1 1 2
2 2

2 1

1
Im Im

1

R C
Z j

C
,  (5) 

where 1 R1C1 is the relaxation time, C1, C2 are the compressibility 
coefficients (C1 1

1, C2 2
1). 

 Given that the sample has the shape of a flat cylinder of infinite 
dimensions (l ) and is deformed by an ultrasonic wave ( ) propa-
gating in a medium, whose dimensions are significant compared to 
the wavelength, we have: 

 Re ImZ j , (6) 

where  is the dynamic viscosity of the composite equivalent to the 
total resistance of the system Z . 
 At the same time, the composite undergoes a transverse defor-
mation with a frequency , which causes a phase shift  between 
stress and strain equal to 

 
2 2

1 2 2 1 2

2 2 2
1 1 1 2

tg
1

R R R CG

G R C
. (7) 

 Let us analyse the limiting cases of changes in the value of tg , 
if: 1) R1 R2, then, 1

1tg ( ) , i.e., the behaviour of the PS is 
described by the Maxwell’s model [8]; 2) R2 R1, then, dynamic 
change 2tg  characterises the energy exchange of PVC in the 
volume and is described by the Feucht’s model [2]. In the studied 
region of ingredient content, the viscoelastic properties of PVC 
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composites obey the relationship (7), which indicates the relation-
ship between elastic (C1, C2) and viscous (R1, R2) deformation. 

3. OBJECTS OF STUDY AND METHODOLOGY 
OF THE EXPERIMENT 

We studied redeposited PVC of the KSR-676 brand with MM 1.4 105 
in the CH2 CHCl n linkage, where more than half of the mass be-
longs to the chlorine atom. This allows us to trace its interaction 
with the active surface centres of nanodispersed copper (Cu) as a 
polymer filler. In addition, the results of the study of the PVC–Cu 
composite can serve as the basis for model representations of flexi-
ble-chain and heterogeneous systems (HS) obtained on their basis. 
PVC, as a multitonnage polymer, requires new active modifiers, the 
search for which is ongoing [5]. 
 The nanodispersed copper powders were obtained by the method 
of electric explosion of the conductor (EEC). In this case, a copper 
conductor was placed in the mass of the initial PVC, the rapid elec-
tric explosion of which made it possible to obtain a homogeneous 
metal–polymer mixture (PVC–Cu), from which a composite was 
formed in the T–p mode (T 410 K, p 10.0 MPa) [3]. 
 The linear dimensions ( ) of the filler, determined by the method 
of Debye–Scherrer x-ray diffraction analysis [13], were (45 2) 10 9 
m. 
 The volume content of nanodispersed copper powder, due to the 
lack of segregation, the formation of a phase topology, and the high 
activity of low filler contents [5], varied in the range of 0 0.30 
vol.% Cu with a step of 0.05 by volume. 
 To conduct ultrasonic measurements of the viscoelastic properties 
of the composite, samples of the following dimensions were used: 
diameter of 3 10 2 m, height of (8–10) 10 3 m. The propagation ve-
locity of the longitudinal vl and transverse vt U/W waves, as well as 
their corresponding absorption coefficients l, t, were determined 
at a frequency of 0.4 MHz using an experimental setup [11]. Using 
a measurable differential cuvette, the values of vl, vt l, t for PVC 
systems in the range 298 K T 358 K were determined on one 
sample using the pulse method in conjunction with the rotating 
plate method. Based on the Stokes equation [2], knowing the propa-
gation velocity and energy absorption coefficients of the U/Z field, 
the real and imaginary parts of the elastic moduli and energy dissi-
pation of the system were calculated. The measurement error of the 
vl and vt values was of 0.5–1.0%, and the absorption was of 8–
10%, respectively. 
 The density of the samples ( ) was determined by hydrostatic 
weighing with an accuracy of 0.2% at a heating rate of 3 K/min. 
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4. RESULTS AND DISCUSSION 

Figure 1 shows the results of the concentration dependence of tg , 
longitudinal (E) and transverse ( ) U/W waves in PVC systems. It 
is characteristic that a nonlinear dependence of the energy dissipa-
tion value is observed in the entire region of nanodispersed copper 
content (0 0.30 vol.%) and temperature range (T 303–333 K). 
At the same time, the value of tg t tg l), in both the concentra-
tion region and temperature one, changes with external factors. It 
is characteristic that the value of tg  of PVC systems in the studied 
range of  and T exceeds the corresponding characteristics of the 
original PVC. This indicates the presence of quantitative changes in 
the values of intra- and intermolecular interactions, which affects 
the mobility of the composite structure elements. 
 In the case of the original PVC, in the range of 308 K T 328 K, 
under longitudinal deformation, the -relaxation region is mani-
fested, which, at a content of 0.05 0.30 vol.% Cu, is character-
istic of shear deformation. An intensive increase in the value of 
mechanical energy losses during deformation of the composite also 
occurs in the range of 333–358 K. The obtained results allow a dif-
ferentiated ( tg ) approach to the analysis of the energy dissipation 
of the PVC system, which is due to the presence of nanodispersed 
copper as PVC filler. It has been found that the value of tg  at 
different types of deformation of the composite by the U/W field 
increases in the entire range of changes in  and T. Characteristi-
cally, when the temperature increases above 323 K ( const), the 
intensity of growth of tg f( )T decreases. 
 Taking into account the influence of low nanodispersed filler con-
tent ( 0.30 vol.% Cu) on the change in the structure of PVC sys-

 

Fig. 1. 
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tems and the condition that  (U/Z), we calculate the effect of 
donor–acceptor interaction between the system structure units on 
the value of the viscoelastic characteristics of the material. Calcula-
tions performed according to relations (2), (3) showed that the value 
of the strength of a single donor–acceptor interaction in the PVC–
Cu system is of 2.7 10 11

 N. This, according to the Kirkwood–
Riseman model [13], corresponds to a shear modulus of 3.8 109 
N m 2 as a result of the relative percentage of chlorine atoms in the 
PVC macromolecule and the average value of the strength of the 
donor–acceptor interaction. 
 The knowledge of the value of the dissipation energy of U/W vi-
brations (Fig. 1) in the original PVC (tg 1) and composite (tg 2) 
makes it possible, according to the conservation law, to determine 
the mechanical energy losses caused by the presence of donor–
acceptor interaction forces in the form of 

 2 1tg tg tg , (8) 

 Considering the presence of donor–acceptor bonds in the 
PVC Cu system as an electrical model of the Kelvin’s environment 
[8] RC2, we have that 

 2 1
2 2 2

2

Re
tg

Im
G . (9) 

This makes it possible, knowing the value of the shear modulus and 
the dissipation of the U/W field energy, according to Eq. (9), to de-
termine the dynamic viscosity of the composite, taking into account 
the donor–acceptor interaction in the system: 

 2 2

tg
G . (10) 

 Figure 2 shows the concentration dependence of the dynamic vis-
cosity of the PVC Cu system under compression–tensile defor-
mation under isothermal conditions (Ò1 Ò2). As the content of the 
nanodispersed filler increases, the value of 2 ( )

T
f  changes non-

linearly with a tendency to increase and a plateau region at 0.05 
vol.% Cu. For the longitudinal and shear strains, the condition 

l t  is observed to be fulfilled at T const. This indicates that a 
change in the amount of movement of the composite structures be-
tween adjacent infinitesimal elements of the medium volume occurs, 
when their velocities are different under shear and/or tensile–
compressive deformation. The internal friction forces in a PVC 
composite between structural units due to the presence of donor–
acceptor bonds in the case of shear deformation are smaller (Fig. 2) 
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than in the tensile–compression process. With an increase in tem-
perature (Fig. 3), the nature of the relationship between the values 
of hl ht is preserved, and the value itself decreases monotonically. 
This dependence is also typical for other Cu concentrations and 
temperature regions. 
 The results of the study of the temperature and concentration 
dependence of the dynamic moduli and viscosity per unit volume of 
the PVC system, which was directly affected by the donor–acceptor 
bond between the ingredients, allow, using the relations (5)–(7), to 
calculate the viscoelastic properties of the composite as a condensed 
body. This, in turn, makes it possible to trace the nature of the re-
laxation processes in the PVC system due to the formation of a do-

 

Fig. 2. 

 

Fig. 3. 
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nor–acceptor bond between nanodispersed copper powder and a 
chlorine atom of the polymer matrix. It should be noted that such 
studies in the megahertz range of the GCS field with simultaneous 
determination of the real and imaginary parts of Young’s and shear 
moduli, volume strain, and viscosity allow us to determine not only 
the dynamic characteristics but also the range of composite perfor-
mance in wide ranges of changes in T and . The nature of the de-
viation of the calculated values of the viscoelastic characteristics 
(tg i, i, Ei, Gi (i 1, 2)) for PVC Cu systems from their experi-
mental data will allow us to assess the relaxation state of the mate-
rial. 
 Figure 4 shows the temperature and concentration dependences of 
the value of the viscoelastic Young’s modulus and volumetric com-
pression of PVC systems. It is characteristic that, for all composites 
in the range of 298 K T 358 K and 0 0.30 vol.% Cu, a non-
linear change in values with a relaxation -transition in the region 
of 308 K T 328 K. At the same time, the most intense decrease in 
the value of ( )E f T  occurs with a minimum at 0.30 vol.% Cu. 
Comparison of the experimental results of the dynamic viscosity 
with the calculated values according to Eqs. (4), (5) and (6), where

2 2 1 2( ) , showed that, in this region of the volume content 
of the ingredient, they are in satisfactory agreement with each oth-
er. As the temperature increases, the action of the acceptor centres 
of the filler surface, as well as the increase in the mobility of Cl  
atoms of PVC, reduce the effectiveness of the donor–acceptor inter-
action on the relaxation properties of the composite. Due to thermal 
fluctuations, the time of detachment of the Cl  atom from the ac-

 

Fig. 4. 
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tive centre of the nanodispersed copper surface becomes shorter 
than the period of action of the external alternating voltage of the 
U/V source [14], i.e., 

 0 exp
U

kT
, (11) 

where 0
1 1.0 1012 s 1 [8]. The equality sign in expression (11) cor-

responds to the temperature (T0), starting from which there is an 
effective reduction in the influence of the filler on the value of the 
viscoelastic characteristics of the material. The calculations showed 
that the value of T0 lies in the region of 400 K, indicating an in-
crease in the thermal stability of the PVC system. 
 The analysis of the dependence ( )f T  (relation (11)) states 
that the Arrhenius-type equation is valid for the centre of the max-
imum -transition at T Tm [8]: 

 0 exp 1m
i

m

U

kT
; (12) 

moreover, at 0.30 vol.% Cu, the relaxation time of the struc-
tures in the region 300 K T 331 K varies in the range of 1.8 10 7–
1.2 10 9 s. At T 313 K, the value of Um is of 5.3 10 20 J, which 
corresponds to ³ 1.7 10 7 s. For the original PVC, at the same 
temperature, the value of ³ 8.9 10 9 s. Thus, the presence of the 
donor–acceptor interaction Cu –Cl  at the PVC–Cu interface reduces 
the mobility of the structural elements of PVC systems, increasing 
their lifetime as an independent ‘morphosis’, i.e., observed by the 
U/Z method at a frequency of 0.4 MHz. 
 If we consider that the value of the bulk viscosity and viscoelas-
tic moduli due to donor–acceptor bonds is 2, G2, and the polymer 
matrix 1, G2, then, a change in the quasi-equilibrium conditions 
due to the energy of the U/W field will cause a non-equilibrium 
state with a stability criterion [6]: 

 2

1 2
cK , (13) 

 The calculations of the value of Kñ, using relations (4)–(6), 
showed that, in the regions 0 0.30 vol.% Cu, 298 K T 358 K, 
it varies in the range of 0.58, 0.62, and 0.64 for the Young’s modu-
lus, shear, and volumetric compression, respectively. 

5. CONCLUSIONS 

The studies show that, due to coordination bonds of the donor–
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acceptor-type interaction at the interface of nanodispersed metal-
flexible polymer in the regions 0 0.30 vol.% Cu, 298 K T 358 
K, a nonlinear change in the viscoelastic properties of the PVC–Cu 
system occurs, and the composite resistance to dynamic deformation 
in the range of 1 (tensile–compressive strain) 2 (shear strain) 3 (volume strain) increas-
es. This increases the temperature range of the PVC system. The 
proposed computational methods and a Maxwell’s mechanical model 
can be used to predict the behaviour of other condensed media un-
der the influence of dynamic and temperature fields. 
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The paper presents the results of the development and tribological evalua-
tion of a system based on Si3N4–25 wt.% TiN composite ceramic with a 
surface layer of solid lubricant composed of substitutional solid solution 
of 2D MoSSe (molybdenum sulphoselenide) nanostructures. The Si3N4–TiN 
composite powder is synthesized by thermal reaction of precursors. Dense 
ceramic specimens with a relative density of 0.98 and a microhardness of 
15.7 GPa are fabricated by spark plasma sintering at a maximum tempera-
ture of 1800 C. 2D ÌîSSe nanostructures are synthesized by chemical va-
pour deposition. A solid lubricant layer of 2D MoSSe nanostructures is 
deposited on the surface of the ceramic specimens by ultrasound-assisted 
deposition in ethanol, followed by drying and annealing at 200 C. Tribo-
logical tests are performed under dry sliding and with a solid lubricant 
layer according to the ball-on-disk scheme in contact with ceramic and 
steel counterbodies. As shown, the presence of 2D MoSSe reduces signifi-
cantly the friction force and linear wear: for the ceramic counterbody, 
linear wear decreases by a factor of 10–20 depending on the loading re-
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gime. The friction force in the tribosystem with the solid lubricant, as 
compared to that under dry sliding, decreases by a factor of 2–6 for the 
steel indenter under dynamic-loading conditions and by a factor of 2–10 
for the ceramic indenter, depending on the sliding time. The SEM and 
EDS data confirm the formation of a dense tribolayer based on 2D MoSSe. 
This layer reduces the adhesive and abrasive wear under friction in the 
ceramic–lubricant–steel tribosystem. The obtained results create prerequi-
sites for using developed materials in hybrid bearings and other friction 
units operating under extreme conditions. 

Â ðîáîò³ ïðåäñòàâëåíî ðåçóëüòàòè äîñë³äæåííÿ ç ðîçðîáêè òà òðèáîòåñ-
òóâàííÿ ñèñòåìè ç êîìïîçèö³éíî¿ êåðàì³êè ñêëàäó Si3N4–25 ìàñ.% TiN 
³ç ïîâåðõíåâèì øàðîì òâåðäîãî ìàñòèëüíîãî ìàòåð³ÿëó ç íàíîêðèñòàë³-
÷íîãî ïîðîøêó òâåðäîãî ðîç÷èíó çàì³ùåííÿ ñóëüô³äîñåëåí³äó Ìîë³áäå-
íó 2D-MoSSe. Êîìïîçèö³éíèé ïîðîøîê Si3N4–TiN îäåðæàíî òåðì³÷íîþ 
ñèíòåçîþ ç ïðåêóðñîð³â. Êîìïàêòí³ êåðàì³÷í³ çðàçêè ³ç ãóñòèíîþ ó 0,98 
â³ä òåîðåòè÷íî¿ òà ì³êðîòâåðä³ñòþ ó 15,7 ÃÏà âèãîòîâëåíî ìåòîäîì ³ñê-
ðîïëàçìîâîãî ñï³êàííÿ çà ìàêñèìàëüíî¿ òåìïåðàòóðè ó 1800 C. Íàíîñò-
ðóêòóðè 2D-ÌîSSe ñèíòåçîâàíî ìåòîäîì õåì³÷íîãî îñàäæåííÿ ç ïàðîâî¿ 
ôàçè. Øàð òâåðäîãî ìàñòèëà ç íàíîñòðóêòóð 2D-MoSSe íàíåñåíî íà ïî-
âåðõíþ êåðàì³÷íèõ çðàçê³â ìåòîäîì óëüòðàçâóêîâîãî îñàäæåííÿ â åòè-
ëåí³ ç íàñòóïíîþ ñóøêîþ òà â³äïàëîì çà òåìïåðàòóðè ó 200 Ñ. Ïðîâå-
äåíî òðèáîòåñòè â óìîâàõ ñóõîãî òåðòÿ òà ç øàðîì òâåðäîãî ìàñòèëà çà 
ñõåìîþ ïëîùèíà–êóëÿ ó êîíòàêò³ ç êåðàì³÷íèì ³ êðèöåâèì êîíòðò³ëà-
ìè. Ïîêàçàíî, ùî ïðèñóòí³ñòü 2D-MoSSe ³ñòîòíî ïîíèæóº ñèëó òåðòÿ òà 
ë³í³éíèé çíîñ: ó ïàð³ ç êåðàì³÷íèì êîíòðò³ëîì ë³í³éíèé çíîñ çìåíøó-
ºòüñÿ ó 10–20 ðàç³â çàëåæíî â³ä ðåæèìó íàâàíòàæåííÿ. Ó ïîð³âíÿíí³ ç 
ñóõèì òåðòÿì ñèëà òåðòÿ â òðèáîñèñòåì³ ç òâåðäèì ìàñòèëîì çìåíøó-
ºòüñÿ äëÿ êðèöåâîãî ³íäåíòîðà çà äèíàì³÷íèõ óìîâ íàâàíòàæåííÿ â 2–
6 ðàç³â, äëÿ êåðàì³÷íîãî ³íäåíòîðà — â 2–10 ðàç³â â çàëåæíîñò³ â³ä 
òðèâàëîñòè òåðòÿ. Çà äàíèìè ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ òà 
åíåðãîäèñïåðñ³éíî¿ ðåíò´åí³âñüêî¿ ñïåêòðîñêîï³¿ ó òðèáîñèñòåì³ êåðàì³-
êà–ìàñòèëüíèé øàð–êðèöåâå êîíòðò³ëî óòâîðþºòüñÿ ù³ëüíèé òðèáîøàð 
íà îñíîâ³ 2D-MoSSe, ÿêèé ñïðèÿº ïîíèæåííþ àäãåç³éíîãî é àáðàçèâíî-
ãî çíîøóâàííÿ ï³ä ÷àñ òåðòÿ. Îäåðæàí³ ðåçóëüòàòè ñòâîðþþòü ïåðåäó-
ìîâè äëÿ çàñòîñóâàííÿ ðîçðîáëåíèõ ìàòåð³ÿë³â ó ã³áðèäíèõ âàëüíèöÿõ 
òà ³íøèõ âóçëàõ òåðòÿ, ùî ïðàöþþòü â åêñòðåìàëüíèõ óìîâàõ. 

Key words: composite ceramic, Si3N4, TiN, spark plasma sintering, solid 
lubricant, 2D nanostructures, MoSSe, wear resistance. 
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1. INTRODUCTION 

In Ukraine, the technical ceramic market actively developed until 



 Si3N4–TiN CERAMICS WITH A LAYER OF 2D MOSSE NANOSTRUCTURES  881 

2022, and now, in wartime with import restrictions, its rapid 
growth is expected. The most promising directions for the import 
substitution of components of critical import are the productions of 
wear-resistant composites and modern lubricants for operation un-
der extreme conditions. Wear-resistant ceramics for operation un-
der conditions of high loads and temperatures are traditionally 
manufactured from silicon nitride, but to increase substantially the 
wear resistance, it is necessary to select friction couples and a lub-
ricant that corresponds to the operating conditions. In the produc-
tion of hybrid bearings with balls based on silicon nitride, as the 
second material of the friction couple, components based on steel 
are used [1–3]. Unfortunately, in most cases, the operation of a ce-
ramic–steel couple under extreme conditions is limited by the rapid 
wear of steel components [4–8]. In this connection, the search for 
new friction couples for ceramic materials based on silicon nitride, 
the development of efficient lubricants, and the determination of 
functioning regularities of friction couples depending on the physi-
comechanical characteristics of the materials of tribological con-
junctions is an urgent problem. 
 The structure and composition of wear-resistant composites based 
on silicon nitride substantially influence their tribological and me-
chanical properties. Researchers of modern wear-resistant ceramics 
are giving most attention to the determination of the influence of 
the composition of materials based on silicon nitride and the size of 
structural elements [8–15]. The structural factor (grain size and 
porosity), as a rule, depends on the chosen consolidation method of 
the wear-resistant composite. For instance, in Ref. [8], tribotests of 
counterbodies made of commercial silicon nitride powder with a 
grain size above 1 μm were carried out according to the ‘ball-on-
disk’ scheme under condition of marginal lubrication and dry fric-
tion. An analysis of the obtained data showed that the tribological 
properties of silicon nitride substantially increased as a result of 
imparting nanostructuring to it. However, at the same time, the 
fracture toughness of such ceramics substantially decreases, which 
limits the field of application of nanocrystalline wear-resistant ce-
ramics based on silicon nitride. The tribological properties can be 
improved by introducing titanium nitride into the composition [8, 
10, 12, 14, 15]. As compared to monolithic Si3N4 ceramics, Si3N4–
TiN composites demonstrate a higher wear resistance and a smaller 
coefficient of friction. At the same time, the mechanical properties 
of ceramic composites based on silicon nitride can be improved by 
the formation of a bimodal granular structure [10, 12]. 
 One way of solving the problem of improving the functional 
characteristics of wear-resistant ceramics is to achieve a macroscale 
super lubricating ability of materials to minimize friction, in par-
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ticular by using two-dimensional (2D) materials [16–20]. Due to the 
weak interlayer interaction, 2D materials have the potential to 
achieve the superlubrication effect. Most investigations are devoted 
to graphene-like monolayers and nanoparticles (‘few-layers’) of lay-
ered d-transition metal dichalcogenides, which are 2D inorganic an-
alogues of graphene, and to their numerous nanoheterostructures 
(van der Waals nanostructures) [20]. Among these, molybdenum 
disulphide with the 2H-MoS2 structure type and materials based on 
carbon (including graphite and graphene) are best studied [20, 21]. 
At present, micron powders of natural MoS2 with a layered struc-
ture are successfully used in industrial scales as efficient solid lub-
ricants and are components of numerous antifriction materials (in-
dustrial lubricants, oils, greases, and coatings) due to the relatively 
widespread availability of commercial micron powders of MoS2 of 
natural origin. In practice, solid lubricant additives to oils and 
greases are successfully used only an in the case of very small par-
ticle size that makes it possible to stabilize their suspension and 
prevent the deposition of lubrication systems on filters. Another 
limitation to using MoS2–steel friction systems is the formation of 
iron sulphide (FeS2) or solid iron solutions in molybdenum disul-
phide, which is accompanied by the fracture of the surface of steel 
structural elements and an unpredictable change in the properties 
of the lubricant [22]. A possible way of solving this problem is to 
reduce the sulphur content, in particular to replace sulphur by sele-
nium by the method of using substitutional solid solutions 2D 
ÌoS2 xSex (0 x 2), which will kinetically limit the formation of 
undesirable FeS2. For instance, the use of nanopowders of 2D 
ÌoS2 xSex (0 x 2) substitutional solid solutions as a solid lubri-
cant or additives to lubricants or oils is a promising direction of 
improving the operation of hybrid or other friction units. 
 Wear-resistant materials for the transport, machine building, 
chemical, and aerospace industries often operate under extreme 
conditions of high or ultralow temperature and high pressure, 
which leads to their intensive wear. The use of a lubrication system 
based on nanopowders of 2D ÌoS2 xSex (0 x 2) substitutional sol-
id solutions in combination with the components of tribological con-
junctions of the composite nanoceramic will favour an increase in 
the service life of machines and mechanisms and the assurance of 
high energy efficiency indices. 
 Thus, the aim of the work is to investigate the preparation condi-
tions of Si3N4–TiN wear-resistant composite materials, deposit of 
solid lubricant layer from substitutional solid solution of molyb-
denum sulphide selenide 2D MoS2 xSex (x 1) nanostructures, and 
determine the tribological characteristics of the obtained tribosys-
tem in friction couples with a ceramic and a steel counterbody. 
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2. INITIAL MATERIALS AND EXPERIMENTAL TECHNIQUES 

The initial material for the manufacture of composites was a 75 
mass% Si3N4 25 mass% Ò³N powder mixture (corresponds to a 
volume content of titanium nitride of 17%), which was obtained by 
the synthesis technology developed in the IPMS N.A.S.U. and de-
scribed in Refs. [23, 24]. This technology assumes the use of com-
mercial silicon nitride and titanium powders, which are available in 
the Ukrainian market as precursors. The micron Si3N4 powder 
(DZKhR LLC, Ukraine) and titanium powder with a mean particle 
size of 0.5 mm (‘Velta’ Mining Company, Ukraine) were subjected 
to mechanical mixing to reduce the powder particle size and provide 
a homogeneous distribution of the components. Mixing was per-
formed in a Pulverisette 6 planetary mill (Fritch GmbH, Germany) 
in ethanol using a drum and milling balls made of silicon nitride at 
a rotational speed of 400 rpm and a ball-to-powder weight ratio of 
4:1 for 5 h. The prepared mixture was subjected to heat treatment 
in an SNV–1.3,1/20–I1 high-temperature electric furnace in the 
temperature range of 1100–1400 Ñ in a vacuum of 1 10–3 Pa and 
in a nitrogen atmosphere to synthesize Si3N4–25 mass% Ò³N compo-
site powder. 
 Spark plasma sintering (SPS) was carried out in a FCT HP D25 
furnace (Systeme GmbH, Germany) in a graphite die with a diame-
ter of 20 mm in a nitrogen atmosphere at maximum temperature of 
1800 Ñ, maximum pressure Ð 30–50 MPa, and heating rate of 70–
100 Ñ/min. Aluminium and yttrium oxides in amounts of 5 mass% 
and 6 mass%, respectively, were added to the synthesized powder to 
intensify densification in sintering. Sintering regimes were chosen 
on the basis of information about densification of powder composi-
tions [25] to achieve a maximum density. The change in the linear 
size of specimens was evaluated from the displacement of the upper 
punch at a stationary lower punch. 
 The nanocrystalline powder of the substitutional solid solution 
2D MoS2 xSex (x 1, in what follows, ÌîSSe) was synthesized by the 
chemical vapour deposition method (CVD) at the interaction of the 
constituent elements (MPCh high-purity molybdenum powder, ele-
mental sulphur and selenium powders of more than 99.9% purity in 
stoichiometric ratios Mo:S:Se 1:1:1 in evacuated quartz ampoules 
in modes tested by the authors under laboratory conditions [26]. 
 The x-ray analysis of the synthesized 2D ÌîSSe nanostructures 
was carried out on an HZG-4A automated powder diffractometer in 
FeK -radiation by full-profile method, including the determination 
of the average sizes of anisotropic nanoparticles. The indexing of 
XRD patterns, the refinement of the parameters of elementary cells 
by the least square method (LSM) and structural parameters were 
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performed by the WinCSD software for structural calculations [27]. 
The average sizes of anisotropic nanoparticles were determined by 
the method of line broadening analysis (Scherrer formula). In the 
analysis of the functions of physical expansion, the possible distor-
tions of the crystal structure (Stokes formula) was taken into ac-
count. Corresponding computer calculations of the nanoparticles’ 
average sizes in the crystallographic directions [013] and [110] were 
performed with the help of the improved WinCSD [27]. 
 The surface of sintered ceramic Si3N4–TiN specimens was covered 
by 2D MoSSe nanostructures as lubricant coating by deposition af-
ter ultrasonic treatment (cavitation mode) for 1 h in ethanol. After 
deposition, the obtained specimens were air-dried at room tempera-
ture and annealed in the air at 200 C for 3.5 h. The thickness of 
coating 2D MoSSe was estimated to be of about 17 μm by gravimet-
ric method. 
 SEM analysis was performed with Mira 3 scanning electron mi-
croscope (Tescan, Czech Republic). 
 The friction and wear parameters of a ceramic Si3N4–Ò³N speci-
men were investigated at room temperature on an automated tri-
bodynamic complex (ATKD) with a module of dynamic loading in 
the quasi-stationary and dynamic operating modes [15]. Tribological 
tests were carried out according to the plane–ball scheme in couples 
with counterbodies, namely a ceramic (Si3N4) or a steel (ShKh-15) 
ball 8 mm in diameter [28–31]. Wear tests of a clean surface of the 
Si3N4–Ò³N ceramic and a ceramic surface after deposition of a lub-
ricant layer from the 2D MoSSe nanopowder on it were carried out. 
The mean sliding speed was of 1.47 mm/s. This value was chosen to 
model microsliding in ball bearings operating at a speed of  105 
rpm [32]. The test time was chosen equal to 30 min to provide a 
stable friction mode. The tests included static and dynamic loading. 
Dynamic loading combines the action of a static load of 30 N and an 
oscillating load with amplitude of 4.5 N and a frequency of 25 Hz, 
which modulates oscillations of the load in ball bearings [5]. The 
parameters of tribotechnical tests were chosen on the basis of re-
sults of previous investigation of similar composite materials based 
on silicon nitride [6–8, 15]. The combination of the static and dy-
namic loading makes it possible to investigate the contribution of 
different mechanisms into wear processes. It has been previously 
shown on a large series of materials (from aluminium alloys to ce-
ramics) that dynamic loading reduces the force of friction and the 
adhesive component of wear, but can increase wear, when its main 
mechanism is fatigue or abrasive wear [5–8, 29–33]. In tribotests, 
the friction force, the size of the contact spot, and linear wear were 
determined from the profile of the tribocontact zone. The system 
for measuring the friction force consists of a calibrated elastic ele-
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ment sensitive to an inductive displacement sensor and a 12-bit ana-
log-to-digital converter [15]. Wear was measured on a Leeb 462 sur-
face roughness tester. 

3. RESULTS AND DISCUSSION 

3.1. Si3N4–Ò³N Ceramic Material 

For the sintering of ceramic specimens, the composite powder based 
on silicon nitride and obtained by thermal synthesis from precur-
sors was used. According to the XRD data, it contains 83 mass% 
Si3N4 and 25 mass% TiN (Fig. 1). 
 According to data of the SEM and EDS analyses, the synthesis 
product is a highly disperse composite powder containing TiN (light 
phase Â) and -Si3N4 (dark phase À) (Fig. 2) in the form of a mix-
ture of agglomerates of titanium nitride particles with a size of 30–
200 nm in the -Si3N4 matrix. Before sintering, the powder was 
subjected to deagglomeration in the Pulverisette 6 planetary mill to 
homogenize the distribution of the components. 
 As a result of spark plasma sintering of the composite Si3N4–TiN 
powder, dense specimens of cylindrical shape were obtained. The 
analysis of the densification data of a specimens showed that, in the 
temperature range of 700–900 Ñ, a negative shrinkage took place as 
a result of the thermal expansion of the graphite die. Intensive den-
sification begins at a temperature of 1350 Ñ, which can be associ-
ated with the formation of a eutectic liquid phase in the SiO2–
Al2O3–Y2O3 system. A maximum densification rate of 1.6 mm/min 
is attained at 1470 Ñ, which agrees with analogous data for com-
posite materials containing nanodisperse titanium nitride particles 

 

Fig. 1. X-ray diffraction pattern of the Si3N4–25 mass% TiN composite 
powder. 
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[10, 34] (Fig. 3). Then, the densification rate decreases down to 
0.6–0.8 mm/min and remains constant in the temperature range of 
1530–1780 Ñ. 
 The analysis of the microstructure of the Si3N4–Ò³N composite 
consolidated by SPS showed zonal isolation with the formation of 
regions of predominant content of titanium nitride grains (Fig. 4). 
Moreover, acicular silicon nitride grains are observed, which is 
characteristic of sintering with the formation of a liquid phase af-
ter attainment of high temperatures. 
 On the whole, the structure of the Si3N4–TiN composite is bimod-
al, where silicon nitride grains with a size up to several microns as 
well as titanium nitride and silicon nitride grains with a size of 

  
   a     b 

Fig. 2. SEM image of the synthesized composite powder (A—Si3N4, B—
TiN): a—general view; b—region with a dominant titanium nitride con-
tent. 

 

Fig. 3. Temperature dependence of densification parameters in the SPS 
process: 1—linear shrinkage of the specimen; 2—densification rate. 



 Si3N4–TiN CERAMICS WITH A LAYER OF 2D MOSSE NANOSTRUCTURES  887 

200–500 nm are present. The specimens of the Si3N4–TiN composite 
material sintered at 1800 Ñ had a relative density of 98% and a mi-
crohardness of 15.7 0.8 GPa. 

3.2. Analysis of the Synthesized 2D ÌîSSe Nanostructures 

It was established by x-ray data that the synthesized anisotropic 2D 
ÌîSSe nanostructures were homogeneous in chemical composition, 
with type of the layered structure (2Í-ÌîS2) and the type of 
nanostructures (2D, few-layers nanosheets), did not contain foreign 
impurities, including roentgen-amorphous impurities, phases, and 
other nanostructures, as well as micron particles. The average sizes 
of 2D MoSSe nanoparticles in the crystallographic direction [013] 
and [110] are d[013] 4.9(3) nm and d[110] 22.6(1) nm, respectively; 
the parameters of the elementary cell of 2D MoSSe are à 0.3209(1) 
nm and ñ 1.2637(7) nm. 
 According to SEM data analysis, the synthesized 2D MoSSe na-
noparticles have clear facets (hexagons form) that testifies to the 
stationarity of the physicochemical conditions of their growth. The 
nanoparticles form agglomerates as a result of the action of com-
mon crystallization centres in the initial stage of the growth pro-
cess (Fig. 5). 

3.3. Tribological Characteristics of Ceramic–Ceramic and Ceramic–
Metal Friction Couples with 2D ÌîSSe Solid Lubricant 

The surface of sintered ceramic Si3N4–TiN specimens was covered 

 

Fig. 4. SEM image of the Si3N4–TiN ceramic sintered by the SPS at tem-
perature of 1800 Ñ: À—TiN, Â—Si3N4. 
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by 2D MoSSe nanostructures as lubricant coating to reduce the 
shear resistance in the region of tribocontact and friction coeffi-
cient (Fig. 6). 
 The adhesion strength of the coating and its influence on the tri-
botechnical indices depend on the initial state of the surface of the 
sintered ceramic material and its mechanical properties. The fact 
that sliding with a low shear resistance in ÌîSSe favours a decrease 
in friction and wear is undeniable. Micrographs of worn surfaces 
demonstrate that the presence of the ÌîSSe lubricant layer leads to 
the formation of a tribolayer in the tribocontact zone in the cases of 

  
a     b 

Fig. 5. SEM images of agglomerated 2D MoSSe nanoparticles in view field 
of: a—15 μm, b—2 μm. 

  
    a     b 

Fig. 6. The surface of the ceramic specimen covered with 2D ÌîSSe solid 
lubricant: à—optical image in view field of 200 μm; b—SEM image in view 
field of 1 μm. 
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both the steel and the ceramic counterbody (Fig. 7, b, d). 
 The morphology of the tribolayer changed depending on the ma-
terial of the counterbody and the type of loading (static or dynam-
ic). Under dynamic loading, an almost continuous surface layer 
formed for the ShKh15 counterbody (Fig. 7, d). For the ceramic 
counterbody, the formed layer was fragmented but sufficiently 
dense to influence the obtained results (Fig. 7, b). 
 According to the EDS data, the tribolayer consists of Ìî, S, Se, 
and the material of the counterbody. In friction without lubricant, 
a tribolayer did not form (Figs. 7, a, c), which led to the intensive 
wear and damage of the surface. In the presence of 2D ÌîSSe coat-

  
a      b 

  
c      d 

  
e      f 

Fig. 7. Tribocontact surface on sintered Si3N4–TiN specimens: à—with ce-
ramic counterbody; b—with ceramic counterbody and 2D ÌîSSe solid lub-
ricant; c—with steel counterbody; d—with steel counterbody and 2D 
ÌîSSe solid lubricant; e—surface profile of friction zone with ceramic 
counterbody; f—surface profile of friction zone with ceramic counterbody 
and 2D ÌîSSe solid lubricant. 
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ing, a noticeable damage of the surface of the ceramic material did 
not occur, which confirms the efficiency of the used approach for 
decreasing the adhesive interaction between solid surfaces during 
tribocontact. 
 A substantial decrease in the wear after introduction of the 
ÌîSSe solid lubricant into the tribocontact zone was detected also 
by the analysis of the tribocontact surface profile (Figs. 7, e, f). 
The presence of solid lubricant nanostructures abruptly decreases 
the linear wear of the surface specimen in the couple with a ceramic 
indenter, namely by a factor of 20 under static conditions and by a 
factor of 10–11 under conditions of dynamic loading (Fig. 8). A 
significant reduction in linear wear of the steel counterbody lubri-
cated with MoSSe compared to dry sliding was observed; however, 
its reliable quantification was complicated by the presence of a 
dense tribolayer. Additionally, a decrease in the friction force under 
dynamic loading conditions was recorded, amounting to 2–6-fold 

 

Fig. 8. Area of the contact spot (S) and the linear wear (I) of the Si3N4–
TiN composite material before and after deposition of the 2D ÌîSSe solid 
lubricant. 

  
a      b 

Fig. 9. Friction force (F) on the Si3N4–TiN surface: à—dry friction, b—
friction with the 2D MoSSe solid lubricant. 
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reduction for the steel indenter and 2–10-fold reduction for the ce-
ramic indenter, depending on the sliding time (Fig. 9). 
 These results clearly emphasize the importance of controlling ad-
hesive interactions of the materials of the friction couple [35]. On 
the whole, the obtained results testify to the fact that adhesive 
wear rather than the abrasive wear is a dominant wear mechanism. 
This conclusion is true for both ceramic/steel and ceramic/ceramic 
contacts. This is why the reduction of adhesive interaction is of 
critical importance for improving the tribological characteristics of 
the ceramic based on Si3N4 (Fig. 10). 

4. CONCLUSIONS 

A complex investigation on obtaining a tribosystem from a wear-
resistant composite ceramic based on silicon nitride was performed 
using a modern technology for synthesis of composite powders and 
their consolidation and surface covered with solid lubricant of mo-
lybdenum sulphoselenide solid solution 2D MoS2 xSex (x 1) 
nanostructures. Specimens of the Si3N4–25% TiN dense composite 
ceramic with a submicron granular structure, a relative density of 
98%, and a microhardness of 15.7 0.8 GPa were obtained by the 
spark plasma sintering. A solid lubricant layer of 2D MoSSe 
nanostructures was deposited on the surface of the ceramic speci-
mens by ultrasound-assisted deposition in ethanol. 
 The tribotechnical characteristics of the obtained Si3N4–TiN com-
posite in couples with a ceramic and a steel counterbody under dry 
friction conditions and after introduction of the 2D MoSSe solid 
lubricant into the tribocontact region were determined. It was 
established that the introduction of the 2D MoSSe lubricant inter-
layer promotes the formation of a tribofilm and substantially reduc-

 

Fig. 10. Mean force of friction (F) of Si3N4–TiN before and after deposi-
tion of the 2D ÌîSSe solid lubricant. 
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es the linear wear under static and dynamic loading conditions (by a 
factor of 20 and 10–11, respectively). At the same time, the solid 
lubricant reduced the friction forces under dynamic loading condi-
tions by a factor of 2–6 for the steel indenter and by a factor of 2–
10 for the ceramic indenter. The obtained results demonstrate that 
the tribofilm based on 2D ÌîSSe nanostructures forms more readily 
under dynamic loading for the ceramic/steel couple, which corre-
sponds to the conditions of hybrid bearings. The obtained results 
create prerequisites for using developed materials in hybrid bear-
ings and other friction units operating under extreme conditions. 
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Concrete fouling is the accumulation of unwanted material on solid sur-
faces caused by seawater exposure. Copper oxide (CuO) nanoparticles can 
be added to protect concrete layer. This study analyse the performance of 
paint mixed with various amounts of copper oxide nanoparticles and cop-
per-based film applied to cement-based mortar immersed in seawater. The 
mortar is then soaked in seawater for 7 and 28 days. To measure the ef-
fectiveness of the protective layer, compressive test and scanning electron 
microscopy characterization are conducted to selected samples. The com-
pressive results show that seawater decreases the compressive strength of 
the sample. Mortar with 7.5%-CuO-nanoparticles’ protective layer shows 
the compressive strength during 28 days increased than one during 7 
days. SEM images show that there are more unreacted calcium hydroxide 
(CH) in sample without protection compared to mortar with CuO-
nanoparticles’ protective layer; at the same time, more calcium silicate 
hydrate (CSH) can be examined. 

Çàáðóäíåííÿ áåòîíó — öå íàêîïè÷åííÿ íåáàæàíîãî ìàòåð³ÿëó íà òâåð-
äèõ ïîâåðõíÿõ, ñïðè÷èíåíå âïëèâîì ìîðñüêî¿ âîäè. Äëÿ çàõèñòó áåòîí-
íîãî øàðó ìîæíà äîäàâàòè íàíî÷àñòèíêè îêñèäó Êóïðóìó (CuO). Ó 
öüîìó äîñë³äæåíí³ àíàë³çóºòüñÿ åôåêòèâí³ñòü ôàðáè, çì³øàíî¿ ç ð³çíîþ 
ê³ëüê³ñòþ íàíî÷àñòèíîê îêñèäó Êóïðóìó, òà ïë³âêè íà îñíîâ³ ì³ä³, íà-
íåñåíèõ íà öåìåíòíèé ðîç÷èí, çàíóðåíèé ó ìîðñüêó âîäó. Ïîò³ì ðîç÷èí 
çàìî÷óâàëè â ìîðñüê³é âîä³ âïðîäîâæ 7 ³ 28 äí³â. Äëÿ ì³ðÿííÿ åôåêòè-
âíîñòè çàõèñíîãî øàðó áóëî ïðîâåäåíî âèïðîáóâàííÿ íà ñòèñê ³ õàðàê-
òåðèçàö³þ çà äîïîìîãîþ ñêàíóâàëüíîãî åëåêòðîííîãî ì³êðîñêîïà (ÑÅÌ) 
íà âèáðàíèõ çðàçêàõ. Ðåçóëüòàòè âèïðîáóâàíü íà ñòèñê ïîêàçóþòü, ùî 
ìîðñüêà âîäà ïîíèæóº ì³öí³ñòü çðàçêà íà ñòèñê. Ðîç÷èí ³ç çàõèñíèì 
øàðîì ç 7,5% íàíî÷àñòèíîê CuO äåìîíñòðóº, ùî ì³öí³ñòü íà ñòèñê ÷å-
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ðåç 28 äí³â áóëà á³ëüøîþ, í³æ ÷åðåç 7 äí³â. ÑÅÌ-çîáðàæåííÿ ïîêàçó-
þòü, ùî ó çðàçêó áåç çàõèñòó á³ëüøå íåïðîðåà´îâàíîãî ã³äðîêñèäó Êà-
ëüö³þ ïîð³âíÿíî ç ðîç÷èíîì ³ç çàõèñíèì øàðîì ç íàíî÷àñòèíîê CuO; 
âîäíî÷àñ ìîæå áóòè ä³ÿãíîñòîâàíî á³ëüøå ã³äðàòó ñèë³êàòó Êàëüö³þ. 

Key words: concrete, coating, copper oxide nanoparticles, compressive 
strength, fouling, ettringite. 
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1. INTRODUCTION 

Indonesia is the largest archipelagic country in the world consisting 
of 17.508 islands with a coastline of 81.000 km. To expedite the 
wheels of economy, many transportation infrastructures are built in 
the form of full concrete or concrete/steel composite bridges be-
tween one island and another. Seaports and docks are also currently 
being built, which are currently experiencing a lot of damages, if 
not protected properly, thus, requiring routine maintenance. Deg-
radation of concrete and corrosion of steel-based components in the 
marine environment, apart from being caused by atmospheric fac-
tors or physical and chemical properties of seawater, can also be 
caused by the attachment of marine biota [1–3]. Some biotas, which 
live in the sea, have developed their way of life by attaching them-
selves to objects, which are submerged in seawater, either temporar-
ily or permanently [4–6]. For example, concrete supporting bridges 
or roads can be attached by barnacles or sessile organisms in biolog-
ical terms. Concrete that is plastered with barnacles will become 
more brittle than original concrete [7]. This is caused by the for-
mation of an acidic environment around the concrete due to the 
metabolic process of barnacles, as it is known that an acidic envi-
ronment will weaken the bond of cement and water, causing the ma-
terial to become brittle [8–10]. This condition will be further exac-
erbated by the diffusivity of seawater, followed by concrete abra-
sion caused by seawater currents, making the rate of chloride-ions’ 
penetration into the concrete becomes faster, that, if it reaches the 
steel, results in corrosion of the reinforcement. One of the most 
widely used countermeasures at this time is to use antifouling 
paint, namely, paint containing biocidal compounds, which usually 
consist of cupric oxide compounds, which are antimicrobial [11, 12]. 
This type of paint is generally applied to ships and will be activat-
ed, when the ship is moving, that was called dynamic surface anti-
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fouling type [13–15]. This type will not work effectively, when ap-
plied to the static structure such as bridge; so, it is necessary to 
find an antifouling paint formula that can work effectively on stat-
ic structures and is environmentally friendly. 
 This research is conducted to synthesize protective compound 
consisted of paint and CuO nanoparticles (NPs) with various per-
centage. The mixture was applied to cement-based mortar then im-
mersed into seawater. The density and compressive strength were 
measured in 7 and 28 days. Selected samples were then analysed for 
its morphological features by using SEM characterization to meas-
ure the effectiveness of protective compound. 

2. EXPERIMENTAL 

2.1. Materials 

The Portland Cement Composite (PCC) and sand for light aggregate 

were obtained from local building store in Cimahi, West Java, Indone-
sia. The water used for reacting PCC and sand was the tap water from 

West Java, Indonesia. The paint used for protection of mortars was 

commercially available acrylic copolymer emulsion type. CuO-NPs’ 
powder was prepared from electrolysis of copper scrap in Cimahi, West 

Java, Indonesia. The copper thin films were obtained from local sup-
plier from Jakarta, Indonesia. The materials were dried and collected, 

resulting in black powder. Copper thin film was obtained from Cika-
rang, West Java, Indonesia too. Seawater for immersion of mortars 

was collected from West Java, Indonesia. 

2.2. Methods 

The mix design of mortars with protective coating is listed in Table. 
The ratio of PCC:sand was kept as 1:2.75, and w/c of 0.5. It was 
then mixed and moulded using 50 mm×50 mm×50 mm cubes accord-
ing to ASTM C109: Standard Test Method for Compressive Strength 
of Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Speci-
mens). 
 After one day, the hardened mortar was unloaded from the mold 
and immersed in seawater. It was then tested for its density and 
strength at 7 and 28 days. The compressive strength of resulting 
mortars was measured using Universal Testing Machine confirmed 
to ASTM C-39. Debris from the test was collected for characteriza-
tion purposes. SEM measurement was performed with HITACHI 
SU3500. Since the mortars are not conductive, it was coated with 
carbon with Ion Sputtering Method. The characterization was con-
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ducted at the BPU Politeknik Manufaktur Bandung, Indonesia. 

3. RESULTS AND DISCUSSION 

3.1. Density Test Result 

The density of mortars immersed in seawater is presented in Fig. 1. 
The samples with code NC, P, and F have lower density at 28 days 
compared to 7 days after immersion in seawater. In contrast, the 
densities of N, C-2.5, C-5, C-7.5, and C-10 were increased the more 
time immersed in seawater. The sample immersed in normal water 
(N) had its density increased. This is due to water for hydration, 
which was available all the time. When the mortars were not pro-
tected (NC) or using paint only (P), the densities at 28 days were 
decreased. This is due to the presence of organic compound such as 
glucose, which disrupts the hydration of mortars and can induce 
low consistency [16–18]. There are also leaching product from the 

TABLE. Mix design of mortars with CuO-nanoparticles’ protective coating. 

Code CuO nanoparticles, % Immersion method 

N — Tap water 

NC — Seawater 

P — Seawater 

C-2.5 2.5 Seawater 

C-5 5 Seawater 

C-7.5 7.5 Seawater 

C-10 10 Seawater 

F — Seawater 

 

Fig. 1. Density results for mortars with various protection method and 
immersion media. 
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mortars because Ca has high atomic size. The same decrease phe-
nomenon in density can be also seen in mortar protected with cop-
per thin film (F). This is because the pores are sealed, so, the ce-
ment only relies on the starting water, when mixing, hence, the hy-
dration reaction was not perfect. All the mortars covered with CuO-
nanoparticles’-infused paint has the density increased at 28 days. 
The CuO act as antibiotic to negate the penetration from organic 
compound, and the water will help the hydration of cement. The 
visual image of NC, P, C-2.5, and F were presented in Fig. 2. The N 
and F samples has gray-like colour; this is because N is immersed in 
normal water, while F has protective film to prevent the penetra-
tion of seawater. The P sample has white-like colour from the paint. 
The C-2.5 sample has slightly blue colour, which indicates the for-
mation of copper sulphate (CuSO4). 

3.2. Vickers Microhardness Analysis 

The compressive strength of mortars immersed in seawater is pre-
sented in Fig. 3. The samples with code NC, P, and F have lower 

    
            a                       b                        c                        d 

Fig. 2. The visual image of (a) NC, (b) P, (c) C-2.5, and (d) F. 

 

Fig. 3. Compressive strength of mortars with various protection method 
and immersion. 
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density at 28 days compared to 7 days after immersion in seawater. 
In contrast, the densities of N, C-2.5, C-5, C-7.5, and C-10 are in-
creased the more time immersed in seawater. Mortars without coat-
ing and paint only have negative effect on seawater immersion. 
CuO-nanoparticles’ addition on paint has mixed effect on compres-
sive strength of mortar exposed to seawater. Small amount (2.5%) 
has no significant effect on the protection from seawater, as the 
compressive strength still decreased. Addition of 5–10% CuO nano-
particles protects the mortars from seawater. This is proven by the 
compressive strength development where as normal as mortar was 
immersed in normal water. Copper thin film also protects the mor-
tar from seawater, since the film covers almost all the surfaces. 
Concrete acts like a protective layer, which provides excellent pro-
tection to reinforcing steel. In addition, a mixture of Portland ce-
ment with water will produce calcium silicate hydrate and calcium 
hydroxide, which are alkaline with a pH ranging from 13–13.5. 
This alkaline condition of the concrete will make the reinforcing 
steel in a passive condition and not corrode [19]. The entry of dis-
solved oxygen will trigger a series of electrochemical cells, which 
cause corrosion. 
 Dissolved chloride ions come from the penetration of seawater. 
CO2 gas can also cause corrosion of concrete, but at a slower rate 
than corrosion caused by chloride penetration. Carbonation in con-
crete occurs due to the interaction between carbon dioxide gas in 
the atmosphere and hydroxide compounds in the moist concrete 
pores. The runoff of this carbonation process causes a decrease in 
the pH of the concrete and causes a shift in the corrosion potential 
of reinforcing steel to become actively corroded [20]. 

3.3. SEM Analysis 

Figure 4 shows that the morphology of CuO-nanoparticles’ powder 
has a dendritic-like structure with average particle size of 74 μm. 
Finer size means that the specific area is higher, and the contact to 
surrounding is increased. To observe the performance of CuO after 
exposure in seawater environment, SEM test was conducted to the 
mortar immersed in normal water (N), mortar immersed in seawater 
without protection (NC), mortar with highest compressive strength, 
which was protected by paint and 7.5% CuO (C-7.5), and mortar 
with copper film (F). These data are represented in Fig. 5. 
 Figure 5, a shows the calcium silicate hydrate (CSH), which is a 
trademark compound of hydration and calcium hydroxide (CH) for-
mation on mortar N. Both CH and CSH have a role in the strength 
of mortars [21]. 
 Figure 5, b shows that there is some unreacted CH on mortar NC, 
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as well as ettringite (E). Ettringite plays an important role in set-
ting time of mortars. The presence of CH indicates unreacted ce-
ment particles that is why the compressive strength of 28 days was 
lower than 7 days [22]. The presence of organic compounds in sea-
water delays the hydration of cement. 
 Figure 5, c shows the formation of CSH with the fibre-like struc-
ture on mortar C-7.5. This shows that CuO has a role on prevent 
the organic compound to interfere on hydration. Copper is reported 
to improve the concrete resistance against sulphate attack, setting 

 

Fig. 4. SEM results for CuO nanoparticles magnified by 1000 (left) and 
10000 (right). 

 

Fig. 5. SEM images of (a) N, (b) NC, (c) C-7.5, and (d) F. 
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periods, and water tightness. 
 Figure 5, d also shows the presence of CSH mortar F. However, 
there is an internal pressure inside that makes the voids (V); and 
since most of the surface was covered, that is why, although the 
compressive strength development was normal, its strength was not 
as good as N or C-7.5. 

4. CONCLUSION 

This study concludes that CuO can prevent the mortar from fouling 
after immersion in seawater. Mortar immersed in seawater tends to 
have lower compressive strength at 28 days compared to 7 days. 
Addition of 2.5 and 5% CuO in paint still cannot negate the 
strength decreasing effect of seawater. Mortar protected with paint 
and 7.5% and 10% CuO as well as copper film shows normal 
strength development. This shows that, when used at right amount, 
CuO powder can protect mortar from seawater environment. 
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The present study examines the impact of TiO2 nanoparticles on the fa-
tigue behaviour of composite materials with internal or exterior cracks. In 
order to guarantee that the TiO2 nanoparticles are completely dispersed 
throughout the base material, the nanocomposite material is created by 
combining them with epoxy using an ultrasonic mixer, varying weight 
percentages of particles as 1%, 2%, and 3%. The epoxy is supplemented 
with TiO2 nanoparticles. A single layer of woven roving glass fibre is add-
ed to the synthesized epoxy nanoparticles to create various hybrid nano-
composite materials, which have a consistent weight of 10%. After that, 
lamellar hybrid composite nanomaterials are made by hand with a vacuum 
device. Experimental specimens for tensile and fatigue tests are produced 
in compliance with ASTM guidelines. According to the data, the hybrid 
nanocomposite with the highest fatigue-stress limit is with 3% of parti-
cles. Additionally, it is generally noted that the stress behaviour of this 
material is improved by the inclusion of TiO2 nanoparticles. 

Ó öüîìó äîñë³äæåíí³ ðîçãëÿäàºòüñÿ âïëèâ íàíî÷àñòèíîê TiO2 íà óòîìíó 
ïîâåä³íêó êîìïîçèòíèõ ìàòåð³ÿë³â ç âíóòð³øí³ìè àáî çîâí³øí³ìè òð³-
ùèíàìè. Ùîá ´àðàíòóâàòè ïîâíå ðîçïîä³ëåííÿ íàíî÷àñòèíîê TiO2 ïî 
âñüîìó îñíîâíîìó ìàòåð³ÿëó, íàíîêîìïîçèòíèé ìàòåð³ÿë áóëî ñòâîðåíî 
øëÿõîì ïîºäíàííÿ éîãî ç åïîêñèäíîþ ñìîëîþ çà äîïîìîãîþ óëüòðàçâó-
êîâîãî çì³øóâà÷à, çì³íþþ÷è íà ð³âí³ 1%, 2% ³ 3% âàãîâ³ â³äñîòêè íà-
íî÷àñòèíîê TiO2 (é åïîêñèäíó ñìîëó äîïîâíþâàëè íèìè). Äî ñèíòåçîâà-
íèõ åïîêñèäíèõ íàíî÷àñòèíîê áóëî äîäàíî îäèí øàð ïëåòåíîãî ñêëîâî-
ëîêîííîãî ðîâ³í´ó (äæãóòà ç³ ñêëîâîëîêíà, ùî îäåðæóºòüñÿ øëÿõîì 
çðîùóâàííÿ ê³ëüêîõ íèòîê) äëÿ ñòâîðåííÿ ð³çíèõ ã³áðèäíèõ íàíîêîì-
ïîçèòíèõ ìàòåð³ÿë³â, ÿê³ ìàþòü ñò³éêó âàãó ó 10%. Ï³ñëÿ öüîãî âðó÷íó 
çà äîïîìîãîþ âàêóóìíîãî ïðèñòðîþ áóëî âèãîòîâëåíî ïëàñòèí÷àñò³ ã³á-
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ðèäí³ êîìïîçèòí³ íàíîìàòåð³ÿëè. Åêñïåðèìåíòàëüí³ çðàçêè äëÿ âèïðî-
áóâàíü íà ðîçòÿã ³ âòîìó âèãîòîâëåíî çã³äíî ç ðåêîìåíäàö³ÿìè ASTM 
(Àìåðèêàíñüêîãî òîâàðèñòâà ç âèïðîáóâàííÿ ìàòåð³ÿë³â). Çã³äíî ç äà-
íèìè, ã³áðèäíèé íàíîêîìïîçèò ç íàéâèùîþ ìåæåþ âòîìè ì³ñòèòü 3% 
÷àñòèíîê. Êð³ì òîãî, âíóòð³øíÿ ì³öí³ñòü (ï³ä ÷àñ íàïðóæåííÿ) öüîãî 
ìàòåð³ÿëó ïîë³ïøóºòüñÿ çàâäÿêè äîäàâàííþ íàíî÷àñòèíîê TiO2. 

Key words: polymer, composite materials, crack, fracture mechanics, fatigue. 
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1. INTRODUCTION 

One of the major challenges in the marine energy industry is the ability 

to predict fatigue failure of composite structures. High-cycle fatigue 

occurs in many marine energy conversion devices; in particular, tidal 
turbine blades, which are subject to an environmentally affected fa-
tigue load and, therefore, the corrosion fatigue capability is a life-
limiting factor. Glass fibre-reinforced epoxy-resin composites are fre-
quently used in the design of tidal turbine blades, and the primary fa-
tigue failure modes are delamination and fibre breakage [1, 2]. Other 

researchers say that incorporation of a very small volume fraction of 

nanofiller into the polymer enhances fatigue properties of some mate-
rials. Their data were supported by the high-cycle fatigue test by 

Grimmer and Dharan, which were able to extend the high-cycle fatigue 

life of the epoxy and glass fibres with the use of multi-walled carbon 

nanotubes [3]. Khan et al. [4] asserted that adding nanoclay to carbon 

fibre-reinforced plastic (CFRP) composites could improve the materi-
als’ fatigue life under cyclic loads, mechanical residual qualities after 

a specific cycle-fatigue period, and mechanical properties under static 

loading. The studies according to Pinto et al. [5] have shown that the 

addition of TiO2 nanoparticles can improve the fatigue fracture propa-
gation in the epoxy. 
 According to Wetzel et al. [6], enhancement of the epoxy fatigue-
fracture resistance can be improved by the addition of Al2O3 nano-
particles. Research indicates that, in comparison with pure epoxy, 
the fracture in dynamically loaded nanocomposites tends to crack at 
a slower pace. Because of the silica-nanoparticles’ inclusion to the 
epoxy polymer resin, the maximum fatigue stress was noted by Ajaj 
et al. [7], while, at the same time, with reducing the brittleness of 
the resin, fatigue life, and the composites’ surface roughness. The 
impact of adding nanoclay on the fatigue behaviour of carbon fibre-
reinforced polymers (CFRPs) was investigated by Khan et al. [4]. 
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The collected results showed that adding nanoclay to CFRP compo-
sites enhances the composites’ fatigue behaviour for a given cycle-
load level, mechanical properties under static loading, and mechani-
cal features after a specific cyclic-fatigue period. Borrego et al. [9] 
investigated the fatigue properties of composites composed of na-
noscale clay and multi-walled carbon nanotubes. Under tension–
tension loading, it has been discovered that both nanoclay and mul-
ti-walled carbon nanotubes raise the fatigue ratio, indicating that 
they may inhibit the spread of fatigue cracks. Ansari and colleagues 
[9] examined how the fatigue-life behaviour of fibre-reinforced pol-
ymer composites was influenced by factors such as fibre volume 
percentage, fibre type, and fibre orientation. As concluded, fatigue 
frequency first increases and then it decreases as the volume of the 
fibre fraction increases up to a certain point. 
 At a length of 500 meters, C. Capela et al. [10] investigated the 
fatigue life of an epoxy-based composite reinforced with carbon fi-
bres in different volume fractions ranging from 2% to 10%. The 
fibre volume fraction increased up to 17.5% enhances stiffness, 
tensile strength, and fatigue resistance by 140%, 52%, and 400%, 
respectively, according to the data. Nevertheless, after that, me-
chanical qualities are slightly decreased. The behaviour of car-
bon/epoxy was examined by Amore and Grassia [11] in order to 
predict static strength, fatigue limit, and residual strength of com-
posite under cyclic loadings of constant amplitude. It has been ob-
served that the model captures the hierarchical damage into specific 
insights development as well as other important characteristics of 
the composites’ reaction. By altering the fibre direction at three 
distinct angles 0 , 45 , and 90 , Lee et al. [12] investigated the 
high-cycle fatigue behaviour of glass fibre with a 30 wt.% implant 
in polyamide 6,6. The results indicated that the glass fibre with a 
0  direction had the highest fatigue life strength across all testing 
conditions. Debonding, vacancies, and the formation of microcracks 
at the fibre ends were blamed for the failure. Utilizing 60% long 
carbon fibre-reinforced nylon 6,6 oriented at three distinct flow an-
gles 0 , 45 , and 90 , Bondy et al. [13] looked into how fibre direc-
tion affected the materials’ fatigue life. The results showed that the 
intensity of fatigue stress decreased as the fibre flow angle in-
creased. The effects of epoxy resin and activated carbon powder at 
various weight fraction ratios of 0, 5, 10, 15, 20, 25, 30, 35, and 
40 wt.% on tensile properties were investigated experimentally by 
Mustafa B. Hunain et al. [14]. The results showed that the tensile 
strength magnitude increased up to 15 wt.%, when the activated-
carbon content was increased, but then decreased at 40 wt.%. 
 The current study examines how composite materials with internal 
or exterior fissures behave during fatigue and TiO2-nanomaterials’ 
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impact. In order to guarantee that the TiO2 nanoparticles were com-
pletely dispersed throughout the base material, the nanocomposite 
material was created by combining them with epoxy using an ultra-
sonic mixer and varying weight percentages of particles as 1%, 2%, 
and 3%. The epoxy was supplemented with TiO2 nanoparticles too. 
A single layer of woven roving glass fibre is added to the synthe-
sized epoxy nanoparticles to create various hybrid nanocomposite 
materials, which have a consistent weight of 10%. 

2. METHODOLOGICAL APPROACH 

2.1. Materials 

The polymeric substance, which was utilized for this study, is Ren 

floor HT 2000 formulated in a transparent epoxy. One plate short-fibre 

E glass E6-CR was used for reinforcement, and kraft adhesive tape and 

wax were used for creation of the interior crack inside the plastic. 

2.2. The Method of Work 

After placing a glass beaker and a pot of hot water in epoxy beaker 
and hardener, epoxy resin (Ren floor HT 2000) and hardener (HT 
2000) are mechanically stirred for 10 minutes in a weight ratio of 
2:1. The mixture was mechanically mixed using a mechanical mixer 
(Model No. HE-133). The mound should then contain the mixture 
and unidirectional fibreglass added. The inside crack dimensions 
were of 10 mm 1 mm 1 mm, and two different techniques were 
used to repair the crack, plastic sticky tape and wax. The manual 
techniques involve cutting the tape or wax apart and then combin-
ing all the parts including pouring the sample with the inner crack 

   

Fig. 1. Epoxy type (Ren 

floor HT 2000). 
Fig. 2. Fibre E glass (E6-CR). Fig. 3. Wax. 
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that is allowed with 36 hours of curing time. The moulder crack 
(i.e., the dimension of the inner crack) is done concomitantly with 
their hardening, which is done with a CNC-operated machine. Using 
a CNC machine, the plastic moulds were in compliance with ASTM. 

2.3 Fatigue Test 

The HSM20-type Alternating Bending Fatigue Machine (Hi-Tech) 
[15] was used. It was found that the instrument was situated at the 
Department of Mechanics in the College of Engineering at the Uni-
versity of Technology (in the location shown in Fig. 5). 
 The specimen dimensions were created based on the instrument 
guide. Six samples were evaluated for each composite, and the test 
frequency was kept constant at 20 Hz with R 1, where R is the 
ratio of the maximum to minimum stress. The materials were tested 
at six different maximum stress values, starting from 80% to 20% 
of the ultimate tensile stress [16]. Finally, in every situation, the 
S–N-curve is plotted by charting the stress against the number of 
cycles, and Fig. 6 shows the fatigue specimens after testing. 
 The fatigue tolerance of polymer composites is influenced by sev-
eral factors including, which type of matrix and which type of rein-
forcing fibre have been used, and how the structure among the two 
metals is arranged as these are influential over the stress applied, 
temperature and these afore-mentioned variables [17]. Seven repli-
cas of the same type are tested, and multiple loads are applied in 
order to perform the fatigue test of the fabricated composite mate-
rials. All the loads are the same, whereas the structures of 42 spec-
imens differ and are being tested for fatigue in multi-tester setup. 
 The outcomes have been represented in the form of the S–N-
curves. These curves have been formed using the fatigue-test data, 
which have been gathered, and a curve-fitting methodology, which 

  

Fig. 4. 5-mm-thick fatigue specimens 

moulded using an HSM20 machine [16]. 
Fig. 5. Bending fatigue machine 
(University of Technology). 
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has been applied to these curves. 

3. RESULTS AND DISCUSSIONS 

The estimation of how long the composite material has been in use is an 

essential part; so, a Univariate Linear Model (ULM) analysis is con-
ducted. The results for the samples of epoxy (Ren floor HT 2000) and a 

 

Fig. 7. S–N-curve without TiO2. 

TABLE 1. Fatigue properties without TiO2. 

Samples R2 a b 
Free EP 0.9509 579.76 0.319 
EP 1F 0.9847 965.7 0.306 

EP 1F external crack 0.9837 1165.7 0.333 
EP 1F internal crack (Tape) 0.9792 1082.4 0.322 
EP 1F internal crack (Wax) 0.9853 1289.4 0.349 

 

Fig. 6. Samples from fatigue tests following failure. 



EFFECT OF TiO2 NANOMATERIALS ON THE FATIGUE PROPERTIES OF COMPOSITE 911 

single short E glass fibre plate (E6-CR) in the graphs illustrate the 

changing number of cycles vs. fatigue-stress values. The tests were 

performed in two cases to understand, if there were any nanomaterials 

in this material, and in both cases as integrity. 
 We document the percentages of expansion and enhancement that 
resulted after addition of TiO2 nanoparticles to understand how the 
incorporation of nanomaterials affects the composite materials, 
which have internal or external cracks. These are evidenced by the 
images in Figs. 7–11 and Tables 1–4. 
 Dynamic stress can be alleviated through TiO2 nanoparticles. The 
fatigue fracture propagation increase for the epoxy is discussed in 
details with diagrams and tables. The tabletops show the increase of 
dynamic stress by 3%. This is seen as a result of the addition of 
3% scaffolding to the epoxy. The increased fatigue strength of the 
hybrid nanocomposite material is enabled due to the interaction of 
materials and components between added nanoparticles as well as 
the slurry due to their huge surface area. 
 However, such adhesive strengthening can be combined with the 
increase of volume concentration of the nanoparticles, which would 
in turn have a negative effect on the fatigue strength of the prod-
uct. 

 

Fig. 8. S–N-curve with 1% of TiO2. 

TABLE 2. Fatigue properties with 1% of TiO2. 

Samples R2 a b 
Free EP 1% TiO2 0.9888 266.84 0.233 
EP 1F 1% TiO2 0.9903 1252.4 0.299 

EP 1F external crack 1% TiO2 0.995 1875.4 0.345 
EP 1F internal crack (Tape)+1% TiO2 0.9935 1522.5 0.321 
EP 1F internal crack (Wax) 1% TiO2 0.9948 2378.5 0.37 
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Fig. 9. S–N-curve with 2% of TiO2. 

TABLE 3. Fatigue properties with 2% of TiO2. 

Samples R2 a b 
Free EP 2% TiO2 0.9459 416.24 0.277 
EP 1F 2% TiO2 0.994 1249.1 0.308 

EP 1F external crack 2% TiO2 0.9956 1787.3 0.348 
EP 1F internal crack (Tape) 2% TiO2 0.9939 1435 0.325 
EP 1F internal crack (Wax) 2% TiO2 0.9946 2155.9 0.37 

 

Fig. 10. S–N-curve with 3% of TiO2. 

TABLE 4. Fatigue properties with 3% of TiO2. 

Samples R2 a b 
Free EP 3% TiO2 0.9927 261.74 0.224 
EP 1F 3% TiO2 0.9713 1111.2 0.278 

EP 1F external crack 3% TiO2 0.9754 1549.5 0.315 
EP 1F internal crack (Tape) 3% TiO2 0.9723 1327.5 0.298 
EP 1F internal crack (Wax) 3% TiO2 0.9765 1743 0.331 
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4. CONCLUSION 

Results, which are regarded as less efficient than composite materi-
als without manufacturing flaws or internal cracks, show that the 
existence of the internal or exterior cracks in composite materials 
decreases their mechanical capabilities. We discovered that adding 
nanoparticles improves the composite-materials’ ability to withstand 
fatigue stress. 
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For the thermal treatment of powders, a special thick-walled container (a 
saggar) is used to ensure uniform heating of the material throughout its 
volume. This article presents a method of convective heating of a 1-liter 
laboratory reactor using flue gases from natural-gas combustion. A ther-
mal engineering calculation and numerical modelling in COMSOL Mul-
tiphysics are conducted. The calculation involves the consideration of 
complex heat transfer: from the gas flow to the saggar wall, through the 
wall, and further into the powder layer. The problem is solved in a transi-
ent, axisymmetric formulation. Data are obtained on the temperature re-
gimes of the material being processed and the heating rate. The simula-
tion also enables the determination of the thermal diffusivity of the pow-
der layer. The results are planned to be used in the design of an industrial 
reactor with a volume of 40 litres. 

Äëÿ òåðì³÷íîãî îáðîáëåííÿ ïîðîøê³â âèêîðèñòîâóþòü ñïåö³ÿëüíó òîâñ-
òîñò³ííå âì³ñòèùå — ñà´´àð, ÿêå çàáåçïå÷óº ð³âíîì³ðíå íàãð³âàííÿ ìà-
òåð³ÿëó ïî âñüîìó îá’ºìó. Ó ñòàòò³ ðîçãëÿíóòî ñïîñ³á êîíâåêòèâíîãî íà-
ãð³âàííÿ ëàáîðàòîðíîãî ðåàêòîðà îá'ºìîì ó 1 ë äèìîâèìè ãàçàìè â³ä 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 915–926 
https://doi.org/10.15407/nnn.23.03.0915 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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ñïàëþâàííÿ ïðèðîäíüîãî ãàçó. Ïðîâåäåíî òåïëîòåõí³÷íèé ðîçðàõóíîê ³ 
÷èñåëüíå ìîäåëþâàííÿ â ïðîãðàìíîìó çàáåçïå÷åíí³ COMSOL Multiphys-
ics. Ðîçðàõóíîê ïîëÿãàâ ó âðàõóâàíí³ ñêëàäíîãî òåïëîîáì³íó: â³ä ãàçî-
âîãî ïîòîêó äî ñò³íêè ñà´´àðó òà ÷åðåç íå¿, äàë³ — ó øàð ïîðîøêó. Çà-
âäàííÿ âèð³øóâàëîñÿ ó íåñòàö³îíàðí³é, â³ñåñèìåòðè÷í³é ïîñòàíîâö³. 
Îäåðæàíî äàí³ ïðî òåìïåðàòóðí³ ðåæèìè íàãð³âàííÿ îáðîáëþâàíîãî 
ìàòåð³ÿëó, øâèäê³ñòü íàãð³âàííÿ. Ìîäåëþâàííÿ óìîæëèâèëî âèçíà÷è-
òè òåìïåðàòóðó øàðó ïîðîøêó. Îäåðæàí³ ðåçóëüòàòè ïëàíóºòüñÿ âèêî-
ðèñòàòè ï³ä ÷àñ ïðîºêòóâàííÿ ïðîìèñëîâîãî ðåàêòîðà îá'ºìîì ó 40 ë. 

Key words: saggar, spheroidized graphite powder, heat transfer, thermal 
conductivity, thermal diffusivity, computational fluid dynamics, comput-
er-aided design and modelling. 

Êëþ÷îâ³ ñëîâà: ñà´´àð, ñôåðî¿äèçîâàíèé ãðàô³òîâèé ïîðîøîê, òåïëîïå-
ðåäà÷à, òåïëîïðîâ³äí³ñòü, òåìïåðàòóðîïðîâ³äí³ñòü, îá÷èñëþâàëüíà ã³ä-
ðîäèíàì³êà, êîìï'þòåðíå ïðîºêòóâàííÿ òà ìîäåëþâàííÿ. 

(Received 17 June 2025) 
  

1. INTRODUCTION 

Saggars are refractory protective containers [1] used in high-
temperature thermal processing of materials to prevent contamina-
tion, oxidation, and uneven heating. Their application is especially 
relevant in technologies requiring high purity, stable microstruc-
ture, and reproducible properties of the final product, such as in 
the preparation of carbon-containing materials for the battery in-
dustry [2–5]. 
 This study investigates the thermal treatment of high-purity 
graphite powder (particle size of 20 μm), modified by applying a 
petroleum pitch coating. The use of pitch in this case serves to cre-
ate a dense carbon layer 20–40 nm thick on the surface of graphite 
particles, which reduces their surface porosity. For the successful 
application of this spheroidized-graphite powder as an anode mate-
rial for lithium-ion batteries [5], it is necessary to reduce its specif-
ic surface area from 7 m²/g to 4 m²/g. This is achieved by adjusting 
the thickness of the deposited coating and strictly controlling the 
thermal regime parameters [6]. 
 A key technological requirement is a very slow heating rate, no 
more than 10 C per minute, during the initial stages of pitch de-
composition. This is necessary to avoid ‘boiling’, cracking of the 
coating, and the formation of surface defects. The proposed techno-
logical scheme uses heating by flue gases from natural gas combus-
tion, while a protective atmosphere is ensured by supplying a small 
amount of nitrogen into the reactor. The saggar in this system en-



 THERMAL ENGINEERING CALCULATION OF SAGGAR 917 

sures uniform temperature distribution of the processed material 
and protects it from contamination by combustion by-products. 
 The use of flue gases for heating the laboratory-industrial reactor 
prototype (with an internal volume of 1 litre) is justified by the in-
tention to develop an industrial energy-efficient installation in the 
future (with a working saggar volume of 40 litres). 

2. EXPERIMENTAL TECHNIQUE, RESULT AND DISCUSSION 

The saggar is a thick-walled container (Fig. 1, a, b) equipped with a 
graphite tube for supplying nitrogen into a layer of spheroidized 
graphite powder. Figure 1, b shows the technical drawing of the 
saggar, weighing 2.2 kg, with an internal volume of 1 litre (con-
taining 1.3 kg of powdered graphite material). The total weight of 
the saggar-powder system is of 3.5 kg. 
 The saggar (Fig. 2) is placed inside the channel of a muffle fur-
nace with internal dimensions of 500 265 250 mm for heating with 
flue gases. 
 The drawing does not show the purged supports beneath the sag-
gar or the lid on top, which may be integrated with the removable 
cover of the furnace thermal channel. 

3. MODELLING AND THEORETICAL CALCULATIONS 
OF THE POWER REQUIRED FOR HEATING 1 KG OF GRAPHITE 

This theoretical calculation serves not only for the practical selec-
tion of the burner device but also for providing initial data for 
computer modelling in COMSOL [7], where all further simulations 
were carried out. 
 The calculation of the thermal power of a gas burner required to 
heat 1 kg of graphite at a rate of 10 C/min is based on the follow-
ing equation: P Q/t, where Q is the amount of heat required for 
heating and t is the heating time. 
 The amount of heat Q is determined as follows: Q Cm T, where 
C is the specific heat capacity of graphite (Ñ 710 J/(kg C)), m is 
the mass of graphite (m 1 kg), T is the temperature change. 
 Given the heating rate of 10 C per minute, T 10 K: 
1. heat required per minute: Q 710 J/(kg C) 1 kg 10 C 7100 J; 
2. heating time: t 1 min 60 s; 
3. thermal power: P Q/t 7100 J/60 s 118.33 W. 
 Thus, to heat 1 kg of graphite at a rate of 10 C/min, a thermal 
power of approximately 118.33 W is needed. For 3.5 kg of graphite, 
P 414 W. To obtain 1 kWh of energy, it is necessary to burn ap-
proximately 0.1–0.12 m³ of natural gas (at 100% efficiency); as-
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suming 90% efficiency, 0.11–0.13 m³ is required. 

3.1. Calculation of Flue Gas Volume from Natural Gas Combustion 

Input data: volume of natural gas—0.13 m3, flue gas temperature—
900 C. 

   
   a     b 

Fig. 1. Cross-section of the saggar with material: a—external view of the 
saggar; b—technical drawing of the saggar. 

 

Fig. 2. Geometrical dimensions of the muffle furnace channel for heating 
the saggar with flue gases. 
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3.1.1. Determining the Composition of Combustion Products with 
Assuming that Natural Gas Consists of 95% Methane (CH4) 

Combustion reaction: CH4 2O2 CO2 2H2O. Considering air (21% 
O2 and 79% N2): CH4 2(O2 3.76N2) CO2 2H2O 7.52N2. Thus, 
burning 1 m³ CH4 yields: 1 m³ CO2, 2 m³ H2O (in vapour phase), 
7.52 m³ N2 (from air). Total: 1 2 7.52 10.52 m³ of flue gases at 
standard conditions (0 C, 1 atm). Recalculating for 0.13 m³ of nat-
ural gas: 0.13 10.52 1.37 m³. 
 Correcting for temperature of 900 C with use of ideal gas law: 
V_T V_0(T_T/T_0), where V_T—volume at temperature T_T, 
V_0 1.37 m3—volume at 0 C (273 K), T_T 900 273 1173 K, 
T_0 273 K, V_1173 1.37 (1173/273) 5.89 m3. Therefore, flue 
gas (f.g.) volume (for 1 kW) at 900 C is of 5.89 m3. For power of 
0.414 kW, the volume of f.g. is of 2.44 m3. Assuming 3 kW-system, 
the required f.g. flow rate is of 17.67 m3/h. The modelled axisym-
metric region of the channel is shown in Fig. 3 with the following 
parameters: channel cross-section 265 250 mm, area 0.06625 m

3, 
gas flow speed through the section 266.7 m/h 0.075 m/s. 

3.2. Calculation of Saggar Heating by Flue Gases at 900 C 

Initial data for modelling: flue gases with velocity V 0.075 m/s and 

temperature Tg 900 C are supplied from the left into the furnace 

channel (Fig. 4). Nitrogen is directed through a pipe to purge the pow-
der material layer inside the saggar with velocity Vs 0.01 m/s and 

temperature T0 20 C; it is supplied from above through a pipe with 

 

Fig. 3. Computational domain of the muffle-furnace channel for heating 
the saggar with flue gases. 
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diameter d 5 mm, at a flow rate G 7 10 4
 m³/hour (Fig. 4). 

3.3. Results and Discussions 

The simulation results of the external heat exchange caused by the 
flow of hot flue gases are presented as streamlines of the flue gas 
motion (Fig. 5, a). The temperature distribution (isotherms) on the 
walls of the muffle-furnace channel and the saggar surface is shown 
in Fig. 5, b. 
 In the simulation of external heat transfer from the flue-gas flow 

 

Fig. 4. Mesh of the computational domain of the muffle-furnace channel 
for saggar heating with flue gases, including the saggar body and the 
graphite powder volume. 

  
a      b 

Fig. 5. Results of external heat-exchange simulation: a—velocity and flow 
direction; b—temperature distribution and flow direction. 
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to the saggar surface, radiative heat exchange and convective trans-
fer within the channel were not taken into account. However, heat 
losses through the external walls of the channel were considered. 
The physical properties of the powdered graphite layer are present-
ed in Table 1. 
 The permeability of the graphite powder layer was calculated using 

the Ergun equation: 
2 2 2(1 ) 150pk d . At a porosity of 40%, the 

permeability (according to Ergun) is approximately of k 4.74 10 13
 

m3. The nitrogen flow through the porous material layer (Fig. 6) was 
simulated using the specialized Brinkman module. 

TABLE 1. Physical properties of the powdered graphite layer. 

P
ar

ti
cl

e 
d
ia

m
et

er
, 
μ
m

 

P
ar

ti
cl

e 
sh

ap
e 

D
en

si
ty

, 
g
/c

m
³ 

P
or

os
it

y
,%

 

B
u
lk

 d
en

si
ty

, 
g
/c

m
³ 

T
h
er

m
al

 
co

n
d
u
ct

iv
it

y
, 

W
/(

m
·K

) 

S
p
ec

if
ic

 h
ea

t 
ca

p
ac

it
y
, 
J
/(

k
g
·K

) 

L
ay

er
 

p
er

m
ea

bi
li
ty

, 
m

² 

20 

S
p
h
er

ic
al

 

2.2 40–50 1.1–1.3 

80–150 
(true), 
1–10 

(powder) 

700–900 

k
4
.7

4
1
0

13
 

  
a      b 

Fig. 6. Results of modelling the internal space of the saggar: a—nitrogen 
pressure generated by the layer of porous graphite material; b—
temperature distribution in the saggar and graphite powder. 
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 For modelling the external and internal heat exchange through 
the porous nitrogen body (Fig. 6), a Multiphysics simulation module 
was used, combining the Brinkman and Heat Transfer modules for 
porous media with external flow. The coupled solution of the corre-
sponding differential equations allowed taking into account the mu-
tual influence of hydrodynamic and thermal flows passing through 
different physical materials and media. The time-dependent dynam-
ics of the average and minimum temperatures of the porous graph-
ite material are presented in the graph (Fig. 7). 
 The dependences indicate that the main heating of the powdered 
material occurs within 4–6 hours of processing. Afterwards, the 

 

Fig. 7. Temperature of the porous graphite material inside the saggar. 1—
Temperature_Ave (degC); 2—Temperature_Min (degC). 

 

Fig. 8. Average heating rate of the porous material for various heat carrier 
temperatures. 
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material’s temperature exponentially approaches the temperature of 
the heat carrier. It can be approximately considered that the tem-
perature change ceases after 12 hours. It is shown that the heating 
time of the processed material does not significantly depend on the 
heat carrier temperature under the given conditions. 
 The average heating rate (Fig. 8) under the given conditions reli-
ably does not exceed the established technological limit of 10 de-
grees per minute. 

4. THERMAL EFFECTS UPON THE INTERACTION OF PULSED 
RADIATION WITH THE MATERIAL 

The thermal diffusivity of powdered graphite coated with a layer of 
carbonized petroleum pitch was determined using a pulsed thermal 
diffusivity measurement method. This method is non-destructive 
and contactless. The developed technique requires special sample 
preparation—pressing the powder into a pellet. The pressing force 
is minimal to ensure that the sample is not destroyed and, at the 
same time, does not significantly differ from the structure of the 
powder processed in the saggar. 
 The front surface of the sample is irradiated with a short light 
pulse (Fig. 9, a) in the visible range (pulse duration of 100 ms), 
generating a primary radiation flux. 
 The absorbed portion of the energy is converted into heat, caus-
ing local heating that gradually spreads throughout the volume of 
the material. Part of the heat flux reaches the backside of the sam-

  
   a     b 

Fig. 9. Scheme and working principle of the setup for measuring thermal dif-
fusivity: a—model of the heat flux redistribution process through the sample; 
b—block diagram of the pulsed thermal diffusivity measurement method: 
LED diode (GREE-XML); S—graphite material sample; PyEs—pyroelectric 

sensor (IRA-E700ST0); PA—amplifier (Gain 10.000); AD-DA—ADC-DAC 

unit ( 10 V, 12-bit resolution, 2 channels); SPS—computer. 
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ple, where a secondary infrared radiation flux is generated. This 
secondary flux, delayed in time relative to the primary one due to 
the finite speed of thermal diffusion, is detected by an IR sensor. 
When using a pyroelectric sensor as the IR detector, it is not neces-
sary to know precisely the energy of the incident and absorbed radi-
ation, the absorption coefficient of the front surface, the emissivity 
of the back surface, as well as the temperature curve of heating and 
the sensitivity parameters of the sensor [8, 9]. 
 The block diagram of the measurement system is shown in Fig. 9, 
b. In this setup, a light-emitting diode (LED) was used as the heat 
radiation source, and a pyroelectric sensor (PyES) was employed to 
register the thermal response. This method allows effective and re-
liable determination of the thermal diffusivity of graphite materials 
under pulsed heating conditions. 
 Thermal diffusivity is critically important in modelling tasks, as 
it directly affects the accuracy of numerical calculations of temper-
ature fields. Moreover, during scale-up from laboratory to industri-
al volume, thermal diffusivity acts as one of the key variables ena-
bling the transfer of thermal regime parameters without loss of 
heat treatment quality. Therefore, accurate evaluation of the ther-
mal diffusivity of the studied graphite powder is an essential step 
in developing and scaling an effective technology for producing an-
odic material of the required quality. 
 The dynamics of thermal diffusivity changes in the porous graph-
ite material are presented in the graphs (Fig. 10, a, b). 
 The thermal diffusivity of graphite powder depends on several 
factors, including: particle size and shape, packing density, pres-
ence of impurities in the powder, temperature, anisotropy of graph-
ite (layered structure), as shown in Table 2. 
 Thus, the thermal diffusivity of the graphite powder is approxi-
mately as follows: a 0.001–0.02 m2/s. For the studied graphite 
powder, the dependence of thermal diffusivity (Fig. 10, b) on the 
temperature of the porous graphite material appears almost linear, 
ranging from 0.2å 4 m2/s at the initial 20 Ñ to 2å 4 m2/s at 900 Ñ. 

5. CONCLUSIONS 

A model of thermal interaction in the system ‘flue gases–saggar–
graphite powder’ was developed and implemented, taking into ac-
count the porous structure features of the spheroidized powdered 
graphite material under protective atmosphere conditions. Numeri-
cal modelling allowed obtaining data on the temperature character-
istics of the spheroidized powdered graphite material over time, in-
cluding average and maximum temperatures, as well as heating 
rates that are critically important for preserving the structure of 
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the pitch coating. 
 A device for the pulse method of measuring the thermal diffusiv-
ity of materials of different nature with data recording on a PC was 
developed. Measurements of thermal diffusivity were conducted on 
samples of spheroidized powdered graphite material. The calculated 
values of thermal diffusivity of the graphite powder correlate well 
with known literature [10] and experimental data, confirming the 
correctness of the applied model. It was established that, at the giv-
en heat carrier temperature and the corresponding flue gas flow 

 
a 

 
b 

Fig. 10. Changes in the thermal diffusivity of porous graphite material: a—
depending on time; b—depending on temperature. 

TABLE 2. Thermophysical properties of graphite powder. 

Thermal conduc-
tivity, W/(m·K) 

Density (compact-
ed), kg/m³ 

Specific heat ca-
pacity, J/(kg·K) 

Thermal diffusivi-
ty, m3/s 

1–10 500–1200 700–900 0.001–0.02 
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rate, the heating rate of the graphite powder does not exceed the 
established technological limit of 10 C per minute. The use of a 
compact laboratory-industrial installation with a volume of 1 litre 
is justified as a stage of preliminary validation of thermal calcula-
tions, the results of which can be scaled for the design of an indus-
trial saggar with a volume of 40 litres. The developed methodology 
can be applied for calculating and optimizing thermal regimes in 
similar heat treatment processes of porous materials with higher 
requirements for uniformity and property control. 
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Ïîë³ôóíêö³îíàëüí³ ìàãíåòî÷óòëèâ³ íàíîñòðóêòóðè 
òà ìàòåð³ÿëè: ñó÷àñíèé ñòàí ³ ïåðñïåêòèâè äîñë³äæåíü 

Ï. Ï. Ãîðáèê, Ñ. Ì. Ìàõíî, À. Ï. Êóñÿê, Ð. Â. Ìàçóðåíêî, 
Î. Ì. Ë³ñîâà, Ñ. Ë. Ïðîêîïåíêî, ². Â. Äóáðîâ³í, Ñ. Ï. Òóðàíñüêà, 
À. Ë. Ïåòðàíîâñüêà, Î. Ì. Ùåãëîâ 

²íñòèòóò õ³ì³¿ ïîâåðõí³ ³ì. Î. Î. ×óéêà ÍÀÍ Óêðà¿íè,  
âóë. Îëåãà Ìóäðàêà, 17,  
03164 Êè¿â, Óêðà¿íà 

Ïðîàíàë³çîâàíî é óçàãàëüíåíî ðåçóëüòàòè àâòîðñüêèõ äîñë³äæåíü â ðà-
ìêàõ íîâîãî ì³æäèñöèïë³íàðíîãî íàóêîâî-ïðàêòè÷íîãî íàïðÿìó «Ïî-
ë³ôóíêö³îíàëüí³ ìàãíåòî÷óòëèâ³ íàíîñòðóêòóðè òà ìàòåð³ÿëè», ùî îõî-
ïëþº øèðîêå êîëî àêòóàëüíèõ ñó÷àñíèõ ïðîáëåì õåì³¿, ô³çèêè, ìåäè-
öèíè (çîêðåìà îíêîëîã³¿), ôîòîôàðìàêîëîã³¿, á³îëîã³¿, åêîëîã³¿, òåõí³êè 
òîùî. Ðîçãëÿíóòî ïðèêëàäè ðîçðîáîê, ïåðñïåêòèâíèõ äëÿ ïðàêòè÷íîãî 
âèêîðèñòàííÿ, ïîâ'ÿçàíèõ ç: õåì³÷íèì êîíñòðóþâàííÿì áàãàòîð³âíåâèõ 
íàíîêîìïîçèò³â òèïó ÿäðî–îáîëîíêà ç ôóíêö³ÿìè ìåäè÷íî-á³îëîã³÷íèõ 
íàíîðîáîò³â; ñòâîðåííÿì íîâîãî ïîêîë³ííÿ ìàãíåòíèõ àäñîðáåíò³â ç ð³ç-
íîþ ïðèðîäîþ ïîâåðõí³ ìåäè÷íîãî, òåõí³÷íîãî, òåõíîëîã³÷íîãî é åêîëî-
ã³÷íîãî ïðèçíà÷åííÿ; ðîçâèòêîì íàíîòåõíîëîã³÷íî¿ áàçè ìàëî³íâàçèâ-
íèõ ìåòîä³â ôîòîäèíàì³÷íî¿ ïðîòèïóõëèííî¿ òåðàï³¿ òà íå³íâàçèâíîãî 
êåðîâàíîãî ôàðìàêîëîã³÷íîãî âïëèâó çàäàíîãî íàïðÿìêó íà á³îëîã³÷í³ 
êë³òèíí³ ñèñòåìè; ñèíòåçîþ íîâèõ ìàãíåòíèõ ð³äèí íà îñíîâ³ ô³ç³îëîã³-
÷íîãî ðîç÷èíó, ùî ì³ñòÿòü ìàãíåòî÷óòëèâ³ áàãàòîð³âíåâ³ ïîë³ôóíêö³î-
íàëüí³ íàíîêîìïîçèòè ç àêòóàëüíèìè ïðîòèïóõëèííèìè ë³êàðñüêèìè 
ïðåïàðàòàìè é àíòèò³ëàìè. Ïîêàçàíî ïåðñïåêòèâí³ñòü íîâèõ åôåêòèâ-
íèõ çàõèñíèõ ìàòåð³ÿë³â, çäàòíèõ âáèðàòè åëåêòðîìàãíåòíå âèïðîì³-
íåííÿ (ÅÌÂ) â çàäàíèõ ä³ÿïàçîíàõ ñïåêòðó äëÿ âèêîðèñòàííÿ â: åëåêò-
ðîí³ö³ é ó áîðîòüá³ ç åëåêòðîìàãíåòíèì ñìîãîì; ñòâîðåíí³ ïîêðèòò³â, 
àêòèâíèõ â ³íôðà÷åðâîíîìó (²×) òà íàäâèñîêî÷àñòîòíîìó (ÍÂ×) ä³ÿïà-
çîíàõ ñïåêòðó. Øèðîêîñìóãîâå âáèðàííÿ òà ïðîïóñêàííÿ â öüîìó âèïà-
äêó º âàæëèâèìè ÷èííèêàìè, ùî âèçíà÷àþòü åêñïëóàòàö³éíó ïðèäàò-
í³ñòü ìàòåð³ÿë³â. 

The results of the authors’ research within the new interdisciplinary sci-
entific and practical direction ‘Polyfunctional magnetically sensitive 
nanostructures and materials’, covering a wide range of topical modern 
problems of chemistry, physics, medicine (including oncology), photo-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii  
2025, ò. 23, ¹ 3, ññ. 927–963 
https://doi.org/10.15407/nnn.23.03.0927 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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pharmacology, biology, ecology, engineering, etc. are analysed and sum-
marized. Achievements are summarized, and directions of development of 
scientific approach in the field of creation of the molecular and nanoscale 
objects with predefined properties are analysed. Examples of promising 
developments for practical use related to the chemical design of multilevel 
core–shell nanocomposites with the functions of biomedical nanorobots, 
which can move independently along different trajectories, be controlled 
by external fields, and interact with objects and the environment, are con-
sidered. The article presents the creation of a new generation of magnetic 
adsorbents with different surface properties for medical, technical, and 
environmental purposes, the development of a nanotechnological basis for 
non-invasive photopharmacological methods of anticancer therapy, and 
controlled pharmacological effects of a given direction on biological cellu-
lar systems. Considerable attention is paid to the synthesis of new mag-
netic fluids based on saline solution containing magnetically sensitive 
multilevel polyfunctional nanocomposites, which allow the transportation 
and retention of nanoscale magnetically sensitive drug carriers in the ves-
sels of various types of the circulatory system using an external magnetic 
field, with topical anticancer drugs and antibodies. The prospect of new 
effective protective materials capable of absorbing electromagnetic (EM) 
radiation in specific ranges of the electromagnetic spectrum for use in 
high-tech electronics and protection against electromagnetic pollution, the 
creation of scientific foundations of protective coatings active in the in-
frared (IR) and ultrahigh frequency (UHF) ranges of the spectrum, are 
shown. The advantages of protective materials containing magnetic, die-
lectric and electrically conducting components, and core–shell nanocompo-
sites include reduction of reflection coefficients, optimization of loss and 
impedance coherence with open space, and wideband absorption. These 
important factors determining the serviceability of the materials, as well 
as general technical factors such as mass–dimensional characteristics and 
corrosion resistance, and point to the prospects for unique technical appli-
cations, particularly in the field of creating new types of surfaces and 
coatings with defined electrodynamic properties. 

Êëþ÷îâ³ ñëîâà: íàíîñòðóêòóðà, íàíîêîìïîçèò ÿäðî–îáîëîíêà, ôóíêö³¿ 

íàíîðîáîòà, ìàãíåòíèé àäñîðáåíò, ìàãíåòíà ð³äèíà, âçàºìîä³ÿ ç åëåêòðî-
ìàãíåòíèì îïðîì³íåííÿì, ïðîòèïóõëèííà òåðàï³ÿ, ôîòîôàðìàêîëîã³ÿ. 

Key words: nanostructure, core–shell nanocomposite, functions of nano-
robot, magnetic adsorbent, magnetic fluid, interaction with electromag-
netic radiation, antitumor therapy, photopharmacology. 

(Îòðèìàíî 6 ëþòîãî 2025 ð.) 
  

1. ÂÑÒÓÏ 

Íà ïî÷àòêó ÕÕ² ñòîë³òòÿ íàáóëà àêòóàëüíîñòè ïðîáëåìà ñòâîðåí-
íÿ ìîëåêóëÿðíèõ ³ íàíîðîçì³ðíèõ ñòðóêòóð, ùî çà ñâî¿ìè ôóíê-
ö³îíàëüíèìè ìîæëèâîñòÿìè âèçíà÷àëèñü ÿê ìîëåêóëÿðí³ ìàøè-
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íè, íàíîìîòîðè, íàíîðîáîòè òîùî, çäàòí³ çä³éñíþâàòè çàïðîãðà-
ìîâàíèé êîìïëåêñ êîðèñíèõ ä³é, íàïðèêëàä, õåì³÷íîãî, òåõíîëî-
ã³÷íîãî, á³îëîã³÷íîãî ÷è òî ìåäè÷íîãî õàðàêòåðó íà àòîìàðíîìó, 
ìîëåêóëÿðíîìó òà ãåííîìó ð³âíÿõ [1–7]. Íà ðàíí³õ åòàïàõ äîñë³-
äæåíü ³ ïîøóêó øëÿõ³â ¿¿ ðîçâ'ÿçàííÿ çíà÷íå ì³ñöå â³äâîäèëîñÿ 
âñòàíîâëåííþ íàóêîâèõ ïðèíöèï³â ôóíêö³îíóâàííÿ âêàçàíèõ ìî-
ëåêóëÿðíèõ ³ íàíîðîçì³ðíèõ îá'ºêò³â, à òàêîæ ïåðñïåêòèâíèõ 
ñïîñîá³â çàáåçïå÷åííÿ ¿õí³õ êîíòðîëüîâàíèõ ìåõàí³÷íèõ ïåðåì³-
ùåíü, çîêðåìà ó á³îëîã³÷íèõ ñåðåäîâèùàõ. Äëÿ êîíñòðóþâàííÿ 
á³îëîã³÷íèõ íàíîðîáîò³â, ìîëåêóëÿðíèõ ìîòîð³â ³ ìàøèí âèêîðèñ-
òîâóâàëè ôðà´ìåíòè ìîëåêóë ÄÍÊ, ì'ÿçîâ³ íàíîâîëîêíà [2, 3], 
ê³ëüöåïîä³áí³ á³îìîëåêóëè, «íàíèçàí³» íà ë³í³éíèé «ì³ñòîê» ³ç 
àì³íîêèñëîò [4, 5], ôîòîçáóäæåí³ òà ìåòàñòàá³ëüí³ ñòàíè íàíî÷àñ-
òèíîê, àñèìåòðè÷íèé ðîçïîä³ë åëåêòðè÷íèõ ïîë³â ó íàïðÿìêó ¿õ-
íüîãî ðóõó, ôëþêòóàö³éí³ ïðîöåñè ìîëåêóëÿðíî¿ é åëåêòðè÷íî¿ 
ïðèðîäè [6, 7]. 
 Âèõîäÿ÷è ç ë³òåðàòóðíèõ äàíèõ, íàâåäåí³ ïðîáëåìè çàëèøà-
þòüñÿ àêòóàëüíèìè ³ íà öåé ÷àñ. 
 Òàê, ó ðîáîò³ [8] ïðîàíàë³çîâàíî ðóõ êàòàë³òè÷íèõ Au/Pt-
ì³êðîìîòîð³â ó ïåðîêñèäíîìó ïàëèâíîìó ñåðåäîâèù³ çà åôåêòó 
âïëèâó ïîâåðõíåâèõ àêóñòè÷íèõ õâèëü (SAW). Äîñë³äæåíî çì³íó 
øâèäêîñòè ì³êðîìîòîðà, çàëåæíî â³ä òèïó é ³íòåíñèâíîñòè SAW. 
Ñòðàòåã³ÿ àâòîð³â áàçóâàëàñÿ íà âèêîðèñòàíí³ îäíîëàíöþãîâèõ 
ÄÍÊ-çîíä³â, ³ììîá³ë³çîâàíèõ äî Au/Pt-ì³êðîìîòîð³â, ÿê³ ðîçï³-
çíàþòü ö³ëüîâó ì³êðîÐÍÊ-21 ÿê á³îìàðêåðà, ïîâ'ÿçàíîãî ç ðàêîì. 
 Â ðîáîò³ [9] ïîâ³äîìëÿºòüñÿ ïðî äèçàéí, ñèíòåçó òà ôóíêö³îíà-
ëüíå òåñòóâàííÿ ïîðèñòèõ ñàìîðóõîìèõ ì³êðîìîòîð³â, âèãîòîâëå-
íèõ ³ç ìåòàëîîðãàí³÷íî¿ êàðêàñíî¿ îñíîâè (MOF), ÿê³ ïðàöþþòü 
íà ôåðìåíòàõ ³ â ìàéáóòíüîìó ìîæóòü áóòè ïåðñïåêòèâíèìè äëÿ 
àäðåñíîãî äîñòàâëÿííÿ ë³êàðñüêèõ çàñîá³â, ñîðáö³¿, êàòàë³òè÷íèõ 
çàñòîñóâàíü òîùî. Êëàñòåðè Zr6O4(OH)4 ç 1,4-áåíçîäèêàðáîíîâîþ 
êèñëîòîþ (UiO-66), ÿê ïðåäñòàâíèê ñ³ìåéñòâà MOF ó ñòðóêòóð³ 
ì³êðîìîòîð³â, øèðîêî çàñòîñîâóþòüñÿ â ñåíñîðèö³, çâ'ÿçóâàíí³ òà 
âèâ³ëüíåíí³ ë³êàðñüêèõ çàñîá³â, ðîçïîä³ë³, íàêîïè÷åíí³ é àäñîðá-
ö³¿ ðå÷îâèí çàâäÿêè ñâî¿é âåëèê³é âíóòð³øí³é ïëîù³ ïîâåðõí³, 
îäíîð³äíîìó ðîçì³ðó ïîð, ïîð³âíÿíî ëåãê³é ôóíêö³îíàë³çàö³¿ òà 
âèíÿòêîâ³é ñòàá³ëüíîñò³. 
 Â îãëÿäàõ [10, 11] ï³äñóìîâàíî äîñÿãíåííÿ òà ïðîàíàë³çîâàíî 
íàïðÿìè ðîçâèòêó íàóêîâèõ ï³äõîä³â ó ãàëóç³ ñòâîðåííÿ íàíîðî-
áîò³â ç ðîçøèðåíèìè ìîæëèâîñòÿìè, ÿê³ ìîæóòü âèêîíóâàòè ð³ç-
í³ çàâäàííÿ òà áóëè â öåíòð³ çíà÷íèõ äîñë³äíèöüêèõ ³íòåðåñ³â. 
Íàíîðîáîòè ìîæóòü ñàìîñò³éíî ðóõàòèñÿ ð³çíèìè òðàºêòîð³ÿìè, 
êåðóâàòèñÿ çà äîïîìîãîþ çîâí³øí³õ ïîë³â ³ âçàºìîä³ÿòè ç îá'ºê-
òàìè òà íàâêîëèøí³ì ñåðåäîâèùåì. Â îñòàíí³ ðîêè ô³çè÷í³ òà 
õåì³÷í³ ìåòîäè âèãîòîâëåííÿ ¿õ, çîêðåìà ç âèêîðèñòàííÿì ñàìîî-
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ðãàí³çàö³¿, çíàõîäèëèñÿ â îñíîâ³ ðåàë³çàö³¿ ïåâíèõ êîðèñíèõ ôó-
íêö³é. Ñüîãîäí³ êîíâåð´åíö³ÿ ì³æ á³îìåäè÷íèìè íàíî÷àñòèíêàìè 
òà íàíîðîáîòàìè ñòàëà î÷åâèäíîþ. Òîìó, ÿê ïð³îðèòåòíèé íà-
ïðÿì, îáãîâîðþþòü ìîæëèâîñò³ ñòâîðåííÿ íàñòóïíèõ ïîêîë³íü 
íàíîðîáîò³â, òåõíîëîã³¿ âèãîòîâëåííÿ ¿õ ³ ôóíêö³¿ äëÿ á³îçàñòîñó-
âàíü. Çíà÷íó óâàãó ïðèä³ëÿþòü äèçàéíó íàíîðîáîò³â, ùîá ïîëåã-
øèòè âïðîâàäæåííÿ ¿õ ó êë³í³÷íó ïðàêòèêó òà ïîâí³ñòþ ðîçêðè-
òè ïîòåíö³ÿë ó á³îìåäè÷íèõ äîñë³äæåííÿõ é îõîðîí³ çäîðîâ'ÿ. 
 Ñë³ä çàóâàæèòè, ùî ïðàêòè÷íå çàñòîñóâàííÿ çàçíà÷åíèõ íàíî- 
òà ìîëåêóëÿðíèõ ñàìîðóõîìèõ ñòðóêòóð ç ìåòîþ, íàïðèêëàä, 
ñïðÿìîâàíîãî òðàíñïîðòóâàííÿ ë³êàðñüêèõ çàñîá³â àáî âèêîíàííÿ 
³íøèõ êîðèñíèõ ôóíêö³é, äî öüîãî ÷àñó çàëèøàºòüñÿ äîâîë³ ïðî-
áëåìàòè÷íèì, à äîñë³äæåííÿ ¿õ ìàþòü ëàáîðàòîðíèé, äîêë³í³÷-
íèé õàðàêòåð. 
 Òîìó íàóêîâèé ³ ïðàêòè÷íèé ³íòåðåñ ìàº àëüòåðíàòèâíèé íà-
íîõåì³÷íèé ï³äõ³ä, âèêîðèñòàíèé ó ðîáîò³ [12], â ÿê³é ñèíòåçîâà-
íî òà äîñë³äæåíî ìàãíåòí³ íàíî÷àñòèíêè (Í×) Fe2O3, ³íêàïñóëüî-
âàí³ òîíêîþ êðåìíåçåìíîþ îáîëîíêîþ, ÿêó ôóíêö³îíàë³çóâàëè 
ôëþîðåñöåíòíèìè áàðâíèêàìè òà ãðóïàìè LH–RH äëÿ á³îòàð´å-
òóâàííÿ íà ñïåöèô³÷í³ ðåöåïòîðè ðàêîâèõ êë³òèí. Òàê³ ³ºðàðõ³÷-
íî ïîáóäîâàí³ íàíî÷àñòèíêè, âèçíà÷åí³ ÿê «íàíîêë³í³êè», õàðàê-
òåðèçóâàëèñÿ ìîæëèâîñòÿìè ï³äâèùóâàòè êîíòðàñò ìàãíåòíî-
ðåçîíàíñíî¿ é îïòè÷íî¿ â³çóàë³çàö³¿ â äîñë³äæåííÿõ á³îëîã³÷íèõ 
åôåêò³â, à òàêîæ çä³éñíþâàòè ïðèö³ëüíó ëîêàëüíó ìàãíåòî³íäó-
êîâàíó òåðàï³þ ðàêó. Ñòðóêòóðà òà ôóíêö³¿ íàíîêë³í³ê îõàðàêòå-
ðèçîâàíî ìåòîäàìè åëåêòðîííî¿ òà ðåíò´åí³âñüêî¿ äèôðàêö³¿, òðà-
íñì³ñ³éíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿, àòîìíî-ñèëîâî¿ òà ñêàíóâàëü-
íî¿ åëåêòðîííî¿ ì³êðîñêîï³é, äâîôîòîííî¿ ëàçåðíî¿ ñêàíóâàëüíî¿ 
ì³êðîñêîï³¿. Òàêèì ÷èíîì, çà äîïîìîãîþ ìàãíåòíèõ íàíîêë³í³ê 
áóëî ïðîäåìîíñòðîâàíî íîâèé àêòóàëüíèé ìåõàí³çì âèá³ðêîâîãî 
çíèùåííÿ ðàêîâèõ êë³òèí. 
 Íàâåäåíèé íàíîõåì³÷íèé ï³äõ³ä [12] íàáóâ óñï³øíîãî ðîçâèòêó 
çà ðåàë³çàö³¿ òà ïðàêòè÷íî¿ àïðîáàö³¿ êîíöåïö³¿ íàíîêîìïîçèò³â 
(ÍÊ) òèïó ÿäðî–îáîëîíêà ç ôóíêö³ÿìè ìåäè÷íî-á³îëîã³÷íèõ íàíî-
ðîáîò³â [13–23]: ðîçï³çíàâàííÿ ì³êðîá³îëîã³÷íèõ îá'ºêò³â ó á³îëî-
ã³÷íèõ ñåðåäîâèùàõ, àäðåñíîãî äîñòàâëÿííÿ ë³êàðñüêèõ ïðåïàðàò³â 
äî êë³òèí- òà îðãàí³â-ì³øåíåé ³ äåïîíóâàííÿ, êîìïëåêñíî¿ ëîêàëü-
íî¿ õåì³î-, ³ìóíî-, íåéòðîíçàõîïëþâàëüíî¿, ã³ïåðòåðì³÷íî¿, ôîòî-
äèíàì³÷íî¿ òåðàï³¿ òà ä³ÿãíîñòèêè â ðåæèì³ ðåàëüíîãî ÷àñó, äåòîê-
ñèêàö³¿ îðãàí³çìó øëÿõîì àäñîðáö³¿ òîêñèí³â, â³ðóñíèõ ÷àñòèíîê, 
éîí³â âàæêèõ ìåòàë³â òîùî òà âèäàëåííÿ ¿õ çà äîïîìîãîþ çîâí³ø-
íüîãî ìàãíåòíîãî ïîëÿ. 
 Çä³éñíåííÿ ñèñòåìíèõ äîñë³äæåíü ó âêàçàíîìó íàïðÿì³ ïîòðå-
áóâàëî ïîñòàíîâêè ö³ëåñïðÿìîâàíèõ êîìïëåêñíèõ åêñïåðèìåíòà-
ëüíèõ ðîá³ò, à òàêîæ òåîðåòè÷íèõ îö³íîê, àíàë³ç³â òà óçàãàëü-
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íåíü. ²íòåðåñ äî âêàçàíî¿ òåìàòèêè ùå á³ëüøå ï³äâèùèâñÿ ï³ñëÿ 
âèÿâëåííÿ åôåêòó ñèíåðã³éíîãî ï³äñèëåííÿ ôàðìàêîëîã³÷íî¿ ä³¿ 
îô³ö³éíèõ ïðîòèïóõëèííèõ ïðåïàðàò³â çà ó÷àñòþ á³îñóì³ñíèõ íà-
íî÷àñòèíîê ìàãíåòèòó, ÿê³ â ñàìîñò³éíîìó âèêîðèñòàíí³ ïîì³òíî¿ 
öèòîòîêñè÷íîñòè íå âèÿâëÿþòü, à òàêîæ ÿâèùà øèðîêîñìóãîâîãî 
âáèðàííÿ íàäâèñîêî÷àñòîòíîãî åëåêòðîìàãíåòíîãî âèïðîì³íåííÿ 
ñåðåäîâèùàìè, ùî ì³ñòÿòü ÍÊ ç ä³åëåêòðè÷íèìè, ìàãíåòíèìè òà 
ïðîâ³äíèìè âòðàòàìè. Îñòàííº ïðÿìî âêàçóâàëî íà ïåðñïåêòèâè 
óí³êàëüíèõ òåõí³÷íèõ çàñòîñóâàíü, çîêðåìà â ãàëóç³ ñòâîðåííÿ 
íîâèõ òèï³â ïîâåðõîíü ³ ïîêðèòò³â ³ç çàäàíèìè åëåêòðîäèíàì³÷-
íèìè âëàñòèâîñòÿìè. 
 Òàêèì ÷èíîì, íàâåäåí³ îáñòàâèíè ñïðèÿëè âèíèêíåííþ íîâîãî 
ì³æäèñöèïë³íàðíîãî íàóêîâî-ïðàêòè÷íîãî íàïðÿìó «Ïîë³ôóíêö³-
îíàëüí³ ìàãíåòî÷óòëèâ³ ìàòåð³ÿëè òà íàíîñòðóêòóðè», ÿêèé íà 
öåé ÷àñ îõîïëþº øèðîêå êîëî ñó÷àñíèõ àêòóàëüíèõ ïðîáëåì õå-
ì³¿, ô³çèêè, ìåäèöèíè (çîêðåìà îíêîëîã³¿), îïòîôàðìàêîëîã³¿, á³-
îëîã³¿, åêîëîã³¿, òåõí³êè òîùî. Òîìó ìåòîþ ö³º¿ ðîáîòè º îãëÿä, 
àíàë³çà òà óçàãàëüíåííÿ ðåçóëüòàò³â àâòîðñüêèõ åêñïåðèìåíòàëü-
íèõ ³ òåîðåòè÷íèõ äîñë³äæåíü, ñïðÿìîâàíèõ íà íàóêîâå îá´ðóí-
òóâàííÿ òà ñòâîðåííÿ øèðîêîãî ïîêîë³ííÿ íîâ³òí³õ ïðàêòè÷íî 
âàæëèâèõ ïîë³ôóíêö³îíàëüíèõ ìàãíåòî÷óòëèâèõ íàíîñòðóêòóð-
íèõ ìàòåð³ÿë³â. 

2. ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÍÀÍÎÊÎÌÏÎÇÈÒÈ 
Á²ÎÌÅÄÈ×ÍÎÃÎ ÏÐÈÇÍÀ×ÅÍÍß 

Ðåàë³çàö³ÿ çàâäàííÿ ñòâîðåííÿ ïîë³ôóíêö³îíàëüíèõ ÍÊ äëÿ âèêî-
ðèñòàííÿ â á³îìåäè÷íèõ ãàëóçÿõ ïîòðåáóº ðîçðîáêè ï³äõîä³â ùîäî 
ñèíòåçè íîâèõ íàíîñèñòåì âèñîêîãî ñòóïåíÿ ñêëàäíîñòè, ÿê³ ìàþòü 
çàáåçïå÷èòè ñòðîãó ïîñë³äîâí³ñòü âèêîíàííÿ óí³êàëüíèõ ä³é â îð-
ãàí³çì³ ëþäèíè, ñïðÿìîâàíèõ íà äîñÿãíåííÿ òåðàïåâòè÷íîãî ðå-
çóëüòàòó. Âîäíî÷àñ óìîâè ñèíòåçè ìàþòü íå ïðèçâîäèòè äî âòðàò 
ìàãíåòíèõ âëàñòèâîñòåé ³ á³îàêòèâíîñòè êîìïîíåíò³â ÍÊ, à ¿õí³é 
õåì³÷íèé ñêëàä ìàº íå âèêëèêàòè äîäàòêîâîãî òîêñèêî-
àëåðã³÷íîãî íàâàíòàæåííÿ íà îðãàí³çì. Ìàãíåòí³ âëàñòèâîñò³ ÍÊ 
ìàþòü â³äïîâ³äàòè óìîâàì óñï³øíî¿ äîñòàâè ë³êàðñüêèõ çàñîá³â äî 
á³îëîã³÷íèõ ì³øåíåé ³ íå ñòâîðþâàòè ïðîöåñè íåêîíòðîëüîâàíî¿ 
îêëþç³¿ ñóäèí, åìáîë³¿ òîùî. 
 Âèð³øåííþ ïîñòàâëåíèõ çàâäàíü ïðèñâÿ÷åíî åêñïåðèìåíòàëüí³ 
[13–18] òà òåîðåòè÷í³ [15, 18–20, 24] äîñë³äæåííÿ íà ïî÷àòêîâèõ 
åòàïàõ ðîáîòè. Çîêðåìà, òåîðåòè÷íà àíàë³çà óìîâ òðàíñïîðòóâàí-
íÿ é óòðèìàííÿ íàíîðîçì³ðíèõ ìàãíåòî÷óòëèâèõ íîñ³¿â ë³êàðñü-
êèõ çàñîá³â ó ñóäèíàõ ð³çíèõ òèï³â êðîâîíîñíî¿ ñèñòåìè çà âèêî-
ðèñòàííÿ çîâí³øíüîãî ìàãíåòíîãî ïîëÿ óìîæëèâèëà îäåðæàòè 
êðèòåð³é óñï³øíî¿ äîñòàâè ¿õ äî îðãàíó-ì³øåí³, îö³íèòè îáëàñòü 
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çíà÷åíü íàïðóæåíîñòè òà ´ðàä³ºíòó ïîëÿ, âñòàíîâèòè çâ'ÿçêè ðî-
çì³ðíèõ ïàðàìåòð³â ñóäèí ç õàðàêòåðèñòèêàìè êðîâîòîêó òà çîíè 
àêòèâíî¿ ä³¿ ïîëÿ òîùî. Ðåçóëüòàòè ðîçðàõóíê³â ìîæóòü áóòè êî-
ðèñíèìè ï³ä ÷àñ ñòâîðåííÿ îïòèìàëüíèõ ìàãíåòíèõ ñèñòåì äëÿ 
ïðàêòè÷íî¿ ðåàë³çàö³¿ ìàãíåòîêåðîâàíîãî àäðåñíîãî äîïðàâëÿííÿ 
ë³ê³â äî òåðàïåâòè÷íî¿ ì³øåí³. 

2.1. Õåì³÷íå êîíñòðóþâàííÿ íàíîêîìïîçèò³â ç ôóíêö³ÿìè íàíîðî-
áîò³â 

Ñõåìó õåì³÷íîãî êîíñòðóþâàííÿ áàãàòîð³âíåâî¿ ³ºðàðõ³÷íî¿ íàíî-
àðõ³òåêòóðè ìàãíåòî÷óòëèâèõ ÍÊ ³ç ôóíêö³ÿìè íàíîðîáîò³â, çã³-
äíî ç³ ñôîðìóëüîâàíîþ âèùå êîíöåïö³ºþ, íà ñüîãîäí³ åêñïåðèìå-
íòàëüíî â³äïðàöüîâàíî çà âñ³ìà îñíîâíèìè õåì³÷íèìè òà òåõíî-
ëîã³÷íèìè åòàïàìè, ðåàë³çîâàíî òà âñåá³÷íî ïåðåâ³ðåíî íà âèêî-
íàííÿ ôóíêö³é ùîäî ìåäè÷íî-á³îëîã³÷íèõ çàñòîñóâàíü [18, 20, 
24, 25]. Ïîáóäîâàíî ñòðóêòóðíèé ìîäåëü ïîë³ôóíêö³îíàëüíîãî 
ÍÊ (ðèñ. 1), çä³éñíåíî ìàòåìàòè÷íèé îïèñ éîãî ìàãíåòíèõ âëàñ-
òèâîñòåé, ÿêèé çàäîâ³ëüíî óçãîäæóºòüñÿ ç ðåçóëüòàòàìè êîìïëåê-
ñíèõ åêñïåðèìåíòàëüíèõ äîñë³äæåíü [26–28]. 
 Ïåðøèì ³ºðàðõ³÷íèì ð³âíåì ÍÊ, éîãî ÿäðîì, º âèõ³äíèé ìàòå-
ð³ÿë äëÿ ïîäàëüøîãî õåì³÷íîãî êîíñòðóþâàííÿ íàíîàðõ³òåêòóðè 
— ñóïåðïàðàìàãíåòíà îäíîäîìåííà Í× ä³ÿìåòðîì d ds 2h1. Ó 
öüîìó ìîäåë³ (ðèñ. 1) ÿäðî âèêîíóº ôóíêö³¿ ìàãíåòî÷óòëèâîãî íî-
ñ³ÿ ë³êàðñüêèõ çàñîá³â äî îðãàí³â- ³ êë³òèí-ì³øåíåé, ïåðåòâîðþ-
âà÷à åíåðã³¿ âèñîêî÷àñòîòíîãî ìàãíåòíîãî ïîëÿ çîâí³øíüîãî äæå-
ðåëà íà òåïëîâó åíåðã³þ ç ìåòîþ ñòâîðåííÿ ã³ïåðòåðì³÷íèõ çîí, 

 

Ðèñ. 1. Ñòðóêòóðíèé ìîäåëü ÍÊ òèïó ÿäðî–áàãàòîð³âíåâà îáîëîíêà. Ïî-
çíà÷åíî: d — ä³ÿìåòåð ñôåðè÷íî¿ Í× ìàãíåòèêà (ÿäðî); ds — ä³ÿìåòåð 
ìàãíåòèêà ç íàìàãíåòîâàí³ñòþ íàñèòó, õàðàêòåðíîþ äëÿ îá'ºìíîãî ìàòå-
ð³ÿëó ÿäðà; h1 — òîâùèíà ïðèïîâåðõíåâîãî «çíåìàãíåòîâàíîãî» øàðó 
ìàãíåòèêà; h2, h3, h4 — òîâùèíà øàðó ìîäèô³êàòîðà, ë³êàðñüêîãî ïðå-
ïàðàòó òà êàïñóëè (ñòàá³ë³çàòîðà) â³äïîâ³äíî â ñòðóêòóð³ îáîëîíêè.1 
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ðåàêö³éíîçäàòíî¿ ïîâåðõí³, ùî äàº çìîãó ðåàë³çóâàòè ïîäàëüøèé 
äèçàéí áàãàòîð³âíåâî¿ øàðóâàòî¿ îáîëîíêè ÍÊ, çàñ³á êîíòðàñòó-
âàííÿ â ÌÐÒ-ä³ÿãíîñòèö³ òîùî [6, 14]. Âñòàíîâëåíî, ùî ïðèïîâå-
ðõíåâèé øàð Í× òîâùèíîþ h1 çà ïîðÿäêîì âåëè÷èíè ñóì³ðíèé ³ç 
ïîñò³éíîþ êðèñòàë³÷íî¿ ´ðàòíèö³ ðå÷îâèíè ÿäðà ³ º «çíåìàãíåòî-
âàíèì» (àáî «ñëàáîìàãíåòíèì») âíàñë³äîê ñòðóêòóðíèõ ïîðó-
øåíü. 
 Îòæå, ÿäðî â ñòðóêòóð³ íàíîêîìïîçèòó âèêîíóº ê³ëüêà âàæëèâèõ 
ôóíêö³é; òîìó â³ä éîãî âèáîðó é îïòèì³çàö³¿ â çíà÷í³é ì³ð³ çàëå-
æèòü óñï³õ ïîáóäîâè âñ³º¿ áàãàòîð³âíåâî¿ ³ºðàðõ³÷íî¿ íàíîàðõ³òåêòó-
ðè. 
 Âèá³ð ³ ñèíòåçà ìàãíåòî÷óòëèâèõ ÿäåð ïîë³ôóíêö³îíàëüíèõ ÍÊ 
äëÿ ìåäè÷íî-á³îëîã³÷íèõ çàñòîñóâàíü, ÿê³ âèêîíóþòü ðîëü íîñ³ÿ 
ë³êàðñüêèõ çàñîá³â, º îêðåìèì àêòóàëüíèì çàâäàííÿì, ùî ïîòðå-
áóº âñåá³÷íîãî íàóêîâîãî îá´ðóíòóâàííÿ. Òîìó íàìè ðîçðîáëåíî 
ìåòîäèêè ñèíòåçè ð³çíèõ òèï³â ïåðñïåêòèâíèõ ìàãíåòî÷óòëèâèõ 
íàíîìàòåð³ÿë³â ³ âèâ÷åíî ¿õí³ âëàñòèâîñò³: íàíîðîçì³ðíèõ ìåòàëå-
âèõ ÷àñòèíîê Fe [25], Co [15], Ni [15, 30–32], îäíîäîìåííèõ ôåðè-
ò³â Fe3O4 [33–35], MnFe2O4 [36], NiFe2O4 [37], CoFe2O4 [38], GdFe2O4 
[39], òâåðäèõ ðîç÷èí³â ó ñèñòåìàõ (Fe1 xMnx)Fe2O4 [36], 
(Fe1 xNix)Fe2O4 [37], (Fe1 xCox)Fe2O4 [38], (Fe1 xZnx)Fe2O4 [40] òîùî. 
Çì³íþþ÷è ¿õí³é òèï ³ âàð³þþ÷è õåì³÷íèé ñêëàä ìîæíà çàäîâîëü-
íèòè áàãàòüîì âèìîãàì, ùî âèíèêàþòü ï³ä ÷àñ ñòâîðåííÿ ÍÊ ³ç 
çàäàíèì êîìïëåêñîì âëàñòèâîñòåé. 
 Íà öåé ÷àñ ñåðåä â³äîìèõ òèï³â ìàãíåòíèõ á³îñóì³ñíèõ ðå÷îâèí 
øèðîêîãî çàñòîñóâàííÿ, çîêðåìà äëÿ ñèíòåçè êîìïîçèòíèõ íàíî-
ñòðóêòóð, íàáóâ ìàãíåòèò (Fe3O4), ÿêèé ìàº á³îãåííó ïðèðîäó. 
Ñïîñîáè âèãîòîâëåííÿ é óí³êàëüí³ âëàñòèâîñò³ Fe3O4 äîáðå âèâ÷å-
íî (çà íîðìàëüíèõ óìîâ ðîçì³ðíà îáëàñòü ñóïåðïàðàìàãíåòíîãî 
ñòàíó é àáñîëþòíî¿ îäíîäîìåííîñòè ñêëàäàº 3–23 íì) [22]. 
 Îáîëîíêà ïîë³ôóíêö³îíàëüíîãî ÍÊ ôîðìóºòüñÿ íàâêîëî éîãî 
ÿäðà (ðèñ. 1), ìàº ñêëàäíó áóäîâó, â ÿê³é ìîæíà âèä³ëèòè òðè 
øàðè òîâùèíîþ h2, h3, h4 â³äïîâ³äíî. Ö³ øàðè ïîñë³äîâíî óòâî-
ðþþòüñÿ â ïðîöåñ³ ñèíòåçè ÍÊ ç ìåòîþ âèêîíàííÿ íèì çàäàíèõ 
ôóíêö³é. Çàçíà÷èìî, ùî ïîä³ë îáîëîíêè íà ê³ëüê³ñòü øàð³â ìàº 
óìîâíèé õàðàêòåð ³ âèçíà÷àºòüñÿ îñîáëèâîñòÿìè ôóíêö³îíàëüíî-
ãî ïðèçíà÷åííÿ ÍÊ. 
 Òàê, îáîëîíêà ì³ñòèòü äðóãèé ³ºðàðõ³÷íèé ð³âåíü ÍÊ (h2), ÿêèé 
ñòâîðþºòüñÿ õåì³÷íèì ìîäèô³êóâàííÿì ïîâåðõí³ âèõ³äíî¿ ìàãíåò-
íî¿ íàíî÷àñòèíêè ïîêðèòòÿì (â åêñïåðèìåíòàõ âèêîðèñòîâóâàëè -
àì³íî-ïðîï³ëñèëîêñàí ( -ÀÏÑ), ìåçî-2,3-äèìåðêàïòîñóêöèíîâó êè-
ñëîòó (ÄÌÑÊ), ä³åòèëåíòðèàì³íïåíòàóêñóñíó êèñëîòó (ÄÒÏÊ), öè-
òðàò Íàòð³þ, ã³äðîêñèàïàòèò (ÃÀ), îêñèä Ñèë³ö³þ, îêñèä Òèòàíó, 
îêñèä Àëþì³í³þ, ïîë³àêðèëàì³ä (ÏÀÀ) òîùî) [15, 18, 22, 25, 41]. 
Ìîäèô³êàòîð ñòàá³ë³çóº ÿäðî â á³îëîã³÷íîìó ñåðåäîâèù³, çáåð³ãàº 
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éîãî âèñîêó ïèòîìó ïîâåðõíþ, ï³äâèùóº á³îñóì³ñí³ñòü ³ çàáåçïå÷óº 
íåîáõ³äíó õåì³÷íó ôóíêö³îíàë³çàö³þ äëÿ íàñòóïíî¿ á³îôóíêö³îíà-
ë³çàö³¿ ÍÊ. Òîâùèíà ìîäèô³êàòîðà h2 ñòàíîâèòü 1–2 íì â çàëåæ-
íîñò³ â³ä éîãî ïðèçíà÷åííÿ, õåì³÷íî¿ ïðèðîäè òà ðîçì³ðó ÿäðà. 
 Á³îôóíêö³îíàë³çàö³ÿ íàíîêîìïîçèòó â³äáóâàºòüñÿ íà òðåòüîìó 
ð³âí³ (h3) ³ºðàðõ³÷íî¿ íàíîñòðóêòóðè øëÿõîì ³ììîá³ë³çàö³¿ õåì³î-, 
³ìóíî-, ðàä³îòåðàïåâòè÷íèõ íåéòðîíçàõîïëþâàëüíèõ ³ ä³ÿãíîñòè-
÷íèõ ïðåïàðàò³â, à òàêîæ ñåíñîð³â (àíòèò³ë), ùî ðîçï³çíàþòü ñïå-
öèô³÷í³ ì³êðîá³îëîã³÷í³ îá'ºêòè [15, 19, 22, 25, 41]. Îñê³ëüêè 
ñóì³ñíà ³ììîá³ë³çàö³ÿ ð³çíèõ òèï³â ë³êàðñüêèõ çàñîá³â íå çàâæäè 
º ìîæëèâîþ, òîìó øàð, ùî ì³ñòèòü ¿õ (h3, ðèñ. 1) ôîðìóºòüñÿ â 
ïåâí³é ïîñë³äîâíîñò³; éîãî òîâùèíà ñòàíîâèòü 1–3 íì. Äëÿ á³î-
ôóíêö³îíàë³çàö³¿ ÍÊ âèêîðèñòîâóâàëè àêòóàëüí³ ñó÷àñí³ ïðîòè-
ïóõëèíí³ çàñîáè çà ìåõàí³çìàìè: õåì³îòåðàï³¿ (öèñïëàòèí (ÖÏ), 
äîêñîðóá³öèí (ÄÐ), ãåìöèòàá³í (ÃÖ)), ³ìóíîòåðàï³¿ (àíòèò³ëà (ÀÒ) 
CD-95, HER2, ³ìóíîãëîáóë³íè), ðàä³îëîã³÷íî¿ íåéòðîíçàõîïëþâà-
ëüíî¿ òåðàï³¿ (êàðáîðàí (ÊÁ), B-, Gd-âì³ñí³ ñïîëóêè), ôîòîäèíà-
ì³÷íî¿ (³íäîö³àí³íîâ³ áàðâíèêè, àöåòîí³òðèë, äè³çîïðîï³ëàì³í) òà 
ôîòîòåðìàëüíî¿ (íàíî÷àñòèíêè Au, Ag) òåðàï³¿ òîùî. 
 Çàçíà÷èìî, ùî äîñë³äæåííÿ ñèíòåçîâàíèõ ÍÊ íà îñíîâ³ ïðîòè-
ïóõëèííèõ ïðåïàðàò³â, ¿õíüî¿ á³îàêòèâíîñòè in vitro é in vivo, 
ñòâîðåíèõ ìîäåë³â íîâèõ ïåðñïåêòèâíèõ ìàãíåòî÷óòëèâèõ îíêîëî-
ã³÷íèõ ë³êàðñüêèõ çàñîá³â âèêîíàíî ñï³ëüíî ç ²ÅÏÎÐ ³ì. Ð. ª. Êà-
âåöüêîãî ÍÀÍ Óêðà¿íè. 
 Ðåàë³çàö³ÿ ë³êóâàëüíèõ ôóíêö³é çä³éñíþºòüñÿ øëÿõîì âèâ³ëü-
íåííÿ á³îàêòèâíèõ ñêëàäîâèõ ç îáîëîíêîâî¿ ñòðóêòóðè ÍÊ àáî ä³-
ºþ íà òåðàïåâòè÷íó ì³øåíü êîìïëåêñ³â, óòâîðåíèõ á³îàêòèâíèìè 
ïðåïàðàòàìè ³ç çàë³çîâì³ñíèì íàíîðîçì³ðíèì íîñ³ºì, ÿêèé òàêîæ 
âèêîíóº âàæëèâó é àêòèâíó ðîëü ó á³îõåì³÷íèõ ïðîöåñàõ íà êë³-
òèííîìó ð³âí³ [42, 43]. ×èñëåííèìè äîñë³äæåííÿìè åêñïåðèìåí-
òàëüíî âñòàíîâëåíî âàæëèâó îñîáëèâ³ñòü ÍÊ ç ôóíêö³ÿìè íàíîðî-
áîò³â: ñèíåðã³çì ä³¿ éîãî á³îëîã³÷íî àêòèâíèõ ñêëàäîâèõ íà òåðàïå-
âòè÷íó ì³øåíü. 
 Ôóíêö³¿ ÷åòâåðòîãî ³ºðàðõ³÷íîãî ð³âíÿ (h4, ðèñ. 1) ïîâ'ÿçàí³ ç 
êàïñóëþâàííÿì ÍÊ ³ ïîëÿãàþòü ó çáåðåæåíí³ ¿õí³õ âëàñòèâîñòåé 
³ ïðîëîíãàö³¿ ä³¿. Íàíîêàïñóëþâàííÿ çä³éñíþþòü äåêñòðàíîì, 
æåëàòèíîì, ïîë³â³í³ëîâèì ñïèðòîì, ïîë³â³í³ëï³ðîë³äîíîì [15, 18, 
22]. 

2.1.1. Ìàãíåòî÷óòëèâ³ íàíîêîìïîçèòè äëÿ êîìïëåêñíî¿ ëîêàëüíî¿ 
òåðàï³¿ 

Ç ìåòîþ ñòâîðåííÿ íîâ³òí³õ ìàãíåòî÷óòëèâèõ ïðîòèïóõëèííèõ 
ë³êàðñüêèõ çàñîá³â, çäàòíèõ ðîçï³çíàâàòè ñïåöèô³÷í³ êë³òèíè òà 
âèêîíóâàòè êîìïëåêñ õåì³î-, ³ìóíî-, ã³ïåðòåðì³÷íèõ òåðàïåâòè÷-
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íèõ ³ ä³ÿãíîñòè÷íèõ ôóíêö³é íà òêàíèííîìó òà êë³òèííîìó ð³â-
íÿõ, ñèíòåçîâàíî çðàçêè ÍÊ òèïó ÿäðî–áàãàòîð³âíåâà îáîëîíêà, 
ÿê³ ì³ñòèëè â ñòðóêòóð³ çàë³çîâì³ñíîãî ÿäðà éîíè ¥àäîë³í³þ, à 
îáîëîíêè — ³ììîá³ë³çîâàíèé ïðîòèïóõëèííèé õåì³îòåðàïåâòè÷-
íèé ïðåïàðàò (ÖÏ, ÄÐ, ÃÖ), ìîíîêëîíàëüíå ÀÒ CD 95, ÀÒ HER2 
[14–25, 42, 43] òîùî. 
 Åêñïåðèìåíòàëüíî â³äïðàöüîâàíî òà ï³äòâåðäæåíî îñíîâí³ ôó-
íêö³îíàëüí³ ìîæëèâîñò³ ÍÊ: êåðîâàíå äîñòàâëÿííÿ äî ïóõëèí, 
óòðèìóâàííÿ çà äîïîìîãîþ ´ðàä³ºíòíîãî ïîñò³éíîãî çîâí³øíüîãî 
ìàãíåòíîãî ïîëÿ, ïðîëîíãîâàíå âèâ³ëüíåííÿ ë³êàðñüêèõ ïðåïàðà-
ò³â ð³çíèõ ìåõàí³çì³â ä³¿, ðîçï³çíàâàííÿ ïóõëèííèõ êë³òèí ³ 
çä³éñíåííÿ ëîêàëüíî¿ õåì³î- é ³ìóíîòåðàï³¿. 
 Äîäàòêîâèìè ìîæëèâîñòÿìè ñèíòåçîâàíèõ ÍÊ º ñòâîðåííÿ ã³-
ïåðòåðì³÷íîãî åôåêòó çà äîïîìîãîþ çì³ííîãî çîâí³øíüîãî ìàãíå-
òíîãî ïîëÿ òà çä³éñíåííÿ ÌÐÒ-ä³ÿãíîñòèêè â Ò1-, Ò2-ðåæèìàõ ðå-
àëüíîãî ÷àñó. 
 Íà îñíîâ³ äîñë³äæåíèõ ÍÊ ñòâîðåíî íîâ³ ìîäåë³ â³ò÷èçíÿíèõ 
îíêîëîã³÷íèõ ë³êàðñüêèõ çàñîá³â ç ï³äâèùåíîþ åôåêòèâí³ñòþ òà 
çä³éñíåíî íåîáõ³äí³ ô³çèêî-õåì³÷í³ òà á³îëîã³÷í³ (in vitro, in vivo) 
äîñë³äæåííÿ [44–55]. 
 Ñèíåðã³éíà ñóì³ñíà ä³ÿ íà ïóõëèíí³ êë³òèíè çàë³çîâì³ñíîãî íî-
ñ³ÿ, õåì³îòåðàïåâòè÷íîãî ïðåïàðàòó é àíòèò³ëà çà åôåêòèâí³ñòþ 
íà 50–100% ïåðåâåðøóâàëà ä³þ â³äïîâ³äíèõ ë³êàðñüêèõ çàñîá³â â 
³íäèâ³äóàëüíîìó âèêîðèñòàíí³ ïðåïàðàò³â ó òèõ æå äîçàõ [17]. 
Âèÿâëåíèé ñèíåðã³éíèé öèòîòîêñè÷íèé/öèòîñòàòè÷íèé åôåêò ïî-
ÿñíåíî âèñîêîþ á³îëîã³÷íîþ àêòèâí³ñòþ êîìïëåêñó ìàãíåòèòó ç 
õåì³îòåðàïåâòè÷íèì ë³êàðñüêèì ïðåïàðàòîì é àíòèò³ëîì âíàñë³-
äîê ðîçï³çíàâàííÿ ðåöåïòîð³â ïóõëèííèõ êë³òèí àíòèò³ëîì ³ ôà-
ðìàêîëîã³÷íî¿ êîðåêö³¿ îáì³íó åíäîãåííîãî çàë³çà [43, 56]. ßê 
ïðèêëàä, â òàáë. 1 íàâåäåíî ðåçóëüòàòè äîñë³äæåííÿ âïëèâó ìàã-
íåòî÷óòëèâèõ ÍÊ ç àäñîðáîâàíèì ÖÏ, êîí'þ´îâàíèõ ìîíîêëîíà-
ëüíèìè àíòèò³ëàìè CD 95, íà æèòòºçäàòí³ñòü êë³òèí ë³í³¿ ÌÑF-7 
[14, 17]. 
 Òàê, âñòàíîâëåíî, ùî â ìåõàí³çìàõ ðåàë³çàö³¿ ïðîãðàìè àïîï-
òîçó âíàñë³äîê ôîðìóâàííÿ ìåäèêàìåíòîçíîãî âïëèâó ÍÊ ³ñòîòíó 
ðîëü â³ä³ãðàþòü ïîðóøåííÿ îáì³íó åíäîãåííîãî çàë³çà â îíêîêë³-
òèíàõ. Âêàçàí³ ïîðóøåííÿ âèêëèêàþòü ï³äâèùåíó ïîòðåáó êë³-
òèí ó çàë³ç³, ÿêà çàäîâîëüíÿºòüñÿ íàêîïè÷åííÿì çíà÷íî¿ ê³ëüêîñ-
òè Í× Fe3O4. Âèñîêèé ð³âåíü «â³ëüíîãî çàë³çà» ó ôîðì³ íàêîïè-
÷åíîãî Fe3O4 òà êèñëîãî ñåðåäîâèùà â êë³òèíàõ çóìîâëþº ïðèø-
âèäøåíå óòâîðåííÿ éîí³â Ôåðóìó é àêòèâíèõ ôîðì Îêñè´åíó 
(Ôåíòîíîâà ðåàêö³ÿ), ùî, â ñâîþ ÷åðãó, ïðèçâîäèòü äî îêñèäàòèâ-
íîãî ñòðåñó êë³òèí ³ àïîïòîçó. Âîäíî÷àñ â³äáóâàºòüñÿ òàêîæ ï³ä-
ñèëåííÿ åôåêòèâíîñòè ä³¿ ÿê õåì³îòåðàïåâòè÷íîãî ïðåïàðàòó, òàê 
³ àíòèò³ëà. 
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2.1.2. Ìàãíåòî÷óòëèâ³ íàíîêîìïîçèòè äëÿ íåéòðîíçàõîïëþâàëüíî¿ 
òåðàï³¿ 

Ðîçðîáêà íàóêîâèõ ï³äõîä³â äî âèð³øåííÿ ïðîáëåìè âïðîâàäæåí-
íÿ ìàãíåòîêåðîâàíèõ ïîë³ôóíêö³îíàëüíèõ B- é Gd-âì³ñíèõ ÍÊ ó 
íåéòðîíçàõîïëþâàëüíó òåðàï³þ (ÍÇÒ) º àêòóàëüíèì çàâäàííÿì, 
îñê³ëüêè âîíè ìîæóòü ñòàòè îñíîâîþ äëÿ ñòâîðåííÿ íîâèõ òèï³â 
ìàëîòîêñè÷íèõ ñåëåêòèâíèõ ðàä³îëîã³÷íèõ ë³êàðñüêèõ çàñîá³â ³ç 
äîäàòêîâèìè ôóíêö³ÿìè ìàãíåòîêåðîâàíîãî ñïðÿìîâàíîãî äîñòàâ-
ëÿííÿ äî îðãàí³â- àáî êë³òèí-ì³øåíåé ³ äåïîíóâàííÿ õåì³î- é 
³ìóíîòåðàïåâòè÷íèõ ïðåïàðàò³â, ã³ïåðòåðì³¿ òà êîìá³íîâàíî¿ Ò1-, 
Ò2-ÌÐÒ-ä³ÿãíîñòèêè ó ðåæèì³ ðåàëüíîãî ÷àñó. 
 Â ðîáîòàõ [18, 21, 24, 25, 33, 39, 47, 49, 55, 57, 58] ðîçðîáëåíî 
ìåòîäèêè ñèíòåçè òà äîñë³äæåíî âëàñòèâîñò³ ÍÊ íà îñíîâ³ îäíî-
äîìåííîãî ìàãíåòèòó äëÿ ÍÇÒ, çîêðåìà: 
1) Fe3O4/ -ÀÏÑ/ÄÒÏÊ/Gd — êîâàëåíòíîþ ³ììîá³ë³çàö³ºþ íà ïî-
âåðõí³ Fe3O4, ìîäèô³êîâàí³é -ÀÏÑ, ÄÒÏÊ ó êîìïëåêñàõ ç éîíà-
ìè Gd3+; 
2) Fe3O4/ÄÌÑÊ/Gd — ìîäèô³êóâàííÿì ïîâåðõí³ ìàãíåòèòó ÄÌÑÊ, 
äî êàðáîêñèëüíèõ ³ ñóëüôîã³äðèëüíèõ ôóíêö³îíàëüíèõ ãðóï ÿêî¿ 

ÒÀÁËÈÖß 1. Âïëèâ ìàãíåòî÷óòëèâèõ ÍÊ ç àäñîðáîâàíèì ÖÏ, êîí'þ´î-
âàíèõ ìîíîêëîíàëüíèìè àíòèò³ëàìè CD 95, íà æèòòºçäàòí³ñòü êë³òèí 
ë³í³¿ ÌÑF-7 [14, 17].2 
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ÖÏ, 2,5 ìêã/ìë 25 34 — — 31 — — 
CD 95, 0,2 ìêã/ìë 10 — 25 — — 20 — 

ÖÏ CD 95 40 — — 46 — — 46 
ÖÏ, 2,5 ìêã/ìë 25 38 — — 48 — — 

CD 95, 0,2 ìêã/ìë 10 — 21 — — 27 — 
ÖÏ CD 95 40 — — 57 — — 57 
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ïðèºäíàíî éîíè Gd3+; 
3) Fe3O4/ÄÌÑÊ/ÊÁ — ìîäèô³êóâàííÿì ïîâåðõí³ ìàãíåòèòó ÄÌÑÊ 
ç ïîäàëüøîþ ôóíêö³îíàë³çàö³ºþ îðòî-ò³îêàðáîðàíîì çà ðåàêö³ºþ 
ò³îë-äèñóëüô³äíîãî îáì³íó; 
4) Fe3O4/GdBO3 — ìîäèô³êóâàííÿì ïîâåðõí³ ìàãíåòèòó áîðàòîì 
¥àäîë³í³þ GdBO3, ùî óòâîðþºòüñÿ â ðåçóëüòàò³ âçàºìîä³¿ éîí³â 
Gd3+ ³ç ã³äðàòîâàíèìè àí³îíàìè Áîðó [B4O5(OH)4]2 ç ïîäàëüøîþ 
ã³äðîë³çîþ äî GdBO3; ÍÊ öüîãî òèïó îäíî÷àñíî ì³ñòÿòü Áîð ³ ¥à-
äîë³í³é, ìîæóòü ïîºäíóâàòè ôóíêö³¿ íåîðãàí³÷íîãî ñöèíòèëÿòîðà 
òà íåéòðîíçàõîïëþâàëüíîãî à´åíòà. 
 ÍÊ ñèíòåçîâàíî ç êîìïîíåíò³â, ùî õàðàêòåðèçóþòüñÿ çàäîâ³ëü-
íîþ á³îñóì³ñí³ñòþ. ¯õí³ áóäîâó òà âëàñòèâîñò³ âèâ÷åíî êîìïëåê-
ñîì ô³çèêî-õåì³÷íèõ ìåòîä³â. 

2.1.3. Íàíîêîìïîçèòè äëÿ ôîòîäèíàì³÷íî¿ òåðàï³¿ 

Ç ìåòîþ ñòâîðåííÿ ïåðñïåêòèâíèõ äëÿ âèêîðèñòàííÿ â ôîòîäèíà-
ì³÷í³é òåðàï³¿ (ÔÄÒ) íîâèõ ìàãíåòî÷óòëèâèõ ïîë³ôóíêö³îíàëüíèõ 
ë³êàðñüêèõ çàñîá³â ñèíòåçîâàíî ÍÊ òèïó ÿäðî–îáîëîíêà ç áàãàòî-
ð³âíåâîþ ³ºðàðõ³÷íîþ íàíîàðõ³òåêòóðîþ òà ôóíêö³ÿìè ìåäè÷íî-
á³îëîã³÷íèõ íàíîðîáîò³â, ùî ì³ñòÿòü ìàãíåòèò ³ç ìîäèô³êîâàíîþ 
äèìåðêàïòîñóêöèíîâîþ êèñëîòîþ ïîâåðõíåþ, ³ììîá³ë³çîâàí³ ³íäî-
ö³àí³íîâ³ áàðâíèêè (²Á3207, ²Á3428, âèãîòîâëåí³ â ²íñòèòóò³ îðãà-
í³÷íî¿ õ³ì³¿ ÍÀÍ Óêðà¿íè Ñëîì³íñüêèì Þ. Ë.) òà äîñë³äæåíî ¿õí³ 
ôëþîðåñöåíòí³ âëàñòèâîñò³ [25]. 
 ßê ðîç÷èííèê âèêîðèñòîâóâàëè àöåòîí³òðèë, à êàòàë³çàòîðîì 
ðåàêö³¿ âçàºìîä³¿ áàðâíèêà òà êîìïîçèòó Fe3O4/ÄÌÑÊ ñëóãóâàâ äè-
³çîïðîï³ëàì³í. 
 Ïðî ïðèºäíàííÿ áàðâíèêà ²Á3207 äî ïîâåðõí³ ÍÊ Fe3O4/ÄÌÑÊ 
ñâ³ä÷èëè íàÿâí³ ñìóãè âáèðàííÿ â ³íòåðâàë³ 3220–3560 ñì 1 ³íôðà-
÷åðâîíèõ Ôóð'º-ñïåêòð³â ÍÊ Fe3O4/ÄÌÑÊ/²Á3207, ÿê³ ìîæíà â³ä-
íåñòè äî âàëåíòíèõ êîëèâàíü OH-ãðóï ²Á3207, à òàêîæ ñïåêòðè 
äèôóçíîãî â³äáèâàííÿ ÍÊ Fe3O4/ÄÌÑÊ/²Á3207 ó âèäèì³é îáëàñò³, 
à ñàìå, íàÿâí³ñòü õàðàêòåðíî¿ äëÿ ²Á3207 ñìóãè âáèðàííÿ ïðè 690 
íì. 
 Òàêîæ åêñïåðèìåíòàëüíî áóëî âñòàíîâëåíî, ùî ó ÍÊ 
Fe3O4/ÄÌÑÊ/²Á3207 ñïîñòåð³ãàºòüñÿ ÿâèùå ôîòîëþì³íåñöåíö³¿: çà 
äîâæèíè õâèë³ çáóäæåííÿ ó 514,5 íì â îáëàñò³ 775–850 íì â³äáó-
âàºòüñÿ ³íòåíñèâíå âèïðîì³íþâàííÿ, ïîâ'ÿçàíå ç àêòèâí³ñòþ ³íäî-
ö³àí³íîâîãî áàðâíèêà. 
 Îäåðæàí³ äàí³ ñâ³ä÷àòü ïðî ïåðñïåêòèâí³ñòü äîñë³äæåíü ç ìåòîþ 
ïðàêòè÷íîãî çàñòîñóâàííÿ ÍÊ Fe3O4/ÄÌÑÊ/²Á3207 äëÿ ÔÄÒ, çäà-
òíèõ äî ôëþîðåñöåíö³¿ ó áëèçüê³é ³íôðà÷åðâîí³é îáëàñò³ ñïåêòðó, 
ç äîäàòêîâèìè ôóíêö³ÿìè àäðåñíîãî äîñòàâëÿííÿ, ã³ïåðòåðì³¿, êî-
íòðàñòóâàííÿ ï³ä ÷àñ ÌÐÒ-ä³ÿãíîñòèêè òîùî. 



938 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

3. ÍÀÍÎÊÎÌÏÎÇÈÒÈ ÄËß ÌÀÃÍÅÒÎ×ÓÒËÈÂÈÕ 
ÀÄÑÎÐÁÖ²ÉÍÈÕ ÌÀÒÅÐ²ßË²Â 

Íàíîêîìïîçèòè äëÿ á³îìàãíåòíèõ ³ìóíîàäñîðáåíò³â. Ïðîâåäåíî 
äîñë³äæåííÿ ç ìåòîþ âèð³øåííÿ àêòóàëüíî¿ ïðîáëåìè ñòâîðåííÿ 
á³îìàãíåòíèõ àäñîðáåíò³â, çäàòíèõ âèäàëÿòè â³ðóñí³ ÷àñòèíêè ãå-
ïàòèòó ç á³îëîã³÷íèõ ð³äèí, çîêðåìà ç ïëàçìè òà ñèðîâàòêè êðîâ³ 
ëþäèíè [15, 19, 24, 25]. Ðîáîòè áóëî âèêîíàíî ñï³ëüíî ç ôàõ³â-
öÿìè ²íñòèòóòó ãåìàòîëîã³¿ òà òðàíñôóç³îëîã³¿ ÍÀÌÍ Óêðà¿íè. 
Á³îìàãíåòíèé àäñîðáåíò îäåðæóâàëè ìîäèô³êóâàííÿì çîëü–´åëü-
ìåòîäîì ïîâåðõí³ íàíîäèñïåðñíîãî ìàãíåòèòó ñèë³êà- -
àì³íîïðîï³ëñèëîêñàíîì ç íàñòóïíîþ ³ììîá³ë³çàö³ºþ â³äïîâ³äíèõ 
³ìóíîãëîáóë³í³â (äåòàëüíî åêñïåðèìåíòàëüí³ ìåòîäèêè íàâåäåíî â 
[24, 25]). Íà ö³é îñíîâ³ áóëî ñèíòåçîâàíî çðàçêè, ñïåöèô³÷í³ ùîäî 
â³ðóñ³â ãåïàòèò³â Â ³ Ñ, çäàòí³ äî åôåêòèâíîãî âèäàëåííÿ âêàçàíèõ 
³íôåêö³éíèõ â³ðóñ³â ³ç ïðîäóêò³â äîíîðñüêî¿ êðîâ³ ëþäèíè. Îäíàê 
ïîâíî¿ â³ðóñíî¿ ³íàêòèâàö³¿ ð³äèí íå áóëî äîñÿãíóòî. Äîñë³äæåí-
íÿìè âñòàíîâëåíî, ùî öå ïîâ'ÿçàíå ç íàÿâí³ñòþ íåçíà÷íî¿ çàëèø-
êîâî¿ ê³ëüêîñòè â³ðóëåíòíèõ äåôåêòíèõ (ìóòîâàíèõ) ³íôåêö³éíèõ 
â³ðóñíèõ ÷àñòèíîê, ÿê³ íå ðîçï³çíàâàëèñÿ àíòèò³ëîì, ùî óíåìîæ-
ëèâëþâàëî çä³éñíèòè ïîâíó äåêîíòàì³íàö³þ ¿õ. 
Íàíîêîìïîçèòè äëÿ àäñîðáåíò³â ìåäè÷íîãî, òåõí³÷íîãî, òåõíî-
ëîã³÷íîãî é åêîëîã³÷íîãî ïðèçíà÷åííÿ. Çðàçêè ìàãíåòèòó òà ÍÊ ç 
ïîâåðõíÿìè ð³çíî¿ õåì³÷íî¿ ïðèðîäè (Fe3O4/ÃÀ (ÃÀ — ã³äðîêñèà-
ïàòèò), Fe3O4/ -ÀÏÑ, Fe3O4/ÄÌÑÊ, Fe3O4/ÏÀÀ (ÏÀÀ — ïîë³àêðè-
ëàì³ä), Fe3O4/SiO2, Fe3O4/ÒiO2, Fe3O4/Al2Î3, Fe3O4/Ñ) áóëè âèêîðè-
ñòàí³ äëÿ äîñë³äæåíü àäñîðáö³¿ ÖÏ, ÄÐ ³ ÃÖ. 
 Á³îñóì³ñí³ñòü, çàäîâ³ëüí³ ìàãíåòí³ âëàñòèâîñò³ é àäñîðáö³éí³ 
ïàðàìåòðè äîñë³äæåíèõ ÍÊ ïî â³äíîøåííþ äî âêàçàíèõ õåì³îòå-
ðàïåâòè÷íèõ ïðåïàðàò³â, éîí³â Ôåðóìó, Ïëþìáóìó, Êóïðóìó, 
Êàäì³þ, Öèíêó, ¥àäîë³í³þ, Àð´åíòóìó, Àóðóìó òîùî, çîêðåìà çà 
¿õí³õ ìàëèõ êîíöåíòðàö³é, ìîæëèâ³ñòü âèêîðèñòàííÿ â ð³äêèõ 
ñåðåäîâèùàõ, â òîìó ÷èñë³ á³îëîã³÷íèõ, ñâ³ä÷àòü ïðî ïåðñïåêòèâ-
í³ñòü çàñòîñóâàííÿ ¿õ â ÿêîñò³ àäñîðáåíò³â ìåäè÷íî-á³îëîã³÷íîãî, 
òåõí³÷íîãî, òåõíîëîã³÷íîãî é åêîëîã³÷íîãî ïðèçíà÷åííÿ [15, 18, 
24, 25, 47–52, 59–63]. 

4. ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÍÀÍÎÊÎÌÏÎÇÈÒÈ ÄËß 
ÔÎÒÎÔÀÐÌÀÊÎËÎÃ²¯ 

Àíàë³çà îãëÿäó íàóêîâî¿ ë³òåðàòóðè é ³íòåðíåò-äæåðåë ñâ³ä÷èòü, 
ùî êëþ÷îâîþ ïðîáëåìîþ ñó÷àñíî¿ êë³í³÷íî¿ ôàðìàêîëîã³¿ º â³ä-
ñóòí³ñòü äîñòàòíüî¿ ñïåöèô³÷íîñòè é ³ñòîòí³ ïîá³÷í³ åôåêòè á³ëü-
øîñòè ë³ê³â, îñîáëèâî òèõ, òåðàïåâòè÷íà ä³ÿ ÿêèõ ìàº áóòè ñòðî-
ãî îáìåæåíîþ òèìè ÷è ³íøèìè âíóòð³øí³ìè ä³ëÿíêàìè îðãàí³ç-
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ìó, òêàíèíàìè àáî ãðóïàìè êë³òèí. Äëÿ âèð³øåííÿ ö³º¿ ïðîáëåìè 
ïðîïîíóºòüñÿ ïîºäíàííÿ ñâ³òëî÷óòëèâèõ ôîðì á³îëîã³÷íî àêòèâ-
íèõ ñïîëóê ³ç íàíî÷àñòèíêàìè, ÿê³ çäàòí³ ïåðåâèïðîì³íþâàòè 
êâàíòè âèäèìîãî ñâ³òëà ó â³äïîâ³äü íà âáèðàííÿ êâàíò³â âèñîêîï-
ðîíèêíîãî âèïðîì³íåííÿ, çîêðåìà, Ðåíò´åíîâîãî. Ââàæàºòüñÿ, ùî 
òàêà ñòðàòåã³ÿ ïîòåíö³éíî äàñòü çìîãó âèâ³ëüíÿòè áóäü-ÿêèé òèï 
á³îëîã³÷íî àêòèâíî¿ ñïîëóêè, äëÿ ÿêî¿ ñòâîðåíî ñâ³òëî÷óòëèâó, 
á³îëîã³÷íî ³íåðòíó ôîðìó, ó áóäü-ÿêîìó âèáðàíîìó ì³ñö³ îðãàí³ç-
ìó òà â áóäü-ÿêèé âèáðàíèé ÷àñ, ïðîäèêòîâàíèé âèêëþ÷íî òåðà-
ïåâòè÷íèìè ïîêàçàííÿìè, áåç çíà÷íèõ ïîá³÷íèõ åôåêò³â. Íàâåäå-
íà ñòðàòåã³ÿ, ïî ñóò³, ñêëàäàº ³äåéíó îñíîâó ôîòîôàðìàêîëîã³¿ (çà 
äåÿêèìè äæåðåëàìè — îïòîôàðìàêîëîã³¿). 
 Â ìèíóëîìó äåñÿòèë³òò³ ôîòîôàðìàêîëîã³ÿ ôàêòè÷íî â³äêðèëà 
íîâó ìåòîäîëîã³÷íó åðó â íåéðîá³îëîã³¿. Çîêðåìà, ñòâîðåíî ñó÷àñ-
íèé ïîòóæí³é êîìïëåêñ ìåòîä³â ³ ï³äõîä³â, ùî óìîæëèâëþº çä³éñ-
íþâàòè ð³çíîá³÷íèé ³ ñåëåêòèâíèé ìîí³òîðèí´ ³ êîíòðîëü íåéðîí-
íî¿ àêòèâíîñòè. 
 Â íàø ÷àñ îñîáëèâî¿ àêòóàëüíîñòè íàáóâàþòü äîñë³äæåííÿ ãîëî-
âíîãî ìîçêó ÿê êîìïëåêñó ò³ñíî âçàºìîïîâ'ÿçàíèõ ðîçïîä³ëåíèõ 
íåéðîííèõ ìåðåæ, âçàºìîä³¿ ÿêèõ ñòàíîâëÿòü ãîëîâíó ñóòü éîãî 
ôóíêö³é. Ñó÷àñíà íàóêà ïðî ìîçîê ïîòðåáóº åôåêòèâíîãî åêñïåðè-
ìåíòàëüíîãî âèâ÷åííÿ ïîä³áíèõ ñêëàäíèõ ôóíêö³îíàëüíèõ ñèñòåì, 
çîêðåìà øëÿõîì àíàë³çè ðîáîòè íåéðîííèõ ìåðåæ çà äîïîìîãîþ 
âèá³ðêîâîãî êåðóâàííÿ ôóíêö³ÿìè ñêëàäîâèõ ¿õí³õ íåéðîí³â. 
 Îäíàê çàãàëüíîâèçíàíî, ùî àêòóàëüíèìè çàëèøàþòüñÿ ïðî-
áëåìè ñòâîðåííÿ íîâèõ åôåêòèâíèõ ôîòîôàðìàêîëîã³÷íèõ çàñîá³â 
ñïðÿìîâàíîãî âïëèâó íà êë³òèííîìó ð³âí³, ¿õíüî¿ òîêñè÷íîñòè òà 
ñòàá³ëüíîñòè, ðîçðîáêè ñåíñîðíèõ ñèñòåì, ³íòåðïðåòàö³¿ ðåçóëüòà-
ò³â òîùî. 
 Âèõîäÿ÷è ç íàâåäåíèõ äàíèõ, ìîæíà ñòâåðäæóâàòè, ùî àêòóà-
ëüíèìè çàâäàííÿìè ñó÷àñíî¿ ôîòîôàðìàêîëîã³¿ ç ôóíäàìåíòàëü-
íî¿ òà ïðèêëàäíî¿ òî÷îê çîðó, äîòè÷íèõ äî õåì³÷íî¿ íàóêè, º 
ñòâîðåííÿ íàíîòåõíîëîã³é âèãîòîâëåííÿ ôîòî÷óòëèâèõ íàíîñòðó-
êòóð ç êåðîâàíîþ á³îàêòèâí³ñòþ, ðîçðîáêà ìåòîä³â àäðåñíîãî äîñ-
òàâëÿííÿ ôîòîôàðìàêîëîã³÷íîãî çàñîáó äî òåðàïåâòè÷íî¿ ì³øåí³, 
êîíòðîëþ â ðåàëüíîìó ÷àñ³ çà éîãî ïåðåì³ùåííÿì, ëîêàë³çàö³ºþ, 
íàêîïè÷åííÿì äîçè òîùî. 
 Òîìó â ìèíóë³ òðè ðîêè â ²íñòèòóò³ õ³ì³¿ ïîâåðõí³ ³ì. Î. Î. 
×óéêà ÍÀÍ Óêðà¿íè ñï³ëüíî ç ²íñòèòóòîì ô³ç³îëîã³¿ ³ì. Î. Î. Áî-
ãîìîëüöÿ ÍÀÍ Óêðà¿íè ðîçïî÷àòî äîñë³äæåííÿ â íîâîìó íàóêîâî-
ïðàêòè÷íîìó íàïðÿì³, ùî ïîºäíóº êîíöåïö³þ ìàãíåòî÷óòëèâèõ 
áàãàòîð³âíåâèõ ÍÊ ç ôóíêö³ÿìè íàíîðîáîò³â ç³ ñòðàòåã³ºþ ôîòîôà-
ðìàêîëîã³¿, ùî äàñòü ìîæëèâ³ñòü ðåàë³çóâàòè ¿õí³ ïåðåâàãè â îäí³é 
ðîçðîáö³ [41, 64–69]. Òàêèé ï³äõ³ä çàáåçïå÷èòü ðîçâèòîê íàíîòåõ-
íîëîã³÷íî¿ áàçè â³ò÷èçíÿíî¿ ìåòîäîëîã³¿ ìàëî³íâàçèâíî¿ ïðîòèïóõ-
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ëèííî¿ òåðàï³¿ òà êåðîâàíîãî âïëèâó íà á³îëîã³÷í³ êë³òèíí³ ñèñòå-
ìè, ïåðñïåêòèâíî¿ äëÿ ïðàêòè÷íîãî âïðîâàäæåííÿ. 
 Ãîëîâíà ñóòü ñï³ëüíèõ äîñë³äæåíü — ðîçðîáêà ä³þ÷îãî ìîäåëþ 
êîíòðîëüîâàíîãî äîñòàâëÿííÿ ôîòîôàðìàêîëîã³÷íîãî çàñîáó â 
áóäü-ÿêó ä³ëÿíêó îðãàí³çìó çà äîïîìîãîþ ìàãíåòíîãî ïîëÿ äëÿ 
ñòâîðåííÿ íå³íâàçèâíîãî âïëèâó çàäàíîãî íàïðÿìó íà íåéðîíí³ 
àáî ïóõëèíí³ êë³òèíí³ ñèñòåìè. 
 Äëÿ ñòâîðåííÿ á³îàêòèâíîãî íàíîêîìïëåêñó, ä³ÿ ÿêîãî âêëþ÷à-
ºòüñÿ âèñîêîïðîíèêíèì Ðåíò´åíîâèì âèïðîì³íåííÿì, ðîçðîáëåíî 
ìåòîäèêó ñèíòåçè é îäåðæàíî ðåíò´åíîîäíîôàçí³ íàíîäèñïåðñí³ 
ðåíò´åíîëþì³íîôîðè íà îñíîâ³ ôòîðèäó òà ôîñôàòó Ëàíòàíó, àê-
òèâîâàíèõ Òåðá³ºì. Âèâ÷åíî ÒÅÌ-çîáðàæåííÿ Í× LaF3:Tb ç ìî-
äèô³êîâàíîþ öèòðàòîì Íàòð³þ ïîâåðõíåþ (LaF3:Tb/Citr), ¿õí³ ôà-
çîâèé ñêëàä, ðîçïîä³ë çà ðîçì³ðàìè, ðåíò´åíîëþì³íåñöåíö³þ, àä-
ñîðáö³þ ìîäåëüíî¿ ôîòî÷óòëèâî¿ ðå÷îâèíè — ðóòåí³é-á³ï³ðèäèí-
í³êîòèíó (RuBiNik), ÿêà çà ä³¿ ëþì³íåñöåíòíîãî âèïðîì³íåííÿ â 
ä³ÿïàçîí³ 530–550 íì âèâ³ëüíþº á³îàêòèâíó ìîëåêóëó í³êîòèíó ç 
ïðèéíÿòíèì êâàíòîâèì âèõîäîì. 
 Ñèíòåçîâàíî òà äîñë³äæåíî ìàãíåòî÷óòëèâ³ ðåíò´åíîëþì³íåñöå-
íòí³ ÍÊ ìàãíåòèò–ôòîðèä Ëàíòàíó, ïåðñïåêòèâí³ äëÿ êîíòðîëüî-
âàíîãî àäðåñíîãî äîñòàâëÿííÿ ôîòî÷óòëèâîãî ôàðìàêîëîã³÷íîãî 
ïðåïàðàòó òà ô³êñàö³¿ éîãî â îðãàí³çì³ (ðèñ. 2). 

   
      à          á      â 

  
     ã       ä 

Ðèñ. 2. ÒÅÌ-çîáðàæåííÿ (à, ìàñøòàá 20 íì) òà ðåíò´åíîäèôðàêòîãðàìà 
(á) ÍÊ Fe3O4/LaF3:Tb, ðåíò´åíîëþì³íåñöåíö³ÿ ñèíòåçîâàíîãî ñóõîãî 
LaF3:Tb (â) òà âîäíî¿ êîëî¿äíî¿ ñèñòåìè Fe3O4/LaF3:Tb (ã) [65, 66], çàëå-
æí³ñòü àäñîðáö³¿ RuBiNik íà ïîâåðõí³ LaF3:Tb/Citr â³ä ÷àñó (ä) [41].3 
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 Òàê³ íàíîêîìïîçèòè òàêîæ ìîæóòü áóòè âèêîðèñòàí³ äëÿ ôîòî-
äèíàì³÷íî¿ ïðîòèïóõëèííî¿ òåðàï³¿, çîêðåìà, ³íòå´ðîâàí³ â ñåðå-
äîâèùå á³îàêòèâíî¿ êåðàì³êè [65, 66], òà çàñòîñîâàí³ â ê³ñòêîâ³é 
õ³ðóðã³¿, óñêëàäíåí³é ïóõëèííèìè ïðîöåñàìè. 

5. ÑÈÍÒÅÇÀ ÒÀ ÂËÀÑÒÈÂÎÑÒ² ÌÀÃÍÅÒÍÈÕ Ð²ÄÈÍ 

Äëÿ äîñë³äæåíü ñèíòåçîâàíî çðàçêè ìàãíåòíèõ ð³äèí íà îñíîâ³ 
ô³ç³îëîã³÷íîãî ðîç÷èíó (ÔÐ), ùî ì³ñòèëè ìàãíåòî÷óòëèâ³ áàãàòî-
ð³âíåâ³ ïîë³ôóíêö³îíàëüí³ ÍÊ [20, 22, 24–28, 48, 50, 52–54, 70, 
71]. Ó ÿêîñò³ ïðîòèïóõëèííèõ ë³êàðñüêèõ ïðåïàðàò³â, ³ììîá³ë³-
çîâàíèõ â îáîëîíö³ ÍÊ, âèêîðèñòîâóâàëè ÖÏ, ÄÐ, ÃÖ, à òàêîæ 
ÀÒ CD 95, HER2. ßê ñâ³ä÷àòü ðåçóëüòàòè âèïðîáóâàíü, àäñîðá-
ö³éíèé ìåòîä ³ììîá³ë³çàö³¿ õåì³îòåðàïåâòè÷íèõ ïðåïàðàò³â íà ïî-
âåðõí³ ìàãíåòî÷óòëèâèõ íîñ³¿â ìàº ïåðåâàãè ïåðåä êîâàëåíòíèì, 
îñê³ëüêè õàðàêòåðèçóºòüñÿ çáåðåæåííÿì ¿õíüî¿ öèòîòîêñè÷íîñòè 
é º ñïðèÿòëèâèì äëÿ âèâ³ëüíåííÿ ó á³îëîã³÷íå ñåðåäîâèùå. 
 Âñòàíîâëåíî óìîâè åôåêòèâíî¿ êîâàëåíòíî¿ ³ììîá³ë³çàö³¿ àíòè-
ò³ë íà ïîâåðõí³ ìàãíåòî÷óòëèâîãî íîñ³ÿ òà ñóì³ñíî¿ àäñîðáö³¿ õå-
ì³îòåðàïåâòè÷íèõ ïðåïàðàò³â é àíòèò³ë äëÿ ôîðìóâàííÿ îáîëîí-
êè ç êîìá³íîâàíèì ìåõàí³çìîì ïðîòèïóõëèííî¿ ä³¿ òà çàáåçïå-
÷åííÿ ðîçï³çíàâàííÿ ñïåöèô³÷íèõ êë³òèí. 
 Ìàãíåòí³ íîñ³¿ ñòàá³ë³çóâàëè îëåàòîì Íàòð³þ (îë.Na, 
C8H17CH CH(CH2)7CO–O–Na) çà òåìïåðàòóðè ó 80 Ñ (äèíàì³÷íèé 
ðåæèì, 1 ãîä) òà ïîë³åòèëåíãë³êîëåì (ÏÅÃ-2000). Â³äîìî, ùî ÏÅÃ 
ïåðåøêîäæàº àäñîðáö³éíèì âçàºìîä³ÿì êîìïîíåíò³â ð³äèíè ç á³-
ëêàìè, ùî º âàæëèâèì äëÿ ìåäè÷íèõ çàñòîñóâàíü ìàãíåòíèõ ð³-
äèí. Íàâàæêè îëåàòó Íàòð³þ m äëÿ ñòàá³ë³çàö³¿ ïîâåðõí³ Í× ³ 
ÍÊ ó ñêëàä³ ÌÐ ðîçðàõîâóâàëè çà êîíöåíòðàö³ºþ ã³äðîêñèëüíèõ 
ãðóï íà ¿õí³é ïîâåðõí³. Ðîçðàõóíîê ïðîâîäèëè çà ôîðìóëîþ 
m BMg, äå B — êîíöåíòðàö³ÿ ïîâåðõíåâèõ àêòèâíèõ ã³äðîêñè-
ëüíèõ ãðóï, Ì — ìîëåêóëÿðíà ìàñà îë.Na (304 ã/ìîëü), g — íà-
âàæêà Í× àáî ÍÊ. Äîäàòêîâå ìîäèô³êóâàííÿ ÏÅÃ-2000 çä³éñíþ-
âàëè â äèíàì³÷íîìó ðåæèì³ ç âèêîðèñòàííÿì øåéêåðà; ê³ëüê³ñòü 
ïîë³ìåðó ñêëàäàëà 10–15% â³ä ìàñè íàâàæêè Í× Fe3O4 àáî ÍÊ. 
 Ì³ðÿííÿ íàìàãíåòîâàíîñòè âèêîíóâàëè çà äîïîìîãîþ ìàãíåòî-
ìåòðà ç â³áðóâàëüíèì çðàçêîì (f 283 Ãö, ÷àñ ì³ðÿííÿ 100 ñ, 
Ò 300 Ê) â çàëåæíîñò³ â³ä çîâí³øíüîãî ìàãíåòíîãî ïîëÿ (Í). Ðå-
çóëüòàòè ìàãíåòíèõ ì³ðÿíü [26, 27, 48] ñâ³ä÷àòü ïðî çìåíøåííÿ 
êîåðöèòèâíî¿ ñèëè Íñ ìàãíåòíèõ ð³äèí ó ïîð³âíÿíí³ ç â³äïîâ³ä-
íèìè âèõ³äíèìè íàíîêîìïîçèòàìè. Öå ïîâ'ÿçàíå ç òèì, ùî ð³â-
íîâàæíà îð³ºíòàö³ÿ ìàãíåòíèõ ìîìåíò³â ÷àñòèíîê ÌÐ ó çîâí³ø-
íüîìó ìàãíåòíîìó ïîë³ äîñÿãàºòüñÿ îáåðòàííÿì ñàìèõ ÷àñòèíîê 
â³äíîñíî äèñïåðñ³éíîãî ñåðåäîâèùà. Â óìîâàõ åêñïåðèìåíòó ÷àñ 
Áðîóíîâî¿ îáåðòîâî¿ äèôóç³¿ àíñàìáëþ ÷àñòèíîê ÌÐ º çíà÷íî 
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ìåíøèì ÷àñó Íåºëåâî¿ ðåëàêñàö³¿ íàìàãíåòîâàíîñòè â³äïîâ³äíèõ 
÷àñòèíîê, ðîçïîä³ëåíèõ ó òâåðä³é ìàòðèö³. Çà íåçíà÷íó ã³ñòåðåçó 
ÌÐ â³äïîâ³äàþòü, éìîâ³ðíî, çàëèøêè à´ðå´àò³â, óòâîðåíèõ ¿¿ Í×. 
 Çíà÷åííÿ íàìàãíåòîâàíîñòè íàñèòó ôåðî- òà ôåðèìàãíåòíèõ 
÷àñòèíîê òàêîæ ïîíèæóþòüñÿ ç³ çìåíøåííÿì ðîçì³ð³â. ßê â³äî-
ìî, ìîíîêðèñòàë ìàãíåòèòó çà òåìïåðàòóðè ó 300 Ê õàðàêòåðèçó-
ºòüñÿ âåëè÷èíîþ íàìàãíåòîâàíîñòè íàñèòó ( s) 92 Ãñ ñì3/ã, çíà-
÷åííÿ ÿêî¿ ïðÿìóº äî 98 Ãñ ñì3/ã ³ç T 0 Ê. Í× Fe3O4 ç d 23 
íì çà òåìïåðàòóðè ó 300 Ê º àáñîëþòíî îäíîäîìåííèìè òà ñóïåð-
ïàðàìàãíåòíèìè (íàìàãíåòîâàí³ñòü ÷àñòèíêè çà áóäü-ÿêèõ çíà-
÷åíü ³ íàïðÿì³â ìàãíåòíîãî ïîëÿ çàëèøàºòüñÿ îäíîð³äíîþ ïî 
âñüîìó ¿¿ îá'ºìó) [27]. 

5.1. Öèòîòîêñè÷í³ âëàñòèâîñò³ òà á³îëîã³÷íà áåçïåêà ìàãíåòíèõ 
ð³äèí 

Öèòîòîêñè÷í³ âëàñòèâîñò³ ÌÐ, ùî ì³ñòÿòü ìàãíåòèò ³ ÖÏ 
(Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ), äîñë³äæóâàëè â ²ÅÏÎÐ ³ì. Ð. ª. 
Êàâåöüêîãî ÍÀÍ Óêðà¿íè íà ÷óòëèâèõ ³ ðåçèñòåíòíèõ äî ä³¿ ÖÏ 
êë³òèííèõ ë³í³ÿõ ðàêó ìîëî÷íî¿ çàëîçè ëþäèíè (MCF-7 ³ MCF-
7/ÑP â³äïîâ³äíî) òà ïóõëèíàõ Ãåðåíîâî¿ êàðöèíîìè [56, 72]. Ðå-
çèñòåíòí³ êë³òèíè MCF-7/ÑP îäåðæàíî øëÿõîì âèðîùóâàííÿ âè-
õ³äíèõ êë³òèí ë³í³¿ MCF-7 ó êóëüòóðàëüíîìó ñåðåäîâèù³ ç äîäà-
âàííÿì íàðîñòàëüíèõ êîíöåíòðàö³é ÖÏ â ä³ÿïàçîí³ äîç â³ä 0,01 
äî 6 ìêã/ìë. Ôîðìóâàííÿ ðåçèñòåíòíîñòè ïóõëèí äî ÖÏ ïðîâî-
äèëè øëÿõîì ïîñë³äîâíèõ ïåðåùåïëåíü ïóõëèííèõ êë³òèí, ÿê³ 
îäåðæóâàëè â³ä ùóð³â ë³í³¿ Wistar ç Ãåðåíîâîþ êàðöèíîìîþ ï³ñ-
ëÿ ïðîâåäåííÿ êóðñó òåðàï³¿ ÖÏ. 
 Âèãîòîâëåíà äëÿ äîñë³äæåíü ÌÐ Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ 
[56] ÷èíèëà äîñòîâ³ðíèé ïðîòèïóõëèííèé åôåêò íà ïóõëèíè ðå-
çèñòåíòíîãî äî öèñïëàòèíó øòàìó: ñåðåäí³é îá'ºì ïóõëèí ïîíè-
æóâàâñÿ â³ä 20,2 1,0 ñì3 ó êîíòðîëüí³é ãðóï³ äî 12,1 2,4 ñì3 ó 
òâàðèí, ÿêèì ââîäèëè íàíîêîìïîçèò (ðèñ. 3); â³äñîòîê ãàëüìó-
âàííÿ ðîñòó ïóõëèí ñêëàäàâ 40% (ðèñ. 4). 
 Ó ñèñòåìàõ in vitro é in vivo äîâåäåíî ïåðåâàãè çàñòîñóâàííÿ 
ÌÐ Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ ïîð³âíÿíî ç òðàäèö³éíèì âèêî-
ðèñòàííÿì ÖÏ. Òàê, íàïðèêëàä, ïîêàçàíî, ùî íàéá³ëüøà öèòîòî-
êñè÷íà àêòèâí³ñòü, â³äçíà÷åíà ó ðåçèñòåíòí³é ë³í³¿ MCF-7/CP, 
ïîâ'ÿçàíà ç á³ëüø àêòèâíèì íàêîïè÷åííÿì Í× çàë³çîâì³ñíîãî 
ìàãíåòèêà ó êë³òèíàõ çà ðàõóíîê âèñîêîãî ð³âíÿ ðåöåïòîð³â òðà-
íñôåðèíó, à òàêîæ ÷åðåç ïîðóøåííÿ ñèñòåìè àíòèîêñèäàíòíîãî 
çàõèñòó ðåçèñòåíòíèõ êë³òèí. Âñòàíîâëåíî, ùî ìàãíåòíà ð³äèíà 
Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ âèêëèêàº â êë³òèíàõ ðåçèñòåíòíî¿ 
ë³í³¿ âèðàæåí³ öèòîìîðôîëîã³÷í³ çì³íè òà ãåíîòîêñè÷í³ åôåêòè. 
 Òàêèì ÷èíîì, íàâåäåí³ äàí³ ñâ³ä÷àòü ïðî ïåðñïåêòèâó âèêîðèñ-
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òàííÿ ÌÐ Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ äëÿ ïàòîãåíåòè÷íî îá´ðó-
íòîâàíî¿ òàð´åòíî¿ òåðàï³¿ çëîÿê³ñíèõ íîâîóòâîðåíü. 
 Á³îëîã³÷íó áåçïåêó ÌÐ Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ ó ïîð³âíÿí-
í³ ç òðàäèö³éíèì âèêîðèñòàííÿì ÖÏ îö³íþâàëè çà çàãàëüíèìè òà 
á³îõåì³÷íèìè ïîêàçíèêàìè êðîâ³ ùóð³â ë³í³¿ Wistar ï³ñëÿ çàâåð-
øåííÿ êóðñó òåðàï³¿. Äîñë³äæåííÿ ïðîâàäèëè íà äâîõ ãðóïàõ òâà-
ðèí (ÿêèì ââîäèëè öèñïëàòèí ³ ÿêèì ââîäèëè ÌÐ 
Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ). Âñòàíîâëåíî, ùî öèñïëàòèí ³ ÌÐ 
ïðèâîäÿòü äî ï³äâèùåííÿ ð³âíÿ êðåàòèí³íó ó ñèðîâàòö³ êðîâ³ äîñ-
ë³äíèõ òâàðèí. Çà ³íøèìè á³îõåì³÷íèìè ïîêàçíèêàìè ñèðîâàòêè 

 

Ðèñ. 3. Ñåðåäí³é îá'ºì ïóõëèí ðåçèñòåíòíî¿ äî öèñïëàòèíó Ãåðåíîâî¿ 
êàðöèíîìè ï³ñëÿ òåðàï³¿ öèñïëàòèíîì ³ ôåðîìàãíåòíèì íàíîêîìïîçè-
òîì. Â³ñü àáñöèñ — ãðóïè òâàðèí, íà ÿê³ ä³ÿëè ð³çíèìè ÷èííèêàìè, â³ñü 
îðäèíàò — îá'ºì ïóõëèíè (ñì3) [56].4 

 

Ðèñ. 4. Ïðîöåíò ãàëüìóâàííÿ ðîñòó ðåçèñòåíòíî¿ äî öèñïëàòèíó Ãåðåíî-
âî¿ êàðöèíîìè çà òåðàï³¿ öèñïëàòèíîì ³ ôåðîìàãíåòíèì íàíîêîìïîçè-
òîì [56].5 
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êðîâ³ òà çàãàëüíèìè ïîêàçíèêàìè êðîâ³ âïëèâ âêàçàíèõ à´åíò³â 
ïðàêòè÷íî íå â³äð³çíÿºòüñÿ. 
 Îòæå, ïîêàçàíî, ùî âèêîðèñòàííÿ ÌÐ çà çàãàëüíèìè òà á³îõå-
ì³÷íèìè ïîêàçíèêàìè êðîâ³ íå ñòâîðþº á³ëüø òîêñè÷íîãî âïëèâó 
íà îðãàí³çì ó ïîð³âíÿíí³ ç îô³ö³éíèì ïðîòèïóõëèííèì ïðåïàðà-
òîì öèñïëàòèí. 
 Çàçíà÷èìî, ùî ó òâàðèí äîñë³äíèõ ãðóï, ÿêèì ââîäèëè öèñï-
ëàòèí ³ ÿêèì ââîäèëè ÌÐ Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ), áóëè âè-
ÿâëåí³ ïîä³áí³ çì³íè ó ñòðóêòóð³ ïå÷³íêè òà íèðîê. 
 Äåòàëüí³øå ìåòîäèêè òà ðåçóëüòàòè íàâåäåíèõ äîñë³äæåíü ì³ñ-
òÿòüñÿ â [56, 72]. 

5.2. Çàñòîñóâàííÿ ìîäåëþ «ÿäðî–áàãàòîøàðîâà îáîëîíêà» äëÿ ðî-
çðàõóíê³â ðîçì³ðíèõ ïàðàìåòð³â ïîë³ôóíêö³îíàëüíèõ íàíîêîìïî-
çèò³â 

Ó ðîáîò³ [48] ï³äòâåðäæåíî, ùî äëÿ ïîë³äèñïåðñíî¿ ÌÐ íà îñíîâ³ 
ìàãíåòèòó óçãîäæåííÿ åêñïåðèìåíòàëüíî¿ òà òåîðåòè÷íî¿ êðèâèõ 
ìàãíåòóâàííÿ ìîæëèâå çà ïðèïóùåííÿ íàÿâíîñòè ó ÷àñòèíîê 
Fe3O4 ñêëàäíî¿ ìàãíåòíî¿ ñòðóêòóðè, à ñàìå, ñëàáîìàãíåòíîãî 
ïðèïîâåðõíåâîãî øàðó òîâùèíîþ h1 0,83 íì (ñòàëà ´ðàòíèö³ ìà-
ãíåòèòó çà 300 Ê ñêëàäàº 0,824 íì). Ó [26, 48] âñòàíîâëåíî, ùî 
ðîçðàõóíêè êðèâî¿ ìàãíåòóâàííÿ ÌÐ íà îñíîâ³ îäíîäîìåííîãî 
Fe3O4 â ðàìêàõ Ëàíæåâåíîâî¿ òåîð³¿ ïàðàìàãíåòèçìó çàäîâ³ëüíî 
óçãîäæóþòüñÿ ç åêñïåðèìåíòàëüíèìè ðåçóëüòàòàìè çà ïðèïóùåí-
íÿ, ùî íàìàãíåòîâàí³ñòü íàñèòó ÷àñòèíîê ìàãíåòèòó çàëåæèòü â³ä 
¿õí³õ ðîçì³ð³â, à

 
ïî åêñïåðèìåíòàëüíî âèì³ðÿíèõ ðîçïîä³ëàõ çà 

ðîçì³ðàìè íàíî÷àñòèíîê â àíñàìáë³ ìîæíà ðîçðàõóâàòè êðèâó 
ìàãíåòóâàííÿ ÌÐ íà ¿õí³é îñíîâ³. 
 Ñèñòåìàòè÷íèìè äîñë³äæåííÿìè ìàãíåòíèõ âëàñòèâîñòåé íàíîñ-
òðóêòóð òèïó ÿäðî–îáîëîíêà òà íà îñíîâ³ àíàë³çè îäåðæàíèõ äà-
íèõ îá´ðóíòîâàíî âèêîðèñòàííÿ ÿäåð ÍÊ (àíñàìáëþ ñóïåðïàðàìà-
ãíåòíèõ íîñ³¿â) ó ÿêîñò³ çîíäà äëÿ âèçíà÷åííÿ òà êîíòðîëþ ðîçì³-
ðíèõ ïàðàìåòð³â ñêëàäíî¿ îáîëîíêîâî¿ áóäîâè ÍÊ, çîêðåìà ó ñêëà-
ä³ ìàãíåòíèõ ð³äèí, ùî äàëî ìîæëèâ³ñòü óäîñêîíàëèòè ìåòîä ìàã-
íåòíî¿ ´ðàíóëîìåòð³¿ òà ðîçøèðèòè ìåæ³ éîãî âèêîðèñòàííÿ [26–
28, 48, 73]. 
 Íàâåäåíèé íà ðèñóíêó 1 ìîäåëü ïîáóäîâàíî çà ðåçóëüòàòàìè 
äîñë³äæåíü ðåàëüíèõ ÍÊ ñòðóêòóðè òèïó ÿäðî–îáîëîíêà ç áàãà-
òîøàðîâîþ îáîëîíêîþ, ÿê³ âèêîðèñòîâóþòüñÿ äëÿ îäåðæàííÿ íî-
âèõ ìàãíåòî÷óòëèâèõ îíêîëîã³÷íèõ ë³êàðñüêèõ çàñîá³â [27, 28]. 
 Òàê, â [73] çàïðîïîíîâàíî é àïðîáîâàíî ðîçðàõóíêîâó ìåòîäèêó 
òà çä³éñíåíî ïåðåâ³ðêó ¿¿ åêñïåðèìåíòàëüíèìè äîñë³äæåííÿìè. 
Äëÿ äîñë³äæåíü âèêîðèñòàíî àíñàìáë³ Í× Fe3O4, ÍÊ Fe3O4@ÖÏ 
òà Fe3O4@ÖÏ/Ol.Na/ÏÅÃ (Ol.Na — îëåàò Íàòð³þ, ÏÅÃ — ïîë³å-



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 945 

òèëåíãë³êîëü), à òàêîæ íàïîâíåí³ âêàçàíèìè íàíîñòðóêòóðàìè 
ìàãíåòí³ ð³äèíè íà îñíîâ³ âîäè àáî ÔÐ. Ïðîàíàë³çîâàíî âèðàçè 
äëÿ çíàõîäæåííÿ ìàêñèìàëüíî¿ ïèòîìî¿ ïëîù³ ïîâåðõí³ àíñàìá-
ë³â ÍÊ ç îäíî- òà äâîøàðîâèìè îáîëîíêàìè, à òàêîæ óìîâè îï-
òèì³çàö³¿ ÍÊ çà ìàêñèìàëüíîþ ïëîùåþ ïîâåðõí³ ¿õí³õ îáîëîíîê. 
 Çàçíà÷èìî, ùî íàâåäåí³ ìåòîäè÷í³ ï³äõîäè [73] º çàñòîñîâíèìè 
äî ÍÊ íà îñíîâ³ ñóïåðïàðàìàãíåòíèõ ÿäåð, ùî ì³ñòÿòü ó ñòðóêòó-
ð³ îáîëîíêè ³íø³ õåì³îòåðàïåâòè÷í³ ïðåïàðàòè, íàïðèêëàä äîêñî-
ðóá³öèí àáî ãåìöèòàá³í, à òàêîæ äëÿ ðîçðàõóíê³â ïèòîìî¿ ïëîù³ 
ïîâåðõí³ øàð³â çà äîâ³ëüíèõ çíà÷åíü ¿õí³õ ê³ëüêîñòè òà ãóñòèíè. 
Ðåçóëüòàòè ðîáîòè º àêòóàëüíèìè òàêîæ äëÿ âèêîðèñòàííÿ â ðîç-
ðîáêàõ íîâèõ ìàãíåòîêåðîâàíèõ àäñîðáö³éíèõ ìàòåð³ÿë³â òåõí³÷-
íîãî, òåõíîëîã³÷íîãî, åêîëîã³÷íîãî òà ìåäè÷íî-á³îëîã³÷íîãî ïðèç-
íà÷åííÿ, ìåäè÷íèõ òåñò-ñèñòåì òîùî. 

5.3. Íîâ³ âåêòîðí³ ñèñòåìè íà îñíîâ³ ÌÐ äëÿ çàñòîñóâàííÿ â îíêî-
ëîã³¿ 

Òåõíîëîã³÷íà ñõåìà âèãîòîâëåííÿ íîâî¿ ìàãíåòîêåðîâàíî¿ ïîë³ôó-
íêö³îíàëüíî¿ ïðîòèïóõëèííî¿ âåêòîðíî¿ ñèñòåìè íà îñíîâ³ ìàãíå-
òíèõ ð³äèí, ùî ì³ñòÿòü íåîáõ³äí³ ë³êàðñüê³ ïðåïàðàòè â ñòðóêòóð³ 
ÍÊ (ðèñ. 1), ñêëàäàºòüñÿ ç³ ñòàä³é, íàâåäåíèõ íà ðèñ. 5 [72]. 
 Íà êîæí³é ñòàä³¿ îäåðæàííÿ òàêèõ âåêòîðíèõ ñèñòåì çä³éñíþ-
âàëè êîíòðîëü ¿õí³õ ô³çèêî-õåì³÷íèõ ³ ìàãíåòíèõ ïàðàìåòð³â, á³î-
ëîã³÷íî¿ àêòèâíîñòè. Äëÿ êîíòðîëþ âèêîðèñòàíî ìåòîäè ðåíò´åíî-
ôàçîâî¿ àíàë³çè, òåðìî´ðàâ³ìåòðè÷íî¿ àíàë³çè, ðåíò´åí³âñüêî¿ ôî-
òîåëåêòðîííî¿ ñïåêòðîñêîï³¿, òðàíñì³ñ³éíî¿ åëåêòðîííî¿ ì³êðîñêî-
ï³¿, â³áðàö³éíî¿ ìàãíåòîìåòð³¿, öèòîõåì³÷í³ òîùî. Âñòàíîâëåíî îï-
òèìàëüí³ çíà÷åííÿ ðîçì³ðíèõ ³ ìàãíåòíèõ õàðàêòåðèñòèê ìàãíåò-
íîãî íîñ³ÿ (îäíîäîìåííîãî ìàãíåòèòó) òà ïàðàìåòðè äëÿ ¿õíüî¿ 
ñòàíäàðòèçàö³¿ [26–28, 48]. Ïàðàìåòðè ìàãíåòíî¿ ð³äèíè ç îïòèì³-
çîâàíèìè âëàñòèâîñòÿìè äëÿ îäåðæàííÿ ìàãíåòîêåðîâàíî¿ âåêòîð-
íî¿ ñèñòåìè íàäàíî ó òàáë. 2. 
 Îäåðæàí³ ðåçóëüòàòè ðîçâèâàþòü ô³çèêî-õåì³÷í³ îñíîâè ðîçðî-
áêè íîâèõ òèï³â âåêòîðíèõ ñèñòåì ïðîòèïóõëèííèõ ïðåïàðàò³â 
íà îñíîâ³ ÌÐ äëÿ çàñòîñóâàííÿ â îíêîëîã³¿ òà âèêîðèñòàíî äëÿ 
¿õíüî¿ îïòèì³çàö³¿, ñòàíäàðòèçàö³¿ òà êîíòðîëþ ïàðàìåòð³â ó ïðî-
öåñ³ âèðîáíèöòâà. Êð³ì òîãî, ðåçóëüòàòè íàâåäåíèõ äîñë³äæåíü 
ìîæóòü áóòè âèêîðèñòàí³ â ðîçðîáêàõ íîâèõ ìàãíåòîêåðîâàíèõ 
àäñîðáö³éíèõ ìàòåð³ÿë³â òåõí³÷íîãî, òåõíîëîã³÷íîãî, åêîëîã³÷íî-
ãî òà ìåäè÷íî-á³îëîã³÷íîãî ïðèçíà÷åííÿ, ó âèðîáíèöòâ³ ìåäè÷íèõ 
òåñò-ñèñòåì òîùî. 
 Ç ìåòîþ ïðàêòè÷íîãî âïðîâàäæåííÿ ðîçðîáîê çàðåºñòðîâàíî 
òèì÷àñîâèé òåõíîëîã³÷íèé ðå´ëàìåíò íà âèðîáíèöòâî ðå÷îâèíè 
«Ìàãíåòèò Ó» [74], ÿêà º íàíîðîçì³ðíèì îäíîäîìåííèì Fe3O4 òà 
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ìîæå ñëóãóâàòè äëÿ ñòâîðåííÿ íîâîãî ïîêîë³ííÿ ïîë³ôóíêö³îíà-
ëüíèõ îíêîëîã³÷íèõ ë³êàðñüêèõ çàñîá³â àäðåñíîãî äîñòàâëÿííÿ òà 
ëîêàëüíî¿ òåðàï³¿ êîìá³íîâàíèìè ³ êîìïëåêñíèìè ìåòîäàìè, 
âêëþ÷àþ÷è õåì³î- é ³ìóíîòåðàïåâòè÷íèé, ðàä³îëîã³÷íèé íåéòðîí-
çàõîïëþâàëüíèé òà ³íø³. Ðîçðîáëåíî òàêîæ òèì÷àñîâèé òåõíîëî-
ã³÷íèé ðå´ëàìåíò íà âèðîáíèöòâî ìàãíåòíî¿ ð³äèíè [75] íà îñíîâ³ 
îäíîäîìåííîãî ìàãíåòèòó, ùî ìîæå ì³ñòèòè ÖÏ, ÄÐ, àíòèò³ëî 
CD 95 ÷è ÍER2. 

5.4. ÏÐÎÒÈÏÓÕËÈÍÍÈÉ Ë²ÊÀÐÑÜÊÈÉ ÇÀÑ²Á «ÔÅÐÎÏËÀÒ» 

Ñèíòåçîâàí³ òà äîñë³äæåí³ ÌÐ Fe3O4@Ol.Na@ÏÅÃ/ÖÏ ÔÐ âèêî-
ðèñòàíî ï³ä ÷àñ ñòâîðåííÿ ñï³ëüíî ç ²íñòèòóòîì åêñïåðèìåíòàëü-

 

Ðèñ. 5. Òåõíîëîã³÷íà ñõåìà âèãîòîâëåííÿ íîâîãî ìàãíåòîêåðîâàíîãî ïî-
ë³ôóíêö³îíàëüíîãî ë³êàðñüêîãî çàñîáó — ïðîòèïóõëèííî¿ âåêòîðíî¿ ñè-
ñòåìè.6 

ÒÀÁËÈÖß 2. Ô³çè÷í³ ïàðàìåòðè îïòèì³çîâàíî¿ ìàãíåòíî¿ ð³äèíè çà 
Ò 300 Ê.7 

Íàçâà õàðàêòåðèñòèêè,  
îäèíèöÿ âèì³ðþâàííÿ 

Çíà÷åííÿ  
ô³çè÷íî¿ âåëè÷èíè 

Êîíöåíòðàö³ÿ ìàãíåòèòó, ìã/ìë 14 
Ðîçì³ð ÷àñòèíîê ìàãíåòèòó, íì 4–22 
Ñåðåäí³é ðîçì³ð ÷àñòèíîê ìàãíåòèòó, íì 10,8 
Ñåðåäí³é ðîçì³ð ÷àñòèíîê ìàãíåòèòó, 
ñòàá³ë³çîâàíèõ îëåàòîì íàòð³þ, íì 

16,8 

Íàìàãíåòîâàí³ñòü íàñèòó Ì , Ãñ 14,1 2,5% 
Ã³ïñîìåòðè÷íà âèñîòà, ñì 25 10% 
Â'ÿçê³ñòü , ìÏà ñ 1,14 3% 
Ãóñòèíà ÌÐ, ã/ñì

3 1,14 1,0% 
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íî¿ ïàòîëîã³¿, îíêîëîã³¿ ³ ðàä³îá³îëîã³¿ ³ì. Ð. ª. Êàâåöüêîãî ÍÀÍ 
Óêðà¿íè íîâîãî â³ò÷èçíÿíîãî ïðîòèïóõëèííîãî ë³êàðñüêîãî çàñî-
áó «Ôåðîïëàò». ²äåÿ âêàçàíîãî ë³êàðñüêîãî çàñîáó ïîëÿãàº â ñòðà-
òåã³¿ ïîäîëàííÿ ðåçèñòåíòíîñòè çëîÿê³ñíèõ ïóõëèí ùîäî öèñïëà-
òèíó øëÿõîì ôàðìàêîëîã³÷íî¿ êîðåêö³¿ îáì³íó åíäîãåííîãî çàë³-
çà, ùî çàáåçïå÷óºòüñÿ çàñòîñóâàííÿì çàë³çîâì³ñíîãî íàíîêîìïî-
çèòó òà öèñïëàòèíó [56, 72]. 
 «Ôåðîïëàò» ÿâëÿº ñîáîþ êîí'þ´àò Í× ìàãíåòíî¿ ð³äèíè ç ÖÏ. 
Â³í º ñòàíäàðòèçîâàíèì çàñîáîì äëÿ ï³äâèùåííÿ åôåêòèâíîñòè 
õåì³îòåðàï³¿ òà ïîäîëàííÿ ìåäèêàìåíòîçíî¿ ðåçèñòåíòíîñòè çëîÿ-
ê³ñíèõ íîâîóòâîðåíü ³ ïðèçíà÷åíèé äëÿ ö³ëüîâîãî äîñòàâëÿííÿ 

 
à    á   â 

 
ã    ä   å 

 
º    æ   ç 

Ðèñ. 6. ÏÅÌ-çîáðàæåííÿ ñèíòåçîâàíèõ Í× MnFe2O4 (à, á, â); ÁÂÍÒ (ã, ä, 
å) òà ÂÍÒ, ìîäèô³êîâàíèõ ìàí´àíîâèì ôåðèòîì (º, æ, ç). Îïòèìàëüíà (ç 
ìàêñèìàëüíîþ åôåêòèâí³ñòþ) êîíöåíòðàö³ÿ ÂÍÒ â ñèñòåì³ 
MnFe2O4/ÂÍÒ (Amax) ñòàíîâèëà 0,044 (îá.) [85].8 
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öèòîñòàòèêà áåçïîñåðåäíüî äî ïóõëèííî¿ òêàíèíè, ùî çàáåçïå÷óº 
ìàêñèìàëüíå íàäõîäæåííÿ éîãî ó êë³òèíè òà ñïðèÿº ï³äâèùåííþ 
òåðàïåâòè÷íîãî åôåêòó. Éîãî çäàòí³ñòü äî âèá³ðêîâîãî íàêîïè-
÷åííÿ â ïóõëèí³ ïîë³ïøóº ïðîòèïóõëèííèé åôåêò ÖÏ çà ï³äâè-
ùåííÿ ð³âíÿ á³îëîã³÷íî¿ áåçïåêè. Íà â³äì³íó â³ä â³äîìèõ õåì³îï-
ðåïàðàò³â, «Ôåðîïëàò» àêòèâí³øèé ùîäî ïóõëèí, ðåçèñòåíòíèõ 
äî ÖÏ, ³ âèÿâëÿº ìåíøó òîêñè÷í³ñòü ùîäî íîðìàëüíèõ êë³òèí; 
íå ìàº àíàëîã³â ó ñâ³ò³. Íà öåé ÷àñ óñï³øíî çàâåðøåíî äîêë³í³÷í³ 
âèïðîáóâàííÿ «Ôåðîïëàòó». 

6. ÂÇÀªÌÎÄ²ß ÍÀÍÎÑÒÐÓÊÒÓÐ Ç ÅËÅÊÒÐÎÌÀÃÍÅÒÍÈÌ 
ÂÈÏÐÎÌ²ÍÅÍÍßÌ 

Ñòâîðåííÿ íîâèõ åôåêòèâíèõ çàõèñíèõ ìàòåð³ÿë³â, çäàòíèõ ïîãëè-
íàòè åëåêòðîìàãíåòíå (ÅÌ) âèïðîì³íåííÿ â çàäàíèõ ä³ÿïàçîíàõ 
åëåêòðîìàãíåòíîãî ñïåêòðó, º âàæëèâèì íàóêîâî-òåõí³÷íèì çà-
âäàííÿì, ò³ñíî ïîâ'ÿçàíèì ç âèêîðèñòàííÿì âèñîêîòåõíîëîã³÷íî¿ 
åëåêòðîí³êè òà áîðîòüáîþ ç åëåêòðîìàãíåòíèì ñìîãîì [15, 33, 34, 
76–91]. Ñòâîðåííþ íàóêîâèõ îñíîâ çàõèñíèõ ïîêðèòò³â, àêòèâíèõ 
â ³íôðà÷åðâîíîìó (²×) òà íàäâèñîêî÷àñòîòíîìó (ÍÂ×) ä³ÿïàçîíàõ 
ñïåêòðó, â ñó÷àñí³é íàóêîâ³é ë³òåðàòóð³ ïðèñâÿ÷åíî çíà÷íó ê³ëü-
ê³ñòü òåîðåòè÷íèõ òà åêñïåðèìåíòàëüíèõ äîñë³äæåíü, ÿê³ ðîçãëÿ-
äàþòü, íàïðèêëàä, ïèòàííÿ ùîäî ðåçîíàíñíèõ ÷àñòîò íàíî÷àñòè-
íîê, ðîçì³ùåíèõ ïîáëèçó ïëàñêî¿ ïîâåðõí³ òà âïëèâó ìóëüòèïîëü-
íèõ âçàºìîä³é íà ñïåêòåð ¿õ âáèðàííÿ, ðîëü âåëèêèõ êâàíòîâèõ 
öÿòîê ó ìîäåëþ âçàºìîä³éíèõ ïëàçìîâèõ îñöèëÿòîð³â òîùî. Øè-
ðîêîñìóãîâå âáèðàííÿ òà øèðîêà ñìóãà ïðîïóñêàííÿ â öüîìó âè-
ïàäêó º äâîìà âàæëèâèìè ÷èííèêàìè, ùî âèçíà÷àþòü åêñïëóàòà-
ö³éíó ïðèäàòí³ñòü ìàòåð³ÿë³â. 
 ßê ïðàâèëî, òàê³ ìàòåð³ÿëè òà ïîêðèòòÿ º ñêëàäíèìè áàãàòî-
øàðîâèìè ñòðóêòóðàìè, ùî ì³ñòÿòü êîìïîíåíòè ç ä³åëåêòðè÷íè-
ìè, åëåêòðîïðîâ³äíèìè òà ìàãíåòíèìè âòðàòàìè åëåêòðîìàãíåò-
íî¿ åíåðã³¿. Òîìó áóëî ñèíòåçîâàíî òà äîñë³äæåíî ïåâíèé àñîðòè-
ìåíò òàêèõ êîìïîíåíò³â (òàáë. 3), ùî âçàºìîä³þòü ç âèïðîì³íåí-
íÿì â³äïîâ³äíèõ ñïåêòðàëüíèõ ä³ÿïàçîí³â [87]. 
 Ñë³ä òàêîæ âêàçàòè, ùî çíà÷íèé ³íòåðåñ â ðàìêàõ ö³º¿ òåìàòè-
êè âèêëèêàþòü ñèñòåìè òèïó ïîë³ìåðíà ìàòðèöÿ–
íàíîäèñïåðñíèé ôóíêö³îíàëüíèé íàïîâíþâà÷ ÿê îñíîâà ñòâîðåí-
íÿ ñò³éêèõ äî âïëèâó çîâí³øíüîãî ñåðåäîâèùà ìàñèâíèõ, óëüòðà-
äèñïåðñíèõ, ïë³âêîâèõ, âîëîêíèñòèõ ³ íèòêîâèõ êîìïîçèò³â, ùî 
åôåêòèâíî âçàºìîä³þòü ç åëåêòðîìàãíåòíèì âèïðîì³íåííÿì ³ õà-
ðàêòåðèçóþòüñÿ äîäàòêîâèìè íîâèìè óí³êàëüíèìè âëàñòèâîñòÿìè 
âíàñë³äîê ì³æôàçíî¿ âçàºìîä³¿ êîìïîíåíò³â [76]. Ïðèêëàäîì 
ñòâîðåííÿ òàêèõ ìàòåð³ÿë³â º ðîçðîáêà âóãëåöåâèõ ôåðóìâì³ñíèõ 
(Fe/C) íàíîòðóáîê ³ íàíîâîëîêîí ç ìàãíåòíèìè é åëåêòðîïðîâ³ä-
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íèìè âëàñòèâîñòÿìè [77] òà ïîë³ïðîï³ëåíîâèõ (ÏÏ) ìîíîíèòîê íà 
¿õí³é îñíîâ³ [78]. 
 Â ðîáîòàõ [85, 86] âèêîíàíî äîñë³äæåííÿ ç ìåòîþ ñèíòåçè íà-
íîñòðóêòóð íà îñíîâ³ ôåðèòó Ìàí´àíó òà áàãàòîñò³ííèõ âóãëåöå-
âèõ íàíîòðóáîê (ÁÂÍÒ) â ñêëàä³ ïîë³ìåðíèõ êîìïîçèò³â ç ï³äâè-
ùåíîþ çäàòí³ñòþ âáèðàííÿ íàäâèñîêî÷àñòîòíîãî âèïðîì³íåííÿ. 
Äëÿ âèãîòîâëåííÿ ïîë³ìåðíèõ ìàòðèöü âèêîðèñòîâóâàëè ïîë³õ-
ëîðòðèôòîðåòèëåí òà åïîêñèäíó ñìîëó. Âèÿâëåíî íàÿâí³ñòü åôåê-
òèâíîãî âáèðàííÿ â ä³ÿïàçîí³ ÷àñòîò 5–20 ÃÃö ³ âñòàíîâëåíî, ùî 
äëÿ ÍÊ ç ÁÂÍÒ êîåô³ö³ºíò âáèðàííÿ ó 2,5–3 ðàçè ïåðåâèùóº öå 
çíà÷åííÿ äëÿ ôåðèòó Ìàí´àíó. 
 Ñèíòåçîâàíî òà äîñë³äæåíî [79, 80, 83] íàíî÷àñòèíêè NiCo ³ 
íàíîêîìïîçèòè í³êåëü–êîáàëüò íà ãðàôåíîâèõ íàíîïëàñòèíàõ 
(NiCo@ÃÍÏ), íà âèñîêîäèñïåðñíîìó êðåìíåçåì³ (NiCo@SiO), íà 
íåîêèñíåíèõ é îêèñíåíèõ áàãàòîøàðîâèõ íàíîòðóáêàõ 
(NiCo@ÍÁÂÍÒ, NiCo@ÎÁÂÍÒ) ìåòîäîì õåì³÷íîãî ñï³âîñàäæåííÿ 
êàðáîíàò³â Í³êëþ òà Êîáàëüòó ç ðîç÷èíó ã³äðàçèíã³äðàòó. Ðîçì³ð 
ìåòàëåâèõ ÷àñòèíîê ñÿãàº 20 íì, à ¿õí³õ à´ëîìåðàò³â — äî 200 
íì. Âèçíà÷åíî ä³éñí³ é óÿâí³ ñêëàäîâ³ êîìïëåêñíèõ ä³åëåêòðè÷-
íî¿ òà ìàãíåòíî¿ ïðîíèêíîñòåé äèñïåðñíèõ ñèñòåì íàíîêîìïîçè-
ò³â ìåòîäàìè íàäâèñîêî÷àñòîòíî¿ ³íòåðôåðîìåòð³¿. Äîñë³äæåí³ 
íàíîñòðóêòóðè º ïåðñïåêòèâíèìè äëÿ ñòâîðåííÿ ìàòåð³ÿë³â, ùî 
âáèðàþòü íàäâèñîêî÷àñòîòíå âèïðîì³íåííÿ. 
 Â [87–89] ïîâ³äîìëÿºòüñÿ ïðî âèãîòîâëåííÿ òà äîñë³äæåííÿ 
ïîë³ìåðíàïîâíåíèõ ôàðáîâèõ ïîêðèòò³â, àêòèâíèõ ó íàäâèñîêî-

ÒÀÁËÈÖß 3. Êîìïîíåíòè ç ä³åëåêòðè÷íèìè, åëåêòðîïðîâ³äíèìè òà ìà-
ãíåòíèìè âòðàòàìè.9 
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÷àñòîòíîìó (ÍÂ×) òà áëèçüêîìó ³íôðà÷åðâîíîìó ä³ÿïàçîíàõ ñïåê-
òðó. Îñíîâí³ ïàðàìåòðè ïîêðèòò³â íàâåäåíî â òàáë. 4. 
 Ïåðåâàãàìè òàêèõ ïîêðèòò³â º ôóíêö³îíàëüí³ñòü ó ÍÂ×- é ²×-
ä³ÿïàçîíàõ, âèñîêà àòìîñôåðîñò³éê³ñòü, òåõíîëîã³÷í³ñòü. Äî øëÿ-
õ³â óäîñêîíàëåííÿ ¿õ ìîæíà â³äíåñòè çìåíøåííÿ êîåô³ö³ºíò³â 
â³äáèâàííÿ òà ìàñî-ãàáàðèòíèõ õàðàêòåðèñòèê, íàïðèêëàä, âèêî-
ðèñòàííÿì ÍÊ òèïó ÿäðî–îáîëîíêà, ùî ì³ñòÿòü ìàãíåòí³, ä³åëåê-
òðè÷í³ é åëåêòðîïðîâ³äí³ êîìïîíåíòè, îïòèì³çîâàí³ çà âòðàòàìè 
é ³ìïåäàíñíî óçãîäæåí³ ç â³äêðèòèì ïðîñòîðîì (ðèñ. 7). Â öüîìó 
âèïàäêó ³äåÿ éîãî òðàíñôîðìàö³¿ ç³ ñõåìè ðèñ. 1 ïîëÿãàº â îïòè-
ì³çàö³¿ çà õåì³÷íèì ñêëàäîì ³ ðîçì³ðàìè ÿäðà é îáîëîíîê ñòðóê-
òóðè, çíà÷åííÿìè ¿õí³õ ä³åëåêòðè÷íî¿ òà ìàãíåòíî¿ ïðîíèêíîñòåé 
çà óìîâè óçãîäæåííÿ ç â³äêðèòèì ïðîñòîðîì: 

0 1 2 3 4 âï, 0 1 2 3 4 âï, 

âòðàòàìè åëåêòðîìàãíåòíî¿ åíåðã³¿, âàãîâèìè õàðàêòåðèñòèêàìè 
òîùî [87, 88]. Ïåâíèì ïðàêòè÷íèì íàáëèæåííÿì äî íàâåäåíèõ 
âèìîã â³äïîâ³äàþòü ÍÊ òèïó ÿäðî–îáîëîíêà Fe3O4/Al2Î3/Ñ [90, 

ÒÀÁËÈÖß 4. Îñíîâí³ âëàñòèâîñò³ ïîêðèòò³â.10 

Âëàñòèâ³ñòü, õàðàêòåðèñòèêà Çíà÷åííÿ 
Ä³ÿïàçîí ðîáî÷èõ ÷àñòîò, ÃÃö 6–80 
Â³äáèâàííÿ â ÍÂ×-ä³ÿïàçîí³, äÁ (10–14) 
Â³äáèâàííÿ â ²×-ä³ÿïàçîí³, äÁ (8–10) 
Âîäîâáèðàííÿ, % 1–2 
Òîâùèíà, ñì 0,15–0,35 
Ïîâåðõíåâà ãóñòèíà, êã/ì2 4,1 

 

Ðèñ. 7. ßê³ñíèé ìîäåëü îïòèì³çîâàíîãî âáèðà÷à åëåêòðîìàãíåòíîãî âè-
ïðîì³íåííÿ òèïó ÿäðî–îáîëîíêà.11 
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91]. 
 Íà çàâåðøåííÿ çàçíà÷èìî, ùî, êð³ì íàóêîâîãî, ïðàêòè÷íîãî òà 
ìåòîäîëîã³÷íîãî, íàâåäåí³ äîñë³äæåííÿ ìàþòü ùå é íàâ÷àëüíå çíà-
÷åííÿ: çîêðåìà, âàæëèâèì çàâäàííÿì º ï³äãîòîâêà ñòóäåíò³â ³ ìî-
ëîäèõ ñïåö³ÿë³ñò³â âèùî¿ êâàë³ô³êàö³¿ â³äïîâ³äíèõ ñïåö³ÿëüíîñòåé. 
Òîìó íàâåäåí³ ìàòåð³ÿëè âèêîðèñòàíî ó îñâ³òíüîìó ïðîöåñ³ [15, 24, 
25, 92, 93] â³ò÷èçíÿíèõ óí³âåðñèòåò³â (ÍÒÓÓ «ÊÏ² ³ìåí³ ²ãîðÿ Ñ³-
êîðñüêîãî», ÊÍÓ ³ìåí³ Òàðàñà Øåâ÷åíêà), ï³ä ÷àñ ï³äãîòîâêè àñï³-
ðàíò³â ³ äîêòîðàíò³â. 

7. ÂÈÑÍÎÂÊÈ 

Ïðîàíàë³çîâàíî ñó÷àñíèé ñòàí ³ ïåðñïåêòèâè íàéá³ëüø àêòóàëü-
íèõ òåîðåòè÷íèõ òà åêñïåðèìåíòàëüíèõ àâòîðñüêèõ äîñë³äæåíü â 
ðàìêàõ íàóêîâî-ïðàêòè÷íîãî íàïðÿìó «Ïîë³ôóíêö³îíàëüí³ ìàã-
íåòî÷óòëèâ³ íàíîñòðóêòóðè òà ìàòåð³ÿëè». Ðîçãëÿíóòî ïðèêëàäè 
ðîçðîáîê, ïîâ'ÿçàíèõ ç: õåì³÷íèì êîíñòðóþâàííÿì áàãàòîð³âíå-
âèõ íàíîêîìïîçèò³â òèïó ÿäðî–îáîëîíêà ç ôóíêö³ÿìè ìåäè÷íî-
á³îëîã³÷íèõ íàíîðîáîò³â; ñòâîðåííÿì íîâîãî ïîêîë³ííÿ ìàãíåòíèõ 
íàíîñòðóêòóðíèõ àäñîðáåíò³â ç ð³çíîþ ïðèðîäîþ ïîâåðõí³ ìåäè÷-
íîãî, òåõí³÷íîãî, òåõíîëîã³÷íîãî é åêîëîã³÷íîãî ïðèçíà÷åííÿ; ðî-
çâèòêîì íàíîòåõíîëîã³÷íî¿ áàçè ñó÷àñíèõ ìàëî³íâàçèâíèõ ìåòî-
ä³â ôîòîäèíàì³÷íî¿ ïðîòèïóõëèííî¿ òåðàï³¿ òà íå³íâàçèâíîãî êå-
ðîâàíîãî ôàðìàêîëîã³÷íîãî âïëèâó çàäàíîãî íàïðÿìó íà á³îëîã³÷-
í³ êë³òèíí³ ñèñòåìè; ñèíòåçîþ íîâèõ ìàãíåòíèõ ð³äèí íà îñíîâ³ 
ô³ç³îëîã³÷íîãî ðîç÷èíó, ùî ì³ñòÿòü ìàãíåòî÷óòëèâ³ áàãàòîð³âíåâ³ 
ïîë³ôóíêö³îíàëüí³ ÍÊ ç àêòóàëüíèìè ïðîòèïóõëèííèìè ë³êàð-
ñüêèìè ïðåïàðàòàìè é àíòèò³ëàìè; ñòâîðåííÿì íàóêîâèõ îñíîâ ³ 
âèãîòîâëåííÿì çàõèñíèõ ïîêðèòò³â, àêòèâíèõ ó çàäàíèõ ä³ÿïàçî-
íàõ åëåêòðîìàãíåòíîãî ñïåêòðó. 

ÖÈÒÎÂÀÍÀ Ë²ÒÅÐÀÒÓÐÀ 

1. M. C. Roco, R. S. Williams, and Ð. Alivisatos, Nanotechnology Research Di-
rections: IWGN Workshop Report. Vision for Nanotechnology R&D in the Next 
Decade (Dordrecht: Kluwer Acad. Publ.: 2002), vol. 156, p. 171. 

2. Í. Gu, J. Chao, S.-J. Xiao, and N. C. Seeman, Nature, 465: 202 (2010); 
https://doi.org/10.1038/nature09026 

3. K. Lund, A. J. Manzo, N. Dabby, N. Michelotti, A. Johnson-Buck, 
J. Nangreave, S. Taylor, R. Pei, M. N. Stojanovic, N. G. Walter, 
E. Winfree, and H. Yan, Nature, 465: 206 (2010); 
https://doi.org/10.1038/nature09012 

4. R. A. Muscat, J. Bath, and A. J. Turberfield, Nanoletters, 11, No. 3: 982 
(2011); https://doi.org/10.1021/nl1037165 

5. Â. Lewandowski, G. De Bo, J. W. Ward, M. Papmeyer, S. Kuschel, 



952 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

M. J. Aldegunde, P. M. E. Gramlich, D. Heckmann, S. M. Goldup, 
D. M. D’Souza, A. E. Fernandes, and D. A. Leigh, Science, 339, No. 6116: 
189 (2013); https://doi.org/10.1126/science.1229753 

6. Ò. Å. Êîðî÷êîâà, Â. Ì. Ðîçåíáàóì, Õ³ì³ÿ, ô³çèêà ³ òåõíîëîã³ÿ ïîâåðõí³, 
11–12: 29 (2006). 

7. Ò. Å. Êîðî÷êîâà, Ì. Ë. Äåõòÿð, Â. Ì. Ðîçåíáàóì, Õ³ì³ÿ, ô³çèêà ³ òåõíî-
ëîã³ÿ ïîâåðõí³, 14: 52 (2008). 

8. Gamze Celik Cogal, Pradipta K. Das, Gozde Yurdabak Karaca, Venkat R. 
Bhethanabotla, and Aysegul Uygun Oksuz, Appl. Bio. Mater., 4: 7932 (2021); 
https://doi.org/10.1021/acsabm.1c00854 

9. Y. Yang, X. Arqué, T. Patino, V. Guillerm, P.-R. Blersch, J. Pérez-Carvajal, 
I. Imaz, D. Maspoch, and S. Sánchez, J. Am. Chem. Soc., 142: 20962 (2020); 
https://doi.org/10.1021/jacs.0c11061 

10. G. Chena, F. Zhua, A. S. J. Gana, B. Mohanb, K. K. Deyc, K. Xud, 
G. Huanga, J. Cuia, A. A. Soloveva, and Y. Meia, Next Nanotechnology, 2: 
1 (2023); https://doi.org/10.1016/j.nxnano.2023.100019 

11. D. Tang, X. Peng, S. Wu, and S. Tang, Nanomaterials, 14, No. 7: 595 
(2024); https://doi.org/10.3390/nano14070595 

12. L. Levy, Y. Sahoo, and B. J. Earl, Chem. Mater., 14: 3715 (2002); 
https://doi.org/10.1021/cm0203013 

13. A. Ï. Øïàê, Ï. Ï. Ãîðáèê, Ô³çèêî-õ³ì³ÿ íàíîìàòåð³àë³â ³ ñóïðàìîëåêó-
ëÿðíèõ ñòðóêòóð (Êè¿â: Íàóêîâà äóìêà: 2007), ò. 1. 

14. A. P. Shpak and P. P Gorbyk, Nanomaterials and Supramolecular Struc-
tures: Physics, Chemistry, and Applications (Nederlands: Springer: 2009).  

15. À. Ï. Øïàê, Â. Ô. ×åõóí, Ï. Ï. Ãîðáèê, Â. Â. Òóðîâ, Íàíîìàòåð³àëè ³ 
íàíîêîìïîçèòè â ìåäèöèí³, á³îëîã³¿, åêîëîã³¿ (Êè¿â: Íàóêîâà äóìêà: 2011). 

16. Ï. Ï. Ãîðáèê, À. Ë. Ïåòðàíîâñüêà, Ì. Ï. Òóðåëèê, Ñ. Ï. Òóðàíñüêà, 
Î. À. Âàñèëüºâà, Â. Ô. ×åõóí, Í. Þ. Ëóê'ÿíîâà, À. Ï. Øïàê, 
Î. Ì. Êîðäóáàí, Íàíîêàïñóëà ç ôóíêö³ÿìè íàíîðîáîòà (Ïàòåíò Óêðà¿íè 
¹99211 (2012)). 

17. P. P. Gorbyk and V. F. Chekhun, Func. Mat., 19, No. 2: 145 (2012). 
18. Ï. Ï. Ãîðáèê, Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿, 11, No. 2: 

323 (2013). 
19. P. P. Gorbyk, L. B. Lerman, A. L. Petranovska, and S. P. Turanska, Ad-

vances in Semiconductor Research: Physics of Nanosystems, Spintronics and 
Technological Applications (New York: Nova Science Publishers: 2014). 

20. Petro Petrovych Gorbyk, Leonid Borysovych Lerman, Alla Leonidivna Pet-
ranovska, Svitlana Petrivna Turanska, and Ievgen Volodymyrovych Pylyp-
chuk, Applications of Nanobiomaterials (2016), p. 289–334; 
https://doi.org/10.1016/B978-0-323-41533-0.00010-6 

21. I. V. Pylypchuk, M. V. Abramov, A. L. Petranovska, S. P. Turanska, 
T. M. Budnyak, N. V. Kusyak, and P. P. Gorbyk, Nanochemistry, Biotech-
nology, Nanomaterials, and Their Applications (Aug. 23–26, 2017, Cherniv-
tsi)—NANO-2017, ð. 35; https://doi.org/10.1007/978-3-319-92567-7_2 

22. M. V. Abramov, A. P. Kusyak, O. M. Kaminskiy, S. P. Turanska, 
A. L. Petranovska, N. V. Kusyak, and P. P. Gorbyk, Horizons in World 
Physics (2017), vol. 293, p. 1. 

23. Ï. Ï. Ãîðáèê, Õ³ì³ÿ, ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³, 11, No. 1:128 
(2020); https://doi.org/10.15407/hftp11.01.128 



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 953 

24. ². Â. Óâàðîâà, Ï. Ï. Ãîðáèê, Ñ. Â. Ãîðîáåöü, Î. À. ²âàùåíêî, 
Í. Â. Óëüÿí÷åíêî, Íàíîìàòåð³àëè ìåäè÷íîãî ïðèçíà÷åííÿ (Êè¿â: Íàóêî-
âà äóìêà: 2014). 

25. Ñ. Â. Ãîðîáåöü, Î. Þ. Ãîðîáåöü, Ï. Ï. Ãîðáèê, ². Â. Óâàðîâà, Ôóíêö³îíà-
ëüí³ á³î- òà íàíîìàòåð³àëè ìåäè÷íîãî ïðèçíà÷åííÿ (Êè¿â: Êîíäîð: 2018). 

26. N. V. Abramov, S. P. Turanska, A. P. Kusyak, A. L. Petranovska, and 
P. P. Gorbyk, J. Nanostruct. Chem., 6, No. 3: 223 (2016); 
https://doi.org/10.1007/s40097-016-0196-z 

27. Ì. Â. Àáðàìîâ, Ñ. Ï. Òóðàíñüêà, Ï. Ï. Ãîðáèê, Ìåòàëîô³çèêà òà íîâ³ò-
í³ òåõíîëîã³¿, 40, ¹4: 423 (2018); 
https://doi.org/10.15407/mfint.40.04.0423 

28. Ì. Â. Àáðàìîâ, Ñ. Ï. Òóðàíñüêà, Ï. Ï. Ãîðáèê, Ìåòàëîô³çèêà òà íîâ³ò-
í³ òåõíîëîã³¿, 40, ¹10: 1283 (2018); 
https://doi.org/10.15407/mfint.40.10.1283 

29. Î. Ì. Ôåäîðåíêî, Ï. Ï. Ãîðáèê, Î. Î. ×óéêî, Ì. Â. Àáðàìîâ, 
Ä. Ë. Ñòàðîêàäîìñüêèé, À. Ë. Ïåòðàíîâñüêà, Äîïîâ³ä³ ÍÀÍ Óêðà¿íè, 8: 
161 (2004); 

30. Ë. Ñ. Ñåìêî, Î. ². Êðó÷åê, Ë. Ï. Ñòîðîæóê, Ï. Ï. Ãîðáèê, Ìåòàëîô³çèêà 
òà íîâ³òí³ òåõíîëîã³¿, 33, ¹7: 985 (2011). 

31. Ë. Ñ. Ñåìêî, Î. ². Êðó÷åê, Þ. À. Øåâëÿêîâ, Ï. Ï. Ãîðáèê, Ô³çèêà ³ õ³ì³ÿ 
òâåðäîãî ò³ëà, 10, ¹2: 447 (2009). 

32. Ë. Ñ. Ñåìêî, Þ. À. Øåâëÿêîâ, Î. Î. ×óéêî, Ï. Ï. Ãîðáèê, Ìåòàëîô³çèêà 
òà íîâ³òí³ òåõíîëîã³¿, 28, ¹6: 729 (2006). 

33. Ï. Ï. Ãîðáèê, Ñ. Ì. Ìàõíî, ². Â. Äóáðîâ³í, Ì. Â. Àáðàìîâ, Â. Ì. Ì³ùåíêî, 
Ð. Â. Ìàçóðåíêî, À. Ë. Ïåòðàíîâñüêà, ª. Â. Ïèëèï÷óê, Ñ. Ë. Ïðîêîïåíêî, 
Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿, 15, âèï. 1: 47 (2017). 

34. Ï. Ï. Ãîðáèê, Ì. Â. Àáðàìîâ, ². Â. Äóáðîâ³í, Ñ. Ì. Ìàõíî, Ñ. Ï. Òóðàíñüêà, 
Óñï³õè ô³çèêè ìåòàë³â, 18, ¹1: 59 (2017). 

35. Ï. Ï. Ãîðáèê, Â. Í. Ìèùåíêî, Í. Â. Àáðàìîâ, Þ. Í. Òðîùåíêîâ, 
Ä. Ã. Óñîâ, Ïîâåðõíîñòü, 1, ¹16: 165 (2010). 

36. Ï. Ï. Ãîðáèê, ². Â. Äóáðîâ³í, Ì. Â. Àáðàìîâ, Ïîâåðõíîñòü, 7, ¹22: 186 
(2015). 

37. Ï. Ï. Ãîðáèê, ². Â. Äóáðîâ³í, Ì. Â. Àáðàìîâ, Õ³ì³ÿ, ô³çèêà òà òåõíîëî-
ã³ÿ ïîâåðõí³, 8, ¹2: 194 (2017); https://doi.org/10.15407/hftp08.02.194 

38. Ï. Ï. Ãîðáèê, ². Â. Äóáðîâ³í, Ì. Â. Àáðàìîâ, Ïîâåðõíîñòü, 4, ¹19: 232 
(2012). 

39. Ï. Ï. Ãîðáèê, À. Ë. Ïåòðàíîâñêàÿ, Å. Â. Ïèëèï÷óê, Í. Â. Àáðàìîâ, 
Å. È. Îðàíñêàÿ, À. Ì. Êîðäóáàí, Õ³ì³ÿ, ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³, 
2, ¹4: 385 (2011). 

40. Ï. Ï. Ãîðáèê, ². Â. Äóáðîâ³í, Ì. Â. Àáðàìîâ, Õ³ì³ÿ, ô³çèêà òà òåõíîëî-
ã³ÿ ïîâåðõí³, 7, ¹2: 133 (2016); https://doi.org/10.15407/hftp07.02.133 

41. Andrii Kusyak, Alla Petranovska, Oleksandr Shchehlov, Ruslan Kravchuk, 
Yaroslav Shuba, and Petro Gorbyk, Hybrid Advances, 5: 100054 (2024); 
https://doi.org/10.1016/j.hybadv.2024.100154 

42. À. L. Petranovska, Ì. V. Abramov, N. Ì. Opanashchuk, S. P. Turanska, 
N. V. Kusyak, and P. P. Gorbyk, Chem., Phys. Technol. Surf., 9, No. 4: 353 
(2018); https://doi.org/10.15407/hftp09.04.353 

43. A. L. Petranovska, M. V. Abramov, N. Ì. Îpanashchuk, S. P. Turanska, 
P. P. Gorbyk, N. V. Kusyak, A. P. Kusyak, N. Yu. Lukyanova, and 



954 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

V. F. Chekhun, Chem., Phys. Technol. Surf., 10, No. 4: 419 (2019); 
https://doi.org/10.15407/hftp10.04.419 

44. P. P. Gorbyk, A. L. Petranovska, M. P. Turelyk, N. V. Abramov, 
V. F. Chekhun, and N. Yu. Lukyanova, Chem., Phys. Technol. Surf., 1, 
No. 3: 360 (2010). 

45. Ï. Ï. Ãîðáèê, È. Â. Äóáðîâèí, À. Ë. Ïåòðàíîâñêàÿ, Ì. Ï. Òóðåëèê, 
Ë. Ï. Ñòîðîæóê, Â. Í. Ìèùåíêî, Í. Â. Àáðàìîâ, Ñ. Ï. Òóðàíñüêà, 
Ñ. Í. Ìàõíî, Å. Â. Ïèëèï÷óê, Â. Ô. ×åõóí, Í. Þ. Ëóêÿíîâà, 
À. Ï. Øïàê, À. Ì. Êîðäóáàí, Ïîâåðõíîñòü, 2, ¹17: 287 (2010). 

46. Ñ. Ï. Òóðàíñüêà, À. Ï. Êóñÿê, À. Ë. Ïåòðàíîâñüêà, Ñ. Â. Ãîðîáåö, 
Â. Â. Òóðîâ, Ï. Ï. Ãîðáèê, Õ³ì³ÿ, ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³, 7, ¹2: 
236 (2016); https://doi.org/10.15407/hftp07.02.236 

47. I. V. Pylypchuk, D. Kołodyńska, M. Kozioł, and P. P. Gorbyk, Nanoscale 
Res. Lett., 11, No. 1: 168 (2016); https://doi.org/10.1186/s11671-016-1363-
3 

48. A. L. Petranovska, N. V. Abramov, S. P. Turanska, P. P. Gorbyk, 
A. N. Kaminskiy, and N. V. Kusyak, J. Nanostruct. Chem., 5, No. 3: 275 
(2015); https://doi.org/10.1007/s40097-015-0159-9 

49. I. V. Pylypchuk, D. Kolodynska, and P. P. Gorbyk, Sep. Sci. Technol., 53, 
No. 7: 1006 (2018). 

50. Ì. Â. Àáðàìîâ, À. Ï. Êóñÿê, Î. Ì. Êàì³íñüêèé, Ñ. Ï. Òóðàíñüêà, 
À. Ë. Ïåòðàíîâñüêà, Í. Â. Êóñÿê, Â. Â. Òóðîâ, Ï. Ï. Ãîðáèê, Ïîâåðõ-
íîñòü, 9, ¹24: 165 (2017). 

51. Ï. Ï. Ãîðáèê, Í. Â. Êóñÿê, À. Ë. Ïåòðàíîâñüêà, Î. ². Îðàíñüêà, 
Ì. Â. Àáðàìîâ, Í. Ì. Îïàíàùóê, Õ³ì³ÿ, ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³, 
9, ¹2: 176 (2018); https://doi.org/10.15407/hftp09.02.176 

52. Ì. Â. Àáðàìîâ, À. Ë. Ïåòðàíîâñüêà, ª. Â. Ïèëèï÷óê, Ñ. Ï. Òóðàíñüêà, 
Í. Ì. Îïàíàùóê, Í. Â. Êóñÿê, Ñ. Â. Ãîðîáåö, Ï. Ï. Ãîðáèê, Ïîâåðõ-
íîñòü, 10, ¹25: 245 (2018); https://doi.org/10.15407/Surface.2018.10.245 

53. P. P. Gorbyk, Ie. V. Pylypchuk, V. I. Petrenko, and T. Yu. Nikolaienko, 
J. Nano- Electron. Phys., 11, No. 4: 04017 (2019); 
https://doi.org/10.21272/jnep.11(4).04017 

54. Ñ. Ï. Òóðàíñüêà, Í. Ì. Îïàíàùóê, À. Ë. Ïåòðàíîâñüêà, Í. Â. Êóñÿê, 
Á. ². Òàðàñþê, Ñ. Â. Ãîðîáåö, Â. Â. Òóðîâ, Ï. Ï. Ãîðáèê, Í. Â. Àáðàìîâ, 
Ïîâåðõíÿ, 11, ¹26: 577 (2019); 
https://doi.org/10.15407/Surface.2019.11.577 

55. À. Ë. Ïåòðàíîâñüêà, ª. Â. Ïèëèï÷óê, Ï. Ï. Ãîðáèê, O. M. Koðäóáàí, Õ³-
ì³ÿ, ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³, 8, ¹2: 203 (2017); 
https://doi.org/10.15407/hftp08.02.203 

56. Â. Ô. ×åõóí, Í. Þ. Ëóê'ÿíîâà, Ï. Ï. Ãîðáèê, ². Ì. Òîäîð, 
À. Ë. Ïåòðàíîâñüêà, Í. Â. Áîøèöüêà, ². Â. Áîæêî, Ïðîòèïóõëèííèé ôå-
ðîìàãí³òíèé íàíîêîìïîçèò (Ïàòåíò Óêðà¿íè ¹112490 (2016)). 

57. ª. Â. Ïèëèï÷óê, Ï. Ï. Ãîðáèê, Ïîâåðõíîñòü, 6, ¹21: 150 (2014). 
58. ª. Â. Ïèëèï÷óê, Þ. Î. Çóá÷óê, À. Ë. Ïåòðàíîâñüêà, Ñ. Ï. Òóðàíñüêà, 

Ï. Ï. Ãîðáèê, Õ³ì³ÿ, ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³, 6, ¹3: 326 (2015); 
https://doi.org/10.15407/hftp06.03.326 

59. Ë. Ñ. Ñåìêî, Ë. Ï. Ñòîðîæóê, Ï. Ï. Ãîðáèê, Ì. Â. Àáðàìîâ, Î. ². Îðàíñüêà, 
Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿, 8, âèï. 1: 101 (2010). 

60. À. Ï. Êóñÿê, À. Ë. Ïåòðàíîâñüêà, Ï. Ï. Ãîðáèê, Ïîâåðõíÿ, 8, ¹23: 179 



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 955 

(2016). 
61. L. S. Semko, L. P. Storozhuk, S. V. Khutornoi, N. V. Abramov, and 

P. P. Gorbik, Inorg. Mat., 51, No. 5: 430 (2015); 
https://doi.org/10.1134/S0020168515040135 

62. À. Ï. Êóñÿê, À. Ë. Ïåòðàíîâñüêà, C. Ï. Òóðàíñüêà, Ï. Ï. Ãîðáèê, Íàíî-
ñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿, 12, ¹3: 451 (2014). 

63. À. Ï. Êóñÿê, Ñ. Ï. Òóðàíñüêà, À. Ë. Ïåòðàíîâñüêà, Ï. Ï. Ãîðáèê, Äîïîâ³-
ä³ ÍÀÍ Óêðà¿íè, 12: 90 (2015); 
https://doi.org/10.15407/dopovidi2015.12.090 

64. Ï. Ï. Ãîðáèê, À. Ï. Êóñÿê, À. Ë. Ïåòðàíîâñüêà, Ñïîñ³á îòðèìàííÿ ðåíò-
ãåíîëþì³íåñöåíòíîãî ëþì³íîôîðà (Ïàòåíò íà êîðèñíó ìîäåëü Óêðà¿íè 
¹152194 (2022)). 

65. À. Kusyak, À. Petranovska, O. Oranska, S. Turanska, Ya. Shuba, 
D. Kravchuk, L. Kravchuk, G. Sotkis, V. Nazarenko, R. Kravchuk, 
V. Dubok, O. Bur’yanov, V. Chornyi, Yu. Sobolevs’kyy, and P. Gorbyk, 
What to Know about Lanthanum (Ed. by Catherine C. Bradley) (New York: 
Nova Science Publishers: 2023); https://doi.org/10.52305/JWMC9723 

66. À. Ï. Êóñÿê, À. Ë. Ïåòðàíîâñüêà, Î. ². Îðàíñüêà, Ñ. Ï. Òóðàíñüêà, 
ß. Ì. Øóáà, Ä. I. Êðàâ÷óê, Ë. I. Êðàâ÷óê, Ã. Â. Ñîòê³ñ, Â. Ã. Íàçàðåíêî, 
Ð. Ì. Êðàâ÷óê, Â. A. Äóáîê, O. A. Áóð'ÿíîâ, Â. Ñ. ×îðíèé, 
Þ. Ë. Ñîáîëåâñüêèé, Ï. Ï. Ãîðáèê, Ïîâåðõíÿ, 15, ¹30: 268 (2023); 
https://doi.org/10.15407/Surface.2023.15.268 

67. A. P. Kusyak, A. L. Petranovska, S. P. Turanska, O. I. Oranska, 
Yu. M. Shuba, D. I. Kravchuk, L. I. Kravchuk, V. S. Chornyi, 
O. A. Bur’yanov, Yu. L. Sobolevs’kyy, V. A. Dubok, and P. P. Gorbyk, 
Chem., Phys. Technol. Surf., 12, No. 3: 216 (2021); 
https://doi.org/10.15407/hftp12.03.216 

68. À. Ð. Kusyak, À. L. Petranovska, S. P. Turanska, O. I. Oranska, 
Ya. M. Shuba, D. I. Kravchuk, L. I. Kravchuk, V. G. Nazarenko, 
R. Ì. Kravchuk, V. S. Chornyi, O. A. Bur’yanov, Yu. L. Sobolevs’kyy, 
V. A. Dubok, and P. P. Gorbyk, Chem., Phys. Technol. Surf., 13, No. 4: 425 
(2022); https://doi.org/10.15407/hftp13.04.425 

69. Danylo I. Kravchuk, Ganna V. Sotkis, Mykola M. Shcherbatiuk, Ruslan M. 
Kravchuk, Vassili G. Nazarenko, Petro P. Gorbyk, and Yaroslav M. Shub, 
Photochemistry and Photobiologythis, 99, No. 1: 78 (2023); 
https://doi.org/10.1111/php.13652 

70. Á. ª. Ïàòîí, Ï. Ï. Ãîðáèê, À. Ë. Ïåòðàíîâñüêà, Ì. Ï. Òóðåëèê, 
Ì. Â. Àáðàìîâ, Î. À. Âàñèëüºâà, Â. Ô. ×åõóí, Í. Þ. Ëóê'ÿíîâà, Ìàãí³ò-
íà ïðîòèïóõëèííà ð³äèíà (Ïàòåíò Óêðà¿íè ¹78473 (2013)). 

71. Ï. Ï. Ãîðáèê, À. Ë. Ïåòðàíîâñüêà, Ì. Â. Àáðàìîâ, Í. Ì. Îïàíàùóê, 
Â. Ô. ×åõóí, Í. Þ. Ëóê'ÿíîâà, Í. Â. Êóñÿê, Êîìïîçèö³ÿ äëÿ ìàãí³òíî¿ 
âåêòîðíî¿ ïðîòèïóõëèííî¿ ð³äèíè (Ïàòåíò Óêðà¿íè ¹126627 (2022)). 

72. V. F. Chekhun, N. Y. Lukianova, I. M. Todor, D. M. Storchai, 
T. V. Borikun, L. A. Naleskina, À. P. Kusiak, A. P. Petranovska, and 
P. P. Horbyk, Toxicology and Applied Pharmacology Insights, 1, No. 1: 1 
(2018); https://doi.org/10.33140/TAPI/000005 

73. Ì. Â. Àáðàìîâ, Ñ. Ï. Òóðàíñüêà, Ï. Ï. Ãîðáèê, Íàíîñèñòåìè, íàíîìàòå-
ð³àëè, íàíîòåõíîëîã³¿, 18, âèï. 3: 505 (2020);  

74. Ï. Ï. Ãîðáèê, Ì. Â. Àáðàìîâ, À. Ë. Ïåòðàíîâñüêà, Ì. Ï. Òóðåëèê, 



956 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

Î. À. Âàñèëüºâà, Òèì÷àñîâèé òåõíîëîã³÷íèé ðåãëàìåíò íà âèðîáíèöòâî 
ðå÷îâèíè «Ìàãíåòèò-Ó» (Ñâ³äîöòâî ïðî ðåºñòðàö³þ àâòîðñüêîãî ïðàâà 
46056 ÒÒÐ 03291669.012:2012 (2012)). 

75. Ï. Ï. Ãîðáèê, Ì. Â. Àáðàìîâ, À. Ë. Ïåòðàíîâñüêà, ª. Â. Ïèëèï÷óê, 
Î. À. Âàñèëüºâà, Ñâ³äîöòâî 58159 íà ÒÒÐ (òåõíîëîã³÷íèé ðåãëàìåíò) 
03291669.017:2014 íà âèðîáíèöòâî ìàãí³òíî¿ ð³äèíè (2015). 

76. Ï. Ï. Ãîðáèê è äð., Ñèñòåìû ñ ðàçâèòîé ïîâåðõíîñòüþ è ôàçîâûìè ïå-
ðåõîäàìè ïðîâîäíèê–âûñîêîòåìïåðàòóðíûé ñâåðõïðîâîäíèê, ïîëóïðî-
âîäíèê–ìåòàëë, äèýëåêòðèê–ñóïåðèîíèê (Êèåâ: Íàóêîâà äóìêà: 2003); 
Ï. Ï. Ãîðáèê è äð., Ôèçèêî-õèìèÿ íàíîìàòåðèàëîâ è ñóïðàìîëåêóëÿðíûõ 
ñòðóêòóð (Êèåâ: Íàóêîâà äóìêà: 2007), ò. 1, ñ. 428; ibidem, ò. 2, ñ. 438. 

77. Î. Ì. Ñºäîâ, Â. Â. Õîëîä, Ñ. Ì. Ìàõíî, Î. Ì. Ë³ñîâà, Ì. Â. Àáðàìîâ, 
Ñ. Ï. Òóðàíñüêà, Ï. Ï. Ãîðáèê, Ìåòàëîô³çèêà òà íîâ³òí³ òåõíîëîã³¿, 
41, ¹9: 1153 (2019); https://doi.org/10.15407/mfint.41.09.1153 

78. Ë. Ñ. Äçþáåíêî, Ï. Ï. Ãîðáèê, Î. Î. Ñàï'ÿíåíêî, Í. Ì. Ðåçàíîâà, Ïîâåð-
õíÿ, 13, ¹28: 197 (2021); https://doi.org/10.15407/Surface.2021.13.197 

79. O. M. Lisova, S. Ì. Ìàkhno, G. Ì. Gunya, and P. P. Gorbyk, Chem. Phys. 
Technol. Surf., 9, No. 4: 362 (2018); 
https://doi.org/10.15407/hftp09.04.362 

80. Î. Ì. Lisova, S. Ì. Ìàkhno, G. Ì. Gunya, and P. P. Gorbyk, Chem. Phys. 
Technol. Surf., 8, No. 4: 393 (2017); 
https://doi.org/10.15407/hftp08.04.393 

81. Ì. Â. Àáðàìîâ, Ï. Ï. Ãîðáèê, Â. Ì. Áîãàòèðüîâ, Ïîâåðõíîñòü, 8, ¹23: 
223 (2016); https://doi.org/10.15407/Surface.2016.08.223 

82. S. L. Prokopenko, R. V. Mazurenko, G. M. Gunja, N. V. Abramov, 
S. M. Makhno, and P. P. Gorbyk, J. of Magn. and Magn. Mat., 494: 165824 
(2020); https://doi.org/10.1016/j.jmmm.2019.165824 

83. Î. Ì. Ë³ñîâà, Ñ. Ì. Ìàõíî, Ã. Ì. Ãóíÿ, Ï. Ï. Ãîðáèê, Íàíîñèñòåìè, íà-
íîìàòåð³àëè, íàíîòåõíîëîã³¿, 18, âûï. 3: 755 (2020). 

84. S. L. Prokopenko, G. M. Gunja, S. N. Makhno, and P. P. Gorbyk, 
J. Nanostruct. Chem., 4: 103 (2014); https://doi.org/10.1007/s40097-014-
0120-3 

85. R. Mazurenko, S. Prokopenko, M. Godzierz, A. Hercog, S. Makhno, 
U. Szeluga, P. Gorbyk, B. Trzebicka, and M. Kartel, Appl. Mat. Today, 35: 
101972 (2023); https://doi.org/10.1016/j.apmt.2023.101972 

86. R. Mazurenko, S. Prokopenko, M. Godzierz, A. Hercog, A. Kobyliukh, 
G. Gunja, S. Makhno, U. Szeluga, P. Gorbyk, and B. Trzebicka, Materials, 
17: 986 (2024); https://doi.org/10.3390/ma17050986 

87. Ï. Ï. Ãîðáèê, Â³ñí. ÍÀÍ Óêðà¿íè, 1: 57 (2023); 
https://doi.org/10.15407/visn2023.01.057 

88. Ï. Ï. Ãîðáèê, Ñ. Ì. Ìàõíî, Ñ. Ë. Ïðîêîïåíêî òa ³í., Îçáðîºííÿ òà â³éñü-
êîâà òåõí³êà, 2, ¹38: 94 (2023); https://doi.org/1034169/2414-0651 

89. Ï. Ï. Ãîðáèê, Ñ. Ì. Ìàõíî, Ñ. Ë. Ïðîêîïåíêî òà ³í., Îçáðîºííÿ òà â³éñü-
êîâà òåõí³êà, 3, ¹38: 81 (2023); https://doi.org/1034169/2414-0651 

90. A. P. Kusyak, N. V. Kusyak, O. I. Oranska, T. V. Kulyk, L. S. Dzubenko, 
B. B. Palianytsia, O. A. Dudarko, N. M. Korniichuk, A. L. Petranovska, and 
P. P. Gorbyk, Nanosistemi, Nanomateriali, Nanotehnologii, 21, Iss. 2: 427 
(2023); https://doi.org/10.15407/nnn.21.02.427 

91. N. V. Kusyak, À. P. Kusyak, O. A. Dudarko, N. M. Korniichuk, 



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 957 

A. L. Petranovska, and P. P. Gorbyk, Molecular Crystals and Liquid Crys-
tals, 751, Iss. 1: 10 (2023); 
https://doi.org/10.1080/15421406.2022.2073525 

92. Ï. Ï. Ãîðáèê, Ñ. Â. Ãîðîáåöü, Ì. Ï. Òóðåëèê, Â. Ô. ×åõóí, À. Ï. Øïàê, 
Á³îôóíêö³îíàë³çàö³ÿ íàíîìàòåð³àë³â ³ íàíîêîìïîçèò³â (Êè¿â: Íàóêîâà 
äóìêà: 2011), ñ. 293. 

93. Ï. Ï. Ãîðáèê, Ìàãíèòî÷óâñòâèòåëüíûå íàíîêîìïîçèòû ñ ôóíêöèÿìè 
íàíîðîáîòîâ: ñèíòåç, ñâîéñòâà, ïðèìåíåíèÿ (Ôèçèêà è õèìèÿ ïîâåðõíî-
ñòè. Êí. ²². Õèìèÿ ïîâåðõíîñòè) (Ðåä. Í. Ò. Êàðòåëü, Â. Â. Ëîáàíîâ) 
(Êèåâ: Èíòåðñåðâèñ: 2018), ò. 3, c. 1213. 

REFERENCES 

1. M. C. Roco, R. S. Williams, and Ð. Alivisatos, Nanotechnology Research Di-
rections: IWGN Workshop Report. Vision for Nanotechnology R&D in the Next 
Decade (Dordrecht: Kluwer Acad. Publ.: 2002), vol. 156, p. 171. 

2. Í. Gu, J. Chao, S.-J. Xiao, and N. C. Seeman, Nature, 465: 202 (2010); 
https://doi.org/10.1038/nature09026 

3. K. Lund, A. J. Manzo, N. Dabby, N. Michelotti, A. Johnson-Buck, 
J. Nangreave, S. Taylor, R. Pei, M. N. Stojanovic, N. G. Walter, E. Win-
free, and H. Yan, Nature, 465: 206 (2010); 
https://doi.org/10.1038/nature09012 

4. R. A. Muscat, J. Bath, and A. J. Turberfield, Nanoletters, 11, No. 3: 982 
(2011); https://doi.org/10.1021/nl1037165 

5. Â. Lewandowski, G. De Bo, J. W. Ward, M. Papmeyer, S. Kuschel, 
M. J. Aldegunde, P. M. E. Gramlich, D. Heckmann, S. M. Goldup, 
D. M. D’Souza, A. E. Fernandes, and D. A. Leigh, Science, 339, No. 6116: 
189 (2013); https://doi.org/10.1126/science.1229753 

6. T. E. Korochkova and V. M. Rozenbaum, Khimiia, Fizyka i Tekhnolohiia 
Poverkhni, 11–12: 29 (2006) (in Russian). 

7. T. E. Korochkova, M. L. Dekhtiar, and V. M. Rozenbaum, Khimiia, Fizyka i 
Tekhnolohiia Poverkhni, 14: 52 (2008) (in Russian). 

8. Gamze Celik Cogal, Pradipta K. Das, Gozde Yurdabak Karaca, Venkat R. 
Bhethanabotla, and Aysegul Uygun Oksuz, Appl. Bio. Mater., 4: 7932 (2021); 
https://doi.org/10.1021/acsabm.1c00854 

9. Y. Yang, X. Arqué, T. Patino, V. Guillerm, P.-R. Blersch, J. Pérez-Carvajal, 
I. Imaz, D. Maspoch, and S. Sánchez, J. Am. Chem. Soc., 142: 20962 (2020); 
https://doi.org/10.1021/jacs.0c11061 

10. G. Chena, F. Zhua, A. S. J. Gana, B. Mohanb, K. K. Deyc, K. Xud, 
G. Huanga, J. Cuia, A. A. Soloveva, and Y. Meia, Next Nanotechnology, 2: 
1 (2023); https://doi.org/10.1016/j.nxnano.2023.100019 

11. D. Tang, X. Peng, S. Wu, and S. Tang, Nanomaterials, 14, No. 7: 595 
(2024); https://doi.org/10.3390/nano14070595 

12. L. Levy, Y. Sahoo, and B. J. Earl, Chem. Mater., 14: 3715 (2002); 
https://doi.org/10.1021/cm0203013 

13. A. P. Shpak and P. P. Horbyk, Fizyko-Khimiia Nanomaterialiv i Supramo-
lekuliarnykh Struktur (Kyiv: Naukova Dumka: 2007), vol. 1 (in Ukrainian). 

14. A. P. Shpak and P. P Gorbyk, Nanomaterials and Supramolecular Struc-



958 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

tures: Physics, Chemistry, and Applications (Nederlands: Springer: 2009). 
15. A. P. Shpak, V. F. Chekhun, P. P. Horbyk, and V. V Turov, Nanomaterialy 

i Nanokompozyty v Medytsyni, Biolohii, Ehkolohii (Kyiv: Naukova Dumka: 
2011) (in Ukrainian). 

16. P. P. Horbyk, A. L. Petranovska, M. P. Turelyk, S. P. Turanska, 
O. A. Vasylieva, V. F. Chekhun, N. Yu. Lukianova, A. P. Shpak, and 
O. M. Korduban, Nanokapsula z Funktsiiamy Nanorobota (Patent Ukrainy 
No. 99211 (2012)) (in Ukrainian). 

17. P. P. Gorbyk and V. F. Chekhun, Func. Mat., 19, No. 2: 145 (2012). 
18. P. P. Horbyk, Nanosistemi, Nanomateriali, Nanotehnologii, 11, Iss. 2: 323 

(2013) (in Ukrainian). 
19. P. P. Gorbyk, L. B. Lerman, A. L. Petranovska, and S. P. Turanska, Ad-

vances in Semiconductor Research: Physics of Nanosystems, Spintronics and 
Technological Applications (New York: Nova Science Publishers: 2014). 

20. Petro Petrovych Gorbyk, Leonid Borysovych Lerman, Alla Leonidivna Pet-
ranovska, Svitlana Petrivna Turanska, and Ievgen Volodymyrovych Pylyp-
chuk, Applications of Nanobiomaterials (2016), p. 289–334; 
https://doi.org/10.1016/B978-0-323-41533-0.00010-6 

21. I. V. Pylypchuk, M. V. Abramov, A. L. Petranovska, S. P. Turanska, 
T. M. Budnyak, N. V. Kusyak, and P. P. Gorbyk, Nanochemistry, Biotech-
nology, Nanomaterials, and Their Applications (Aug. 23–26, 2017, Cherniv-
tsi)—NANO-2017), ð. 35; https://doi.org/10.1007/978-3-319-92567-7_2 

22. M. V. Abramov, A. P. Kusyak, O. M. Kaminskiy, S. P. Turanska, 
A. L. Petranovska, N. V. Kusyak, and P. P. Gorbyk, Horizons in World 
Physics (2017), vol. 293, p. 1. 

23. P. P. Horbyk, Khimiia, Fizyka ta Tekhnolohiia Poverkhni, 11, No. 1: 128 
(2020) (in Ukrainian); https://doi.org/10.15407/hftp11.01.128 

24. I. V. Uvarova, P. P. Horbyk, S. V. Horobets, O. A. Ivashchenko, and 
N. V. Ulianchenko, Nanomaterialy Medychnoho Pryznachennia (Kyiv: Nau-
kova Dumka: 2014) (in Ukrainian). 

25. S. V. Horobets, O. Yu. Horobets, P. P. Horbyk, and I. V. Uvarova, 
Funktsionalni Bio- ta Nanomaterialy Medychnoho Pryznachennia (Kyiv: 
Kondor: 2018) (in Ukrainian). 

26. N. V. Abramov, S. P. Turanska, A. P. Kusyak, A. L. Petranovska, and 
P. P. Gorbyk, J. Nanostruct. Chem., 6, No. 3: 223 (2016); 
https://doi.org/10.1007/s40097-016-0196-z 

27. M. V. Abramov, S. P. Turanska, and P. P. Horbyk, Metallofiz. Noveishie 
Tekhnol., 40, No. 4: 423 (2018); https://doi.org/10.15407/mfint.40.04.0423 

28. M. V. Abramov, S. P. Turanska, and P. P. Horbyk, Metallofiz. Noveishie 
Tekhnol., 40, No. 10: 1283 (2018) (in Ukrainian); 
https://doi.org/10.15407/mfint.40.10.1283 

29. O. M. Fedorenko, P. P. Horbyk, O. O. Chuiko, M. V. Abramov, 
D. L. Starokadomskyi, and A. L. Petranovska, Dopovidi NAN Ukrainy, 8: 
161 (2004) (in Ukrainian). 

30. L. S. Semko, O. I. Kruchek, L. P. Storozhuk, and P. P. Horbyk, Metallofiz. 
Noveishie Tekhnol., 33, No. 7: 985 (2011). 

31. L. S. Semko, O. I. Kruchek, Yu. A. Shevliakov, and P. P. Horbyk, Fizyka i 
Khimiia Tverdoho Tila, 10, No. 2: 447 (2009). 

32. L. S. Semko, Yu. A. Shevliakov, O. O. Chuiko, and P. P. Horbyk, Metallofiz. 



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 959 

Noveishie Tekhnol., 28, No. 6: 729 (2006) (in Ukrainian). 
33. P. P. Horbyk, S. M. Makhno, I. V. Dubrovin, M. V. Abramov, 

V. M. Mishchenko, R. V. Mazurenko, A. L. Petranovska, Ye. V. Pylypchuk, 
and S. L. Prokopenko, Nanosistemi, Nanomateriali, Nanotehnologii, 15, 
Iss. 1: 47 (2017) (in Ukrainian). 

34. P. P. Horbyk, M. V. Abramov, I. V. Dubrovin, S. M. Makhno, and 
S. P. Turanska, Usp. Fiz. Met., 18, No. 1: 59 (2017) (in Ukrainian). 

35. P. P. Horbik, V. N. Mishchenko, N. V. Abramov, Yu. N. Troshchenkov, and 
D. H. Usov, Poverkhnost, 1, No. 16: 165 (2010) (in Russian). 

36. P. P. Horbyk, I. V. Dubrovin, and M. V. Abramov, Poverkhnost, 7, No. 22: 
186 (2015) (in Ukrainian). 

37. P. P. Horbyk, I. V. Dubrovin, and M. V. Abramov, Khimiia, Fizyka ta 
Tekhnolohiia Poverkhni, 8, No. 2: 194 (2017) (in Ukrainian); 
https://doi.org/10.15407/hftp08.02.194 

38. P. P. Horbyk, I. V. Dubrovin, and M. V. Abramov, Poverkhnost, 4, No. 19: 
232 (2012) (in Ukrainian). 

39. P. P. Horbyk, A. L. Petranovskaia, E. V. Pylypchuk, N. V. Abramov, E. Y. 
Oranskaia, and A. M. Korduban, Khimiia, Fizyka ta Tekhnolohiia Poverkhni, 
2, No. 4: 385 (2011) (in Russian). 

40. P. P. Horbyk, I. V. Dubrovin, M. V. Abramov, Khimiia, Fizyka ta Tekhnolo-
hiia Poverkhni, 7, No. 2: 133 (2016) (in Ukrainian); 
https://doi.org/10.15407/hftp07.02.133 

41. Andrii Kusyak, Alla Petranovska, Oleksandr Shchehlov, Ruslan Kravchuk, 
Yaroslav Shuba, and Petro Gorbyk, Hybrid Advances, 5: 100054 (2024); 
https://doi.org/10.1016/j.hybadv.2024.100154 

42. À. L. Petranovska, Ì. V. Abramov, N. Ì. Opanashchuk, S. P. Turanska, 
N. V. Kusyak, and P. P. Gorbyk, Chem., Phys. Technol. Surf., 9, No. 4: 353 
(2018); https://doi.org/10.15407/hftp09.04.353 

43. A. L. Petranovska, M. V. Abramov, N. Ì. Îpanashchuk, S. P. Turanska, 
P. P. Gorbyk, N. V. Kusyak, A. P. Kusyak, N. Yu. Lukyanova, and 
V. F. Chekhun, Chem., Phys. Technol. Surf., 10, No. 4: 419 (2019); 
https://doi.org/10.15407/hftp10.04.419 

44. P. P. Gorbyk, A. L. Petranovska, M. P. Turelyk, N. V. Abramov, 
V. F. Chekhun, and N. Yu. Lukyanova, Chem., Phys. Technol. Surf., 1, 
No. 3: 360 (2010). 

45. P. P. Horbyk, Y. V. Dubrovyn, A. L. Petranovskaia, M. P. Turelyk, 
L. P. Storozhuk, V. N. Myshchenko, N. V. Abramov, S. P. Turanska, 
S. N. Makhno, E. V. Pylypchuk, V. F. Chekhun, N. Yu. Lukianova, 
A. P. Shpak, and A. M. Korduban, Poverkhnost, 2, No. 17: 287 (2010) (in 
Ukrainian). 

46. S. P. Turanska, A. P. Kusiak, A. L. Petranovska, S. V. Horobets, 
V. V. Turov, and P. P. Horbyk, Khimiia, Fizyka ta Tekhnolohiia Poverkhni, 
7, No. 2: 236 (2016) (in Ukrainian); 
https://doi.org/10.15407/hftp07.02.236 

47. I. V. Pylypchuk, D. Kołodyńska, M. Kozioł, and P. P. Gorbyk, Nanoscale 
Res. Lett., 11, No. 1: 168 (2016); https://doi.org/10.1186/s11671-016-1363-
3 

48. A. L. Petranovska, N. V. Abramov, S. P. Turanska, P. P. Gorbyk, 
A. N. Kaminskiy, and N. V. Kusyak, J. Nanostruct. Chem., 5, No. 3: 275 



960 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

(2015); https://doi.org/10.1007/s40097-015-0159-9 
49. I. V. Pylypchuk, D. Kolodynska, and P. P. Gorbyk, Sep. Sci. Technol., 53, 

No. 7: 1006 (2018). 
50. M. V. Abramov, A. P. Kusiak, O. M. Kaminskyi, S. P. Turanska, 

A. L. Petranovska, N. V. Kusiak, V. V. Turov, and P. P. Horbyk, Poverkh-
nost, 9, No. 24: 165 (2017) (in Ukrainian). 

51. P. P. Horbyk, N. V. Kusiak, A. L. Petranovska, O. I. Oranska, 
M. V. Abramov, and N. M. Opanashchuk, Khimiia, Fizyka ta Tekhnolohiia 
Poverkhni, 9, No. 2: 176 (2018) (in Ukrainian); 
https://doi.org/10.15407/hftp09.02.176 

52. M. V. Abramov, A. L. Petranovska, Ye. V. Pylypchuk, S. P. Turanska, 
N. M. Opanashchuk, N. V. Kusiak, S. V. Horobets, and P. P. Horbyk, Pov-
erkhnost, 10, No. 25: 245 (2018) (in Ukrainian); 
https://doi.org/10.15407/Surface.2018.10.245 

53. P. P. Gorbyk, Ie. V. Pylypchuk, V. I. Petrenko, and T. Yu. Nikolaienko, 
J. Nano- Electron. Phys., 11, No. 4: 04017 (2019); 
https://doi.org/10.21272/jnep.11(4).04017 

54. S. P. Turanska, N. M. Opanashchuk, A. L. Petranovska, N. V. Kusiak, 
B. I. Tarasiuk, S. V. Horobets, V. V. Turov, P. P. Horbyk, and N. V. Abramov, 
Poverkhnia, 11, No. 26: 577 (2019) (in Ukrainian); 
https://doi.org/10.15407/Surface.2019.11.577 

55. A. L. Petranovska, Ye. V. Pylypchuk, P. P. Horbyk, and O. M. Korduban, 
Khimiia, Fizyka ta Tekhnolohiia Poverkhni, 8, No. 2: 203 (2017) (in Ukrain-
ian); https://doi.org/10.15407/hftp08.02.203 

56. V. F. Chekhun, N. Yu. Lukianova, P. P. Horbyk, I. M. Todor, 
A. L. Petranovska, N. V. Boshytska, and I. V. Bozhko, Protypukhlynnyi 
Feromahnitnyi Nanokompozyt (Patent Ukrainy No. 112490 (2016)) (in 
Ukrainian). 

57. Ie. V. Pylypchuk and P. P. Horbyk, Poverkhnost, 6, No. 21: 150 (2014) (in 
Ukrainian). 

58. Ie. V. Pylypchuk, Yu. O. Zubchuk, A. L. Petranovska, S. P. Turanska, and 
P. P. Horbyk, Khimiia, Fizyka ta Tekhnolohiia Poverkhni, 6, No. 3: 326 
(2015) (in Ukrainian); https://doi.org/10.15407/hftp06.03.326 

59. L. S. Semko, L. P. Storozhuk, P. P. Horbyk, M. V. Abramov, and 
O. I. Oranska, Nanosistemi, Nanomateriali, Nanotehnologii, 8, Iss. 1: 101 
(2010) (in Ukrainian). 

60. A. P. Kusiak, A. L. Petranovska, and P. P. Horbyk, Poverkhnia, 8, No. 23: 
179 (2016) (in Ukrainian). 

61. L. S. Semko, L. P. Storozhuk, S. V. Khutornoi, N. V. Abramov, and 
P. P. Gorbik, Inorg. Mat., 51, No. 5: 430 (2015); 
https://doi.org/10.1134/S0020168515040135 

62. A. P. Kusiak, A. L. Petranovska, C. P. Turanska, and P. P. Horbyk, Nano-
sistemi, Nanomateriali, Nanotehnologii, 12, Iss. 3: 451 (2014) (in Ukraini-
an). 

63. A. P. Kusiak, S. P. Turanska, A. L. Petranovska, and P. P. Horbyk, Dopo-
vidi NAN Ukrainy, 12: 90 (2015); 
https://doi.org/10.15407/dopovidi2015.12.090 

64. P. P. Horbyk, A. P. Kusiak, and A. L. Petranovska, Sposib Otrymannia 
Rentgenoliuminestsentnoho Liuminofora (Patent na korysnu model Ukrainy 



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 961 

No. 152194 (2022)) (in Ukrainian). 
65. À. Kusyak, À. Petranovska, O. Oranska, S. Turanska, Ya. Shuba, 

D. Kravchuk, L. Kravchuk, G. Sotkis, V. Nazarenko, R. Kravchuk, 
V. Dubok, O. Bur’yanov, V. Chornyi, Yu. Sobolevs’kyy, and P. Gorbyk, 
What to Know about Lanthanum (Ed. by Catherine C. Bradley) (New York: 
Nova Science Publishers: 2023); https://doi.org/10.52305/JWMC9723 

66. A. P. Kusiak, A. L. Petranovska, O. I. Oranska, S. P. Turanska, 
Ya. M. Shuba, D. I. Kravchuk, L. I. Kravchuk, H. V. Sotkis, 
V. H. Nazarenko, R. M. Kravchuk, V. A. Dubok, O. A. Burianov, 
V. S. Chornyi, Yu. L. Sobolevskyi, and P. P. Horbyk, Poverkhnia, 15, 
No. 30: 268 (2023) (in Ukrainian); 
https://doi.org/10.15407/Surface.2023.15.268 

67. A. P. Kusyak, A. L. Petranovska, S. P. Turanska, O. I. Oranska, 
Yu. M. Shuba, D. I. Kravchuk, L. I. Kravchuk, V. S. Chornyi, 
O. A. Bur’yanov, Yu. L. Sobolevs’kyy, V. A. Dubok, and P. P. Gorbyk, 
Chem., Phys. Technol. Surf., 12, No. 3: 216 (2021); 
https://doi.org/10.15407/hftp12.03.216 

68. À. Ð. Kusyak, À. L. Petranovska, S. P. Turanska, O. I. Oranska, 
Ya. M. Shuba, D. I. Kravchuk, L. I. Kravchuk, V. G. Nazarenko, 
R. Ì. Kravchuk, V. S. Chornyi, O. A. Bur’yanov, Yu. L. Sobolevs’kyy, 
V. A. Dubok, and P. P. Gorbyk, Chem., Phys. Technol. Surf., 13, No. 4: 425 
(2022); https://doi.org/10.15407/hftp13.04.425 

69. Danylo I. Kravchuk, Ganna V. Sotkis, Mykola M. Shcherbatiuk, Ruslan M. 
Kravchuk, Vassili G. Nazarenko, Petro P. Gorbyk, and Yaroslav M. Shub, 
Photochemistry and Photobiologythis, 99, No. 1: 78 (2023); 
https://doi.org/10.1111/php.13652 

70. B. Ye. Paton, P. P. Horbyk, A. L. Petranovska, M. P. Turelyk, 
M. V. Abramov, O. A. Vasylieva, V. F. Chekhun, and N. Yu. Lukianova, 
Mahnitna Protypukhlynna Ridyna (Patent Ukrainy No. 78473 (2013)) (in 
Ukrainian). 

71. P. P. Horbyk, A. L. Petranovska, M. V. Abramov, N. M. Opanashchuk, 
V. F. Chekhun, N. Yu. Lukianova, and N. V. Kusiak, Kompozytsiia dlia 
Mahnitnoi Vektornoi Protypukhlynnoi Ridyny (Patent Ukrainy No. 126627 
(2022)) (in Ukrainian). 

72. V. F. Chekhun, N. Y. Lukianova, I. M. Todor, D. M. Storchai, 
T. V. Borikun, L. A. Naleskina, À. P. Kusiak, A. P. Petranovska, and 
P. P. Horbyk, Toxicology and Applied Pharmacology Insights, 1, No. 1: 1 
(2018); https://doi.org/10.33140/TAPI/000005 

73. M. V. Abramov, S. P. Turanska, and P. P. Horbyk, Nanosistemi, Nanomateri-
ali, Nanotehnologii, 18, Iss. 3: 505 (2020) (in Ukrainian); 
https://doi.org/10.15407/nnn.18.03.505 

74. P. P. Horbyk, M. V. Abramov, A. L. Petranovska, M. P. Turelyk, and 
O. A. Vasylieva, Tymchasovyi Tekhnolohichnyi Reglament na Vyrobnytstvo 
Rechovyny ‘Magnetyt-U’ (Svidotstvo pro Reiestratsiiu Avtorskoho Prava 
46056 TTR 03291669.012:2012 (2012)) (in Ukrainian). 

75. P. P. Horbyk, M. V. Abramov, A. L. Petranovska, Ye. V. Pylypchuk, and O. 
A. Vasylieva, Svidotstvo 58159 na TTR (Tekhnolohichnyi Reglament) 
03291669.017:2014 na Vyrobnytstvo Magnitnoi Ridyny (2015) (in Ukraini-
an). 



962 Ï. Ï. ÃÎÐÁÈÊ, Ñ. Ì. ÌÀÕÍÎ, À. Ï. ÊÓÑßÊ òà ³í. 

76. P. P. Gorbik et al., Sistemy s Razvitoi Poverhnost’yu i Fazovymi Perekho-
dami Provodnik–Vysokotemperaturnyi Sverkhprovodnik, Poluprovodnik–
Metall, Diehlektrik–Superionik (Kiev: Naukova Dumka: 2003); P. P. Gorbik 
et al., Fiziko-Khimiya Nanomaterialov i Supramolekulyarnykh Struktur (Ki-
ev: Naukova Dumka: 2007), vol. 1, p. 428; ibidem, vol. 2, p. 438 (in Rus-
sian). 

77. O. M. Siedov, V. V. Kholod, S. M. Makhno, O. M. Lisova, M. V. Abramov, 
S. P. Turanska, and P. P. Horbyk, Metallofiz. Noveishie Tekhnol., 41, No. 9: 
1153 (2019); https://doi.org/10.15407/mfint.41.09.1153 

78. L. S. Dziubenko, P. P. Horbyk, O. O. Sapianenko, and N. M. Rezanova, Pov-
erkhnia, 13, No. 28: 197 (2021) (in Ukrainian); 
https://doi.org/10.15407/Surface.2021.13.197 

79. O. M. Lisova, S. Ì. Ìàkhno, G. Ì. Gunya, and P. P. Gorbyk, Chem. Phys. 
Technol. Surf., 9, No. 4: 362 (2018); 
https://doi.org/10.15407/hftp09.04.362 

80. Î. Ì. Lisova, S. Ì. Ìàkhno, G. Ì. Gunya, and P. P. Gorbyk, Chem. Phys. 
Technol. Surf., 8, No. 4: 393 (2017); 
https://doi.org/10.15407/hftp08.04.393 

81. M. V. Abramov, P. P. Horbyk, and V. M. Bohatyryov, Poverkhnost, 8, 
No. 23: 223 (2016) (in Ukrainian); 
https://doi.org/10.15407/Surface.2016.08.223 

82. S. L. Prokopenko, R. V. Mazurenko, G. M. Gunja, N. V. Abramov, 
S. M. Makhno, and P. P. Gorbyk, J. of Magn. and Magn. Mat., 494: 165824 
(2020); https://doi.org/10.1016/j.jmmm.2019.165824 

83. O. M. Lisova, S. M. Makhno, H. M. Hunia, and P. P. Horbyk, Nanosistemi, 
Nanomateriali, Nanotehnologii, 18, Iss. 3: 755 (2020) (in Ukrainian); 
https://doi.org/10.15407/nnn.18.03.755 

84. S. L. Prokopenko, G. M. Gunja, S. N. Makhno, and P. P. Gorbyk, 
J. Nanostruct. Chem., 4: 103 (2014); https://doi.org/10.1007/s40097-014-
0120-3 

85. R. Mazurenko, S. Prokopenko, M. Godzierz, A. Hercog, S. Makhno, 
U. Szeluga, P. Gorbyk, B. Trzebicka, and M. Kartel, Appl. Mat. Today, 35: 
101972 (2023); https://doi.org/10.1016/j.apmt.2023.101972 

86. R. Mazurenko, S. Prokopenko, M. Godzierz, A. Hercog, A. Kobyliukh, 
G. Gunja, S. Makhno, U. Szeluga, P. Gorbyk, and B. Trzebicka, Materials, 
17: 986 (2024); https://doi.org/10.3390/ma17050986 

87. P. P. Horbyk, Visnyk NAN Ukrainy, 1: 57 (2023) (in Ukrainian); 
https://doi.org/10.15407/visn2023.01.057 

88. P. P. Horbyk, S. M. Makhno, S. L. Prokopenko et al., Ozbroiennia ta Viis-
kova Tekhnika, 2, No. 38: 94 (2023) (in Ukrainian); 
https://doi.org/1034169/2414-0651 

89. P. P. Horbyk, S. M. Makhno, S. L. Prokopenko et al., Ozbroiennia ta Viis-
kova Tekhnika, 3, No. 38: 81 (2023) (in Ukrainian); 
https://doi.org/1034169/2414-0651 

90. A. P. Kusyak, N. V. Kusyak, O. I. Oranska, T. V. Kulyk, L. S. Dzubenko, 
B. B. Palianytsia, O. A. Dudarko, N. M. Korniichuk, A. L. Petranovska, and 
P. P. Gorbyk, Nanosistemi, Nanomateriali, Nanotehnologii, 21, Iss. 2: 427 
(2023); https://doi.org/10.15407/nnn.21.02.427 

91. N. V. Kusyak, À. P. Kusyak, O. A. Dudarko, N. M. Korniichuk, 



ÏÎË²ÔÓÍÊÖ²ÎÍÀËÜÍ² ÌÀÃÍÅÒÎ×ÓÒËÈÂ² ÍÀÍÎÑÒÐÓÊÒÓÐÈ ÒÀ ÌÀÒÅÐ²ßËÈ 963 

A. L. Petranovska, and P. P. Gorbyk, Molecular Crystals and Liquid Crys-
tals, 751, Iss. 1: 10 (2023); 
https://doi.org/10.1080/15421406.2022.2073525 

92. P. P. Horbyk, S. V. Horobets, M. P. Turelyk, V. F. Chekhun, and 
A. P. Shpak, Biofunktsionalizatsiia Nanomaterialiv i Nanokompozytiv (Kyiv: 
Naukova Dumka: 2011), p. 293 (in Ukrainian). 

93. P. P. Horbyk, Magnitochuvstvitel’nyye Nanokompozity s Funkciyami Nano-
robotov: Sintez, Svoistva, Primeneniya (Fizika i Khimiya Poverkhnosti. Book 
²². Khimiya Poverkhnosti (Eds. N. T. Kartel and V. V. Lobanov) (Kiev: In-
terservis: 2018), vol. 3, c. 1213 (in Russian). 

                                           
Chuiko Institute of Surface Chemistry, N.A.S. of Ukraine,  
17, Îleha Mudraka Str.,  
UA-03164 Kyiv, Ukraine 
 
1 Fig. 1. Structural model of NC of the core–multilevel-shell type. Marked: d ds 2h1—the 
diameter of the spherical nanoparticle magnet (core); ds—the diameter of the magnet with 
saturation magnetization characteristic of the bulk material of the core; h1—the thickness of 
the near-surface ‘demagnetized’ layer of the magnet, h2, h3, h4—the thicknesses of the layer, 
modifier, drug and capsule (stabilizer), respectively, in the structure of inflammation. 
2 TABLE 1. Effect of magnetosensitive NC with adsorbed CP, conjugated with monoclonal 
antibodies CD 95, on the viability of cells of the line ÌÑF-7 [14, 17]. 
3 Fig. 2. TEM image (a, scale of 20 nm) and x-ray diffraction pattern (á) of Fe3O4/LaF3:Tb 
NC, x-ray luminescence of synthesized dry LaF3:Tb (â) and aqueous Fe3O4/LaF3:Tb colloidal 
system (ã) [65, 66], dependence of RuBiNik adsorption on the LaF3:Tb/Citr surface as a time 
function (ä) [41]. 
4 Fig. 3. Mean tumour volume of cisplatin-resistant Guerin carcinoma after cisplatin and fer-
romagnetic nanocomposite therapy. The abscissa axis—animals groups, which were affected 
by various factors, the ordinate axis—tumour volume (ñm3) [56]. 
5 Fig. 4. Percentage of growth inhibition of cisplatin-resistant Guerin carcinoma at therapy 
with cisplatin and ferromagnetic nanocomposite [56]. 
6 Fig. 5. Technological scheme for the fabrication of a new magnetically controlled multifunc-
tional medicinal product—an antitumor vector system. 
7 TABLE 2. Physical parameters of the optimized magnetic fluid at T 300 K. 
8 Fig. 6. TEM images of synthesized MnFe2O4 nanoparticles (à, á, â), MWCNTs (ã, ä, å) and 
CNTs modified with manganese ferrite (º, æ, ç). The optimal (with maximum efficiency) CNT 
concentration in the MnFe2O4/CNT system (Amax) was 0.044 (vol.). 
9 TABLE 3. Components with dielectric, conductive, and magnetic losses. 
10 TABLE 4. The main properties of coatings. 
11 Fig. 7. Qualitative model of an optimized core–shell absorber of electromagnetic radiation. 
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The carbides’ nanoparticles are characterized by a distinguish properties 
that make them appropriate for use in a variety of industrial and medicinal 
applications. Some of these unique characteristics of the carbides are high 
antibacterial and antimicrobial activities, chemically inert and high hard-
ness. In this review, the properties, advantages, and limitations of carbides’ 
nanoparticles for antibacterial applications are discussed. The carbides’ na-
noparticles for previous studies possess strong antimicrobial action against 
both gram-positive and gram-negative microorganisms. 

Íàíî÷àñòèíêè êàðá³ä³â õàðàêòåðèçóþòüñÿ îñîáëèâèìè âëàñòèâîñòÿìè, 
ùî ðîáëÿòü ¿õ ïðèäàòíèìè äëÿ âèêîðèñòàííÿ â ð³çíîìàí³òíèõ ïðîìèñ-
ëîâèõ òà ìåäè÷íèõ çàñòîñóâàííÿõ. Äåÿêèìè ç öèõ óí³êàëüíèõ õàðàêòå-
ðèñòèê êàðá³ä³â º âèñîê³ àíòèáàêòåð³ÿëüíà é àíòèì³êðîáíà àêòèâíîñò³, 
õåì³÷íà ³íåðòí³ñòü ³ âèñîêà òâåðä³ñòü. Ó öüîìó îãëÿä³ îáãîâîðþþòüñÿ 
âëàñòèâîñò³, ïåðåâàãè é îáìåæåííÿ íàíî÷àñòèíîê êàðá³ä³â äëÿ àíòèáàê-
òåð³ÿëüíîãî çàñòîñóâàííÿ. Íàíî÷àñòèíêè êàðá³ä³â, çã³äíî ç ïîïåðåäí³ìè 
äîñë³äæåííÿìè, ìàþòü ñèëüíó àíòèì³êðîáíó ä³þ ïðîòè ãðàìïîçèòèâíèõ 
òà ãðàìíå´àòèâíèõ ì³êðîîðãàí³çì³â. 

Key words: carbides, nanoparticles, antibacterial range, gram-negative bacte-
ria, gram-positive bacteria. 

Êëþ÷îâ³ ñëîâà: êàðá³äè, íàíî÷àñòèíêè, àíòèáàêòåð³ÿëüíèé ñïåêòåð ä³¿, 
ãðàìíå´àòèâí³ áàêòåð³¿, ãðàìïîçèòèâí³ áàêòåð³¿. 
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1. INTRODUCTION 

Because of their large surface area-to-volume ratio and the quantum 
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confinement effects, nanoscale particles are thought to be viable 
options for modern nanodevices [1]. Comprehensive research has 
been done on nanoparticles (NPs) in biomedical applications. Exten-
sive studies on NPs in biomedical uses, such as biomaterials, diag-
nostics, and cancer treatment have been conducted [2]. NPs bind 
securely to microbial membranes because of their small size and 
large surface to volume proportion, which is essential for their an-
tibacterial effectiveness [3]. Bacteria can be broadly categorized as 
either gram-positive or gram-negative. The arrangement of pepti-
doglycan, a crucial membrane component, accounts for the struc-
tural variations. The membrane of the cytoplasm and the outside 
membrane of gram-negative bacteria are separated by a very thin 
( 2–3 nm) peptidoglycan layer, whereas gram-positive bacteria do 
not have an outer membrane and have a roughly 30-nm-thick pepti-
doglycan layer [4]. 

2. PROPERTIES OF NANOPARTICLES 

In nanoscience and nanotechnology, the dimension of stuff that mat-
ters most commonly falls between 0.2 nm and 100 nm (nanoscale). 
When a substance gets closer to the nanoscale, its properties alter. 
Furthermore, a material-surface atom fraction starts to take on 
greater significance. Regardless of their size, bulk materials have 
comparatively constant physical properties; however, this is fre-
quently not the case at the nanoscale. The fraction of atoms at the 
surface grows in relation to the whole amount of atoms in the bulk 
material, as the substance gets smaller. Because the material surface 
predominates over its bulk qualities, this can result in surprising 
properties of nanoparticles. 
 The enormous surface-to-volume ratios and discrete electrons’ en-
ergy states of the materials at this size give rise to the distinctive 
mechanical, optical, magnetic, and electrical features of the nano-
materials. Generally speaking, the optical and electrical properties of 
both organic and inorganic substances change significantly from a 
bulk substance at the atomic and molecular levels as their sizes ap-
proach the nanoscale and are depending on their form and size. Ob-
servable size-dependent features include superparamagnetism in 
magnetic materials, surface plasmon resonance in noble metal parti-
cles, and quantum confinement in semi-conductor particles. Because 
of their enormous surface-to-volume ratio and crystalline surface 
structure, the nanoparticles exhibit exceptional properties. Further-
more, because of their highly active facets and ability to be synthe-
sized to a specific specification, nanoparticles have an increased cata-
lytic activity that makes them an appealing solution for solving a va-
riety of technological issues. 
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 Nanoparticles are being thoroughly investigated in the realm of 
medicine due to their size-dependent chemical and physical character-
istics. Nanoparticles are comparable in size to the majority of biolog-
ical molecules and structures. This makes them a compelling option 
for use in biomedical research, both in vivo and in vitro. Their use in 
specific drug delivery, visualization, detecting, and artificial im-
plants has resulted from their integration with the medical industry. 
Their application as antimicrobial agents to combat extremely patho-
genic and drug-resistant bacteria is a new intriguing direction for 
their research in medicine. 
 However, the biocompatibility is a highly attractive feature for the 
use of nanoparticles in biology. The capacity of a material to func-
tion medicinally without causing undesirable local or systemic conse-
quences is known as biocompatibility [5]. 

3. ADVANTAGES OF NANOPARTICLES 

In comparison to conventional delivery remedies, nanoparticles can 
provide a number of important benefits. Because of their surface 
features and particle size, nanoparticles can target drugs in both 
active and passive modes. Because of the way that using nanoparti-
cles changes the drugs’ organ distribution and subsequent clear-
ance, there is a decrease in adverse effects and an increase in the 
therapeutic efficacy of the treatment. Additionally, nanoparticles 
regulate and maintain the drugs’ release. It is simple to control the 
release and degradation characteristics of nanoparticles based on 
the selection of matrix ingredients. Another benefit of nanoparti-
cles is their ability to target specific sites. It can be accomplished 
by applying targeted ligands on the particle surface. Nanoparticles 
can be administered intraocularly, parenterally, nasally, orally, etc. 
These nanoparticles also exhibit great stability, the capacity to 
transfer hydrophilic and hydrophobic molecules, a high surface ar-
ea-to-mass ratio, high reactivity, extended systemic circulation, ac-
curate medication targeting, and the simultaneous administration 
of numerous medicines [6]. 

4. THE DISADVANTAGES OF NANOPARTICLES 

Despite all of these advantages, there are a number of disad-
vantages of nanoparticles [6]: physically manipulating nanoparticles 
in both liquid and dry states can be difficult due to particle–
particle aggregation caused by their huge surface area and small 
size. Furthermore, the large surface area and small particle size 
readily result in burst release and minimal drug loading [6]. 
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5. PROPERTIES AND APPLICATIONS OF CARBIDES 

Carbides are significant substances due to their unique characteris-
tics and variety of applications. The carbon compounds have the 
fewest electronegative components. Carbon compounds, such as 
phosphorus, nitrogen, sulphur, and oxygen, are not regarded as 
carbides [7]. These are their classifications as follow. 
1. Ionic or Salt-Like Carbides. Ionic or salt-like carbides are used to 
describe the carbides of strongly electropositive elements including 
aluminium, alkali metals, and alkaline earth metals (calcium and 
aluminium carbides among other examples) [7]. 
2. Transition Metal Carbides. Due to their beneficial physical char-
acteristics, such as their high melting points (for example, hafnium 
and tantalum carbides have the highest known melting tempera-
tures of all substances), they have been intriguing active materials; 
additionally, they exhibit both excellent electrical conductivity and 
chemical stability, and commercial uses for transition metal car-
bides include cutting tools, gas turbine rotors, and protective coat-
ings for fusion reactors [8]. 
3. Interstitial Carbides. Carbon atoms occupy the interstitial area 
inside the closely spaced array between metal atoms. These have 
high melting points and are quite hard. They are effective electrical 
conductors. These may be hydrolysed by diluted acids or by water 
[7]. 
4. Covalent Carbides. Metalloid substances, such as boron and sili-
con, create them. Between each atoms of the metalloid are covalent 
connections. These substances are unsolvable, chemically inert, and 
exceedingly hard [7]. 
 Due to its high melting temperatures, high degree of hardness, 
resistance to oxidation, strong abrasion resistance, and heat shock 
resistance, carbides have been widely used in a variety of indus-
tries, including wear resistance, aerospace materials, and composite 
ceramic materials [9–13]. The characteristics and uses of binary 
carbides are mentioned in Table. 
 Potanin et al. [14] in 2018 created biocompatible ceramic com-
pounds via combustion-mode synthesis in the system Ti–C–Co–Ca–
(PO4)2–Ag–Mg. Investigations were done on how cobalt affected the 
structure, characteristics, and parameters of the mixtures’ combus-
tion. Compact ceramics are made up of localized calcium oxide 
(CaO) isolations, a uniformly distributed titanium phosphate 
(Ti3 POx) phase along grain boundaries, and a composite grain frame 
made of nonstoichiometric titanium carbide (TiC0.5–TiC0.6). The ad-
dition of cobalt encourages the synthesis of the intricate intermetal-
lic combination CoTiP and TiCo. A solid solution based on silver is 
created, when magnesium and silver are alloyed. 
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6. NANOPARTICLES FOR ANTIBACTERIAL 

Antibacterial compounds are those that either directly kill or re-
strict the growth of germs in the vicinity without generally endan-
gering adjacent tissue. Nowadays, most antibacterial drugs are 
made of chemically modified natural compounds like carbapenems, 
cephalosporins, and lactams (like penicillins). Furthermore, pure 
natural antibiotics like aminoglycosides and entirely synthetic anti-
biotics like sulphonamides are regularly used. Generally speaking, 
the agents fall into two categories: bactericidal ones, which destroy 
germs, and bacteriostatic ones, which stops bacteria from growing. 
Antibacterial medications are crucial in the fight against infectious 
diseases. Antibacterial antibiotic resistance has emerged frequently 
as a result of their widespread usage and abuse, which is a signifi-

TABLE. A list of some binary carbides’ features and uses [7]. 

Sr. 
No. 

Molecular 
formula 

Properties Applications 

1 WC Abrasion resistant and very hard 
Wear parts, fine drills, 
mining and cutting tools 

2 Mo2C Insoluble in water 
Cutting tools and coating 

material 

3 ZrC 
High melting point, inertness, 
polar covalent compound, and 

thermal conductivity 

Used as an abrasive, re-
fractory coating, and 

cladding material in nu-
clear reactors and thermo-

photovoltaic radiators 

4 VC 
Cubic crystal structure, excellent 
high temperature property and 

chemically stable 

To improve the properties 
of cermet and arrange the 
mechanical properties of 
steel alloys, tungsten car-

bide is added 

5 HfC 

The most refractory material 
known to date is insoluble in wa-
ter and has a low resistance to 

oxidation 

Used in hard coatings 

6 Co2C 

Its production is energetically 
favourable, it is strong metallic-
compound and paramagnetic, and 
it has an orthorhombic structure 

Used in the steam refor-
mation of alcohols to pro-

duce hydrogen 

7 TaC 
Heavy dark colour powder that is 
extremely hard, barely soluble in 
acids, and has a metallic shine 

As a coating, it serves as 
an inhibitor of grain 

growth and is used in the 
creation of sharp instru-
ments and cutting tools 
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cant issue. Resistance is typically the result of evolutionary pro-
cesses during happens, for instance, antibiotic medication, and 
these processes result in inheritable resistance. Additionally, re-
sistance may develop through horizontal gene transfer via conjuga-
tion, transduction, or transformation [15]. Each nanoparticle has a 
unique mechanism for its antibacterial activity. The antibacterial 
mechanism for all types of nanoparticles is not entirely known. 
Some theoretical processes focus on the fast release of antibacterial 
metal ions from the surfaces of the nanoparticles, while others are 
related to the physical properties of these nanoparticles (membrane-
damaging abrasiveness of the nanoparticle). Increased material con-
tact with the environment is made possible by the growing specific 
surface area of a dosage of nanoparticles as the particle size de-
creases. 
 Consequently, increasing the surface-to-volume ratio of naturally 
antibacterial materials enhances their antibacterial effect. Because 
of this, a nanoparticle composed of an intrinsically antibacterial 
material may show antibacterial activity in a number of ways, such 
as the release of antibacterial metallic ions from the particle surface 
and the antibacterial physical properties of the nanoparticle, such 
as membrane damage or cell wall penetration. By comparing the 
outcomes of numerous trials, it is possible to determine characteris-
tics of nanoparticles, which are most crucial for developing the ide-
al antibacterial particle. One of the most significant factors influ-
encing antibacterial activity is chemistry, followed by particle size, 
shape, and zeta-potential [16]. 

7. CONCLUSION 

Carbides nanoparticles are considered actually promising materials 
in environmental, medical, and industrial applications, which are 
attributed to the optimum properties of carbides. According to the 
review, metal ion release, cell wall penetration, or membrane dis-
ruption are three main ways, in which nanoparticles work. The car-
bides’ nanoparticles exhibit strong antibacterial activity against 
both positive-gram and negative-gram bacteria. 
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Âïëèâ âîäîðîç÷èííèõ Ñ60-ôóëëåðåí³â íà ïàðàìåòðè ãëàäêîãî 
òåòàí³÷íîãî ñêîðî÷åííÿ muscle gastrocnemius ùóð³â ï³ñëÿ 
íåéðîãåííî¿ àòðîô³¿ 

Ä. Ì. Íîçäðåíêî1, Ì. Ñ. Àíãåëîâ1, Ê. ². Áîãóöüêà1, ². Â. Ïàìïóõà1, 

Î. Ð. Äìèòðîöà2, Ò. ß. Øåâ÷óê2, Þ. ². Ïðèëóöüêèé1 

1Êè¿âñüêèé íàö³îíàëüíèé óí³âåðñèòåò ³ìåí³ Òàðàñà Øåâ÷åíêà,  
 âóë. Âîëîäèìèðñüêà, 64/13,  
 01601 Êè¿â, Óêðà¿íà 
2Âîëèíñüêèé íàö³îíàëüíèé óí³âåðñèòåò ³ìåí³ Ëåñ³ Óêðà¿íêè,  
 ïðîñï. Âîë³, 13,  
 43025 Ëóöüê, Óêðà¿íà 

Äîñë³äæåíî á³îìåõàí³÷í³ ïàðàìåòðè ñêîðî÷åííÿ muscle gastrocnemius 
ùóð³â (çîêðåìà, ìàêñèìàëüíó ³ ì³í³ìàëüíó ñèëè ïîîäèíîêîãî ñêîðî-
÷åííÿ ì’ÿçà) ï³ñëÿ íåéðîãåííî¿ àòðîô³¿, âèêëèêàíî¿ ïåðåð³çóâàííÿì 
ñ³äíè÷íîãî íåðâó. Ô³êñàö³ÿ ¿õ â³äáóâàëàñÿ íà 30 äîáó ï³ñëÿ ³í³ö³ÿö³¿ 
òðàâìè. ßê òåðàïåâòè÷íèé à´åíò, âèêîðèñòàíî ïåðîðàëüíå ââåäåííÿ Ñ60-
ôóëëåðåí³â ó ùîäåíí³é äîç³ 1 ìã/êã óïðîäîâæ åêñïåðèìåíòó. Äåòàëüíî 
ïðîàíàë³çîâàíî ïåðåõ³ä ñèëîâî¿ â³äïîâ³ä³ àêòèâíîãî ì’ÿçà ç³ ñòàíó çóá-
÷àñòîãî òåòàíóñó â ãëàäêèé, ÿê ìàðêåðà éîãî äèñôóíêö³¿. Ïîêàçàíî, ùî 
âèêîðèñòàííÿ âîäîðîç÷èííèõ Ñ60-ôóëëåðåí³â çá³ëüøóâàëî ìàêñèìàëüíó 
ñèëó ïîîäèíîêîãî ñêîðî÷åííÿ muscle gastrocnemius, íàáëèæàþ÷è ¿¿ äî 
êîíòðîëþ, òà çìåíøóâàëî ì³í³ìàëüíó ñèëó, âèêëèêàþ÷è ãëàäêå òåòàí³-
÷íå ñêîðî÷åííÿ ì’ÿçà. Îäåðæàí³ ðåçóëüòàòè âêàçóþòü íà ïåðñïåêòèâ-
í³ñòü âèêîðèñòàííÿ öèõ âóãëåöåâèõ íàíîñòðóêòóð äëÿ â³äíîâëåííÿ ñêî-
ðîòëèâî¿ àêòèâíîñòè ñêåëåòíèõ ì’ÿç³â ï³ñëÿ íåéðîãåííî¿ àòðîô³¿. 

The biomechanical parameters of the rat muscle gastrocnemius contraction 
(in particular, the maximum and minimum force of a single muscle con-
traction) are studied after neurogenic atrophy caused by sciatic nerve 
transection. Their fixation is occurred on the 30th day after the initiation 
of the injury. As a therapeutic agent, oral administration of C60 fullerenes 
is used in a daily dose of 1 mg/kg throughout the experiment. The transi-
tion of the force response of the active muscle from the state of serrated 
tetanus to smooth one, as a marker of its dysfunction, is analysed in de-
tail. As shown, the use of water-soluble C60 fullerenes increases the maxi-
mum force of a single contraction of the muscle gastrocnemius, bringing 
it closer to the control, and reduces the minimum force, causing smooth 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 3, ññ. 973–981 
https://doi.org/10.15407/nnn.23.03.0973 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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tetanic muscle contraction. The results obtained indicate the prospects of 
using these carbon nanostructures to recover the contractile activity of 
skeletal muscles after neurogenic atrophy. 

Êëþ÷îâ³ ñëîâà: Ñ60-ôóëëåðåí, muscle gastrocnemius, íåéðîãåííà àòðî-
ô³ÿ, á³îìåõàí³÷í³ ïàðàìåòðè ñêîðî÷åííÿ ñêåëåòíîãî ì’ÿçà. 

Key words: C60 fullerene, muscle gastrocnemius, neurogenic atrophy, bio-
mechanical parameters of skeletal muscle contraction. 

(Îòðèìàíî 5 êâ³òíÿ 2025 ð.) 
  

1. ÂÑÒÓÏ 

Àòðîô³ÿ ì’ÿç³â ñóïðîâîäæóºòüñÿ ñòîíøåííÿì ì’ÿçîâèõ âîëîêîí ³ 
çìåíøåííÿì ¿õíüîãî îá’ºìó. Á³ëüø òîãî, ì’ÿçîâà òêàíèíà ÷àñòêî-
âî çàì³íþºòüñÿ ñïîëó÷íîþ òêàíèíîþ, ÿêà íå çäàòíà ñêîðî÷óâàòè-
ñÿ [1]. Íà ñüîãîäí³ íåìàº åôåêòèâíîãî ë³êóâàííÿ àòðîô³¿ ñêåëåò-
íèõ ì’ÿç³â ÷åðåç íåäîñòàòíº ðîçóì³ííÿ ¿¿ ìîëåêóëÿðíèõ ìåõàí³ç-
ì³â. Îçäîðîâ÷à ô³çêóëüòóðà çàëèøàºòüñÿ íàéá³ëüø âæèâàíèì ìå-
òîäîì ë³êóâàííÿ àòðîô³¿ ñêåëåòíèõ ì’ÿç³â [2]. 
 Îäí³ºþ ç íàéñêëàäí³øèõ ôîðì ì’ÿçîâî¿ àòðîô³¿ º íåéðîãåííà 
àòðîô³ÿ — ïîøêîäæåííÿ íåéðîííèõ åôåðåíòíèõ øëÿõ³â àêòèâà-
ö³¿ ì’ÿçà ÖÍÑ, ùî ïðèçâîäèòü äî âòðàòè ³ííåðâàö³¿ ñêåëåòíèõ 
ì’ÿç³â, ïîíèæåííÿ ðóõîâî¿ ôóíêö³¿ òà íàâàíòàæåííÿ íà ñêåëåòí³ 
ì’ÿçè [3]. Òàê³ ñóïóòí³ ÷èííèêè íåéðîãåííî¿ àòðîô³¿, ÿê õðîí³÷íå 
çàïàëåííÿ òà ïîøêîäæåííÿ äîïîì³æíèõ ñòðóêòóð ì’ÿç³â îêèñíþ-
âàëüíèì ñòðåñîì [4], ïðèøâèäøóþòü àòðîô³þ ñêåëåòíèõ ì’ÿç³â ³ 
ìîæóòü âèêëèêàòè àïîïòîç ì’ÿçîâèõ êë³òèí, â³äêëàäåííÿ æèðó 
òà ï³äâèùåííÿ æîðñòêîñòè ì’ÿçà äî êðèòè÷íèõ çíà÷åíü [5]. Íåé-
ðîãåííà àòðîô³ÿ ñêåëåòíèõ ì’ÿç³â òàêîæ ïîâ’ÿçàíà ç áàãàòüìà ñè-
ñòåìíèìè äèñôóíêö³ÿìè, ùî âïëèâàþòü íà â³äíîâëåííÿ ðóõîâî¿ 
àêòèâíîñòè ó ïàö³ºíò³â ç ïîøêîäæåííÿì åôåðåíòíî¿ ³ííåðâàö³¿ 
[6]. Äîñë³äæåííÿ [7] ï³äòâåðäèëè âàæëèâó ðîëü àêòèâíèõ ôîðì 
êèñíþ (ÀÔÊ) çà ðîçâèòêó íåéðîãåííî¿ àòðîô³¿ ñêåëåòíèõ ì’ÿç³â ³ 
âèñîêèé òåðàïåâòè÷íèé ïîòåíö³ÿë çàñòîñîâàíèõ àíòèîêñèäàíò³â 
[8–10]. 
 Â³äîìî, ùî á³îñóì³ñí³ Ñ60-ôóëëåðåíè çäàòí³ åôåêòèâíî çàõîï-
ëþâàòè é ³íàêòèâóâàòè ÀÔÊ ó ñèñòåìàõ in vivo é in vitro [11, 12]. 
Ðàí³øå íàìè áóëî ïîêàçàíî, ùî çàñòîñóâàííÿ âîäîðîç÷èííèõ Ñ60-
ôóëëåðåí³â çà áåçïå÷íèõ ä³þ÷èõ äîç ï³ñëÿ ³í³ö³ÿö³¿ ³øåì³÷íîãî 
ïîøêîäæåííÿ ñêåëåòíîãî ì’ÿçà [13], éîãî ìåõàí³÷íî¿ òðàâìè [14], 
àõ³ëîòåíîòîì³¿ [15] òà ì’ÿçîâî¿ äèñôóíêö³¿, ïîâ’ÿçàíî¿ ç îòðóºí-
íÿì ïåñòèöèäàìè [16], ïîë³ïøóº ôóíêö³îíóâàííÿ ñêåëåòíî-
ì’ÿçîâî¿ ñèñòåìè ùóð³â. Òàêèì ÷èíîì, ìåòîþ ö³º¿ ðîáîòè áóëî 
äîñë³äèòè âïëèâ âîäîðîç÷èííèõ Ñ60-ôóëëåðåí³â íà ê³íåòèêó ãëàä-
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êîãî òåòàí³÷íîãî ñêîðî÷åííÿ muscle gastrocnemius ùóð³â, ÿê îä-
íîãî ç êëþ÷îâèõ á³îìåõàí³÷íèõ ìàðêåð³â éîãî äèñôóíêö³¿, ï³ñëÿ 
íåéðîãåííî¿ àòðîô³¿, âèêëèêàíî¿ ïîøêîäæåííÿì ñ³äíè÷íîãî íåð-
âà (nervus ischiadicus). 

2. ÌÅÒÎÄÈÊÀ ÅÊÑÏÅÐÈÌÅÍÒÓ 

Äëÿ îäåðæàííÿ âîäíîãî ðîç÷èíó Ñ60-ôóëëåðåíó (C60ÔÂÐ) âèêîðè-
ñòîâóâàëè ìåòîä, ùî ´ðóíòóºòüñÿ íà ïåðåíåñåíí³ ìîëåêóë C60 ç 
òîëóîëó ó âîäó ç îäíî÷àñíèì îáðîáëåííÿì óëüòðàçâóêîì (8 Ãö, 8 
ãîäèí) [17]. Îäåðæàíèé C60ÔÂÐ ó ìàêñèìàëüí³é êîíöåíòðàö³¿ 
0,15 ìã/ìë çáåð³ãàº ñòàá³ëüí³ñòü óïðîäîâæ 12–18 ì³ñÿö³â çà òåì-
ïåðàòóðè ó 4–25 C. Â³í º òèïîâèì íàíîêîëî¿äîì, ùî ì³ñòèòü ÿê 
îêðåì³ ìîëåêóëè C60, òàê ³ ¿õí³ íàíîà´ðå´àòè [18]. 
 Åêñïåðèìåíòè ïðîâîäèëè íà ùóðàõ-ñàìöÿõ ë³í³¿ Wistar â³êîì 
ó 2 ì³ñÿö³ âàãîþ ó 170 5 ã. Ïðîòîêîë äîñë³äæåííÿ áóâ çàòâåð-
äæåíèé êîì³ñ³ºþ ç ïèòàíü á³îåòèêè ÍÍÖ «²íñòèòóò á³îëîã³¿ òà 
ìåäèöèíè» Êè¿âñüêîãî íàö³îíàëüíîãî óí³âåðñèòåòó ³ìåí³ Òàðàñà 
Øåâ÷åíêà çã³äíî ç ïðàâèëàìè «ªâðîïåéñüêî¿ êîíâåíö³¿ ïðî çà-
õèñò õðåáåòíèõ òâàðèí, ùî âèêîðèñòîâóþòüñÿ â åêñïåðèìåíòàëü-
íèõ òà ³íøèõ íàóêîâèõ ö³ëÿõ» ³ íîðì á³îìåäè÷íî¿ åòèêè çã³äíî ³ç 
Çàêîíîì Óêðà¿íè ¹3447-IV 21.02.2006 ð. (ì. Êè¿â) «Ïðî çàõèñò 
òâàðèí â³ä æîðñòîêîãî ïîâîäæåííÿ» ï³ä ÷àñ ïðîâåäåííÿ ìåäèêî-
á³îëîã³÷íèõ äîñë³äæåíü. 
 Òâàðèí âèïàäêîâèì ÷èíîì ðîçïîä³ëÿëè íà òàê³ ï³ääîñë³äí³ 
ãðóïè: êîíòðîëü (n 7), ãðóïà «òðàâìà» (n 7, ïåðåð³çóâàííÿ ñ³ä-
íè÷íîãî íåðâà), ãðóïà «òðàâìà Ñ60» (n 7, ùîäåííå, óïðîäîâæ 
30 ä³á åêñïåðèìåíòó, ïåðîðàëüíå çàñòîñóâàííÿ C60ÔÂÐ ó äîç³ 
1 ìã/êã ìàñè ò³ëà òâàðèíè ï³ñëÿ ³í³ö³ÿö³¿ òðàâìè). 
 Àíåñòåç³þ òâàðèí çä³éñíþâàëè âíóòð³øíüî÷åðåâèííèì ââåäåí-
íÿì Çîëåòèëó (40 ìã/êã). Ñ³äíè÷íèé íåðâ ï³ääîñë³äíèõ òâàðèí ó 
ë³â³é çàäí³é ê³íö³âö³ áóâ îãîëåíèé ³ ïåðåð³çàíèé íà 10 ìì ïðîê-
ñèìàëüí³øå â³ä ðîçãàëóæåííÿ âåëèêîãîì³ëêîâîãî òà ìàëîãîì³ë-
êîâîãî íåðâ³â [19]. 
 Muscle gastrocnemius çâ³ëüíÿëè â³ä îòî÷óâàëüíèõ òêàíèí; ó 
äèñòàëüí³é ÷àñòèí³ éîãî ñóõîæèëüíó ÷àñòèíó ïðèºäíóâàëè äî òå-
íçîäàò÷èê³â. Äëÿ ï³äãîòîâêè äî ìîäóëüîâàíî¿ ñòèìóëÿö³¿ åôåðåí-
ò³â ó â³äïîâ³äíèõ ñå´ìåíòàõ ïåðåð³çóâàëè âåíòðàëüí³ êîð³íö³ áåç-
ïîñåðåäíüî â ì³ñöÿ ¿õíüîãî âèõîäó ç³ ñïèííîãî ìîçêó. Ô³ëàìåíòè 
ïåðåð³çàíèõ âåíòðàëüíèõ êîð³íö³â çàêð³ïëþâàëè íà ñòèìóëþâà-
ëüíèõ åëåêòðîäàõ ³ çä³éñíþâàëè öèêë³÷íèé ðîçïîä³ë ïîñë³äîâíîñ-
òè ñòèìóë³â. Ñòèìóëÿö³þ åôåðåíò³â çä³éñíþâàëè åëåêòðè÷íèìè 
³ìïóëüñàìè òðèâàë³ñòþ ó 2 ìñ, ñôîðìîâàíèìè çà äîïîìîãîþ ´åíå-
ðàòîðà ³ìïóëüñ³â. Êîíòðîëü çîâí³øíüîãî íàâàíòàæåííÿ íà ì’ÿç 
çä³éñíþâàëè çà äîïîìîãîþ ñèñòåìè ìåõàíîñòèìóëÿòîð³â [20]. 
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 Àíàë³çóþ÷è ìåõàíîê³íåòèêó ñêîðî÷åííÿ ì’ÿçà, ìè âðàõîâóâàëè 
îñîáëèâîñò³ ïåðåòâîðåííÿ ñå´ìåíòàðíî¿ òà íèçõ³äíî¿ éîãî àêòèâ-
íîñòè çà ðîçâèòêó àòðîô³÷íî¿ ïàòîëîã³¿. Ó ïðîöåñ³ â³äíîâëåííÿ 
ì’ÿçîâî¿ òêàíèíè ï³ñëÿ àòðîô³÷íîãî ïåðåðîäæåííÿ çíà÷íà ³íåð-
ö³éí³ñòü ì’ÿçîâîãî ñêîðî÷åííÿ âèìàãàº â³ä ìîòîíåéðîí³â íàÿâíîñ-
òè òàêèõ äèíàì³÷íèõ âëàñòèâîñòåé, ÿê³ á çìîãëè êîìïåíñóâàòè 
íåäîñòàòíüî âèñîê³ øâèäê³ñí³ ïàðàìåòðè ñêîðî÷åííÿ ì’ÿçà [21]. 
Òàêèì ÷èíîì, óïîâ³ëüíåííÿ âèíèêíåííÿ ãëàäêèõ ñêîðî÷óâàëüíèõ 
ðåàêö³é (ãëàäêîãî òåòàíóñó) º îäíèì ç êëþ÷îâèõ á³îìåõàí³÷íèõ 
ìàðêåð³â, ÿêèé âêàçóº íà ðîçâèòîê ïàòîëîã³¿ ó íåðâîâî-ì’ÿçîâîìó 
ïðåïàðàò³. Ìåõàíîê³íåòè÷íà àíàë³çà ïåðåõîäó ñèëîâî¿ â³äïîâ³ä³ 
àêòèâíîãî ì’ÿçà ç³ ñòàíó çóá÷àñòîãî òåòàíóñó â ãëàäêèé º âàæëè-
âîþ äëÿ àäåêâàòíîãî ðîçóì³ííÿ ïðîÿâó éîãî äèñôóíêö³é ï³ä ÷àñ 
´åíåðóâàííÿ ñèëè îêðåìèìè ðóõîâèìè îäèíèöÿìè [22]. 
 Ñòàòèñòè÷íó àíàë³çó ðåçóëüòàò³â ïðîâîäèëè ìåòîäàìè âàð³ÿ-
ö³éíî¿ ñòàòèñòèêè ó ïðîãðàì³ Statistica 8.0. Êîæíà ç îäåðæàíèõ 
åêñïåðèìåíòàëüíèõ êðèâèõ ñêîðî÷åííÿ muscle gastrocnemius º 
ðåçóëüòàòîì óñåðåäíåííÿ 10 àíàëîã³÷íèõ âèì³ðþâàíü. Äëÿ îö³íêè 
äîñòîâ³ðíîñòè âèÿâëåíèõ çì³í çàñòîñîâóâàëè äèñïåðñ³éíó àíàë³çó 
ANOVA ç íàñòóïíèì òåñòîì ìíîæèííîãî ïîð³âíÿííÿ çà Áîíôåð-
ðîí³. Çíà÷åííÿ ð 0,05 ââàæàëèñÿ çíà÷óùèìè. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

×àñ äîñÿãíåííÿ ñèëîþ ì’ÿçà ãëàäêîãî òåòàí³÷íîãî ñêîðî÷åííÿ õà-
ðàêòåðèçóºòüñÿ âèñîêîþ ÷óòëèâ³ñòþ äî ä³¿ çîâí³øí³õ ÷èííèê³â 
[23]. Öåé êîìïîíåíò ì’ÿçîâî¿ äèíàì³êè îñîáëèâî âàæëèâèé ï³ä 
÷àñ êîíòðîëþ ñêîðî÷åííÿ êèñò³ ðóêè, àäæå ïàòîëîã³÷í³ ïðîöåñè, 
ÿê³ âèíèêàþòü ó íåðâîâ³é àáî ì’ÿçîâ³é òêàíèí³, çìåíøóþòü öþ 
âåëè÷èíó, ùî óñêëàäíþº ìîæëèâ³ñòü òî÷íîì³ðíîãî ïîçèö³îíóâàí-
íÿ ñóãëîáó ç ïîøêîäæåíèì ì’ÿçîì [21]. Îäíàê â³äì³ííîñò³ ðåàê-
ö³é ì’ÿçà íà çì³íó ÷àñòîòè ñòèìóëÿö³éíîãî âïëèâó [22] âêàçóþòü 
íà òå, ùî äëÿ âèçíà÷åííÿ ñêîðî÷óâàëüíèõ âëàñòèâîñòåé ì’ÿç³â 
âàæëèâî çíàòè íå ëèøå ïîòî÷í³ çíà÷åííÿ ñèëîâî¿ â³äïîâ³ä³ é ³í-
òåíñèâíîñòè àêòèâàö³¿, à é ïåðåä³ñòîð³þ çì³íè öèõ ïàðàìåòð³â. 
Òîìó äëÿ àäåêâàòíî¿ àíàë³çè ïàòîëîã³÷íèõ ïðîöåñ³â ó muscle 
gastrocnemius ùóð³â ï³ñëÿ 30-äîáîâî¿ íåéðîãåííî¿ àòðîô³¿ íàìè 
áóëî ïðîàíàë³çîâàíî ê³íåòèêó âèíèêíåííÿ ãëàäêîãî òåòàí³÷íîãî 
ñêîðî÷åííÿ ì’ÿçà çà äîòåòàí³÷íî¿ ñòèìóëÿö³¿ ÷àñòîòàìè ó 15, 20 ³ 
25 Ãö. 
 Íà ðèñóíêó 1 ïðåäñòàâëåíî ìåõàíîãðàìè ñêîðî÷åíü muscle 
gastrocnemius ùóðà, âèêëèêàí³ ñòèìóëÿö³éíèìè ïóëàìè ÷àñòîòà-
ìè ó 15, 20 ³ 25 Ãö. Çà ñòèìóëÿö³¿ ÷àñòîòîþ ó 15 Ãö ìàêñèìàëüíà 
ñèëà ïîîäèíîêîãî ñêîðî÷åííÿ (fmax) muscle gastrocnemius ï³ñëÿ 
30-äîáîâî¿ íåéðîãåííî¿ àòðîô³¿ ìàéæå íå â³äð³çíÿëàñÿ â³ä êîíò-
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ðîëþ: 56 3 ìÍ ïðîòè 58 3 ìÍ. ²ç çá³ëüøåííÿì ñòèìóëþâàëüíî¿ 
÷àñòîòè äî 20 Ãö ìàêñèìàëüíà ñèëà ïîîäèíîêîãî ñêîðî÷åííÿ ó 
ãðóï³ «òðàâìà» çìåíøèëàñÿ äî 58 3 ìÍ (ó êîíòðîë³ — 63 3 
ìÍ). Çà âèêîðèñòàííÿ C60ÔÂÐ öåé ïîêàçíèê ñòàòèñòè÷íî íå â³ä-
ð³çíÿâñÿ â³ä êîíòðîëüíèõ çíà÷åíü (ðèñ. 2). Ï³äâèùåííÿ ñòèìóëþ-
âàëüíî¿ ÷àñòîòè äî 25 Ãö (÷àñòîòà âèíèêíåííÿ ãëàäêîãî òåòàíóñó) 
çìåíøóâàëî ìàêñèìàëüíó ñèëó ïîîäèíîêîãî ñêîðî÷åííÿ muscle 
gastrocnemius ó ãðóï³ «òðàâìà» íà 17 1% ïîð³âíÿíî ç êîíòðîëåì 
(61 3 ìÍ ïðîòè 74 3 ìÍ) ³ íå âèâîäèëî ñêîðî÷åííÿ ó ñòàí ãëà-
äêîãî òåòàíóñó. Íàâïàêè, âèêîðèñòàííÿ C60ÔÂÐ çá³ëüøóâàëî ìà-
êñèìàëüíó ñèëó ìàéæå äî êîíòðîëþ (71 3 ìÍ) ³ ïðèâîäèëî äî 
âèíèêíåííÿ ãëàäêîãî òåòàíóñó íàïðèê³íö³ ñòèìóëþâàëüíîãî ïóëó 
(ðèñ. 1 ³ 2). 
 Çàóâàæèìî, ùî âèíèêíåííÿ ãëàäêîãî òåòàíóñó çóìîâëåíî çìå-
íøåííÿì (äî íóëüîâîãî çíà÷åííÿ) ì³í³ìàëüíî¿ ñèëè ó êîæíîìó 
ïîîäèíîêîìó ñêîðî÷åíí³. Çì³íà ñàìå öüîãî ïàðàìåòðà çá³ëüøóº é 
÷àñ âèíèêíåííÿ ãëàäêîãî òåòàí³÷íîãî ñêîðî÷åííÿ òà ìîäèô³êóº 
÷àñòîòí³ õàðàêòåðèñòèêè åôåðåíòíèõ ñè´íàë³â, íåîáõ³äíèõ äëÿ 
àäåêâàòíîãî ôóíêö³îíóâàííÿ ì’ÿçîâî¿ ñèñòåìè [21]. ×åðåç 30 ä³á 
ï³ñëÿ ïåðåð³çóâàííÿ nervus ischiadicus ì³í³ìàëüíà ñèëà ñêîðî÷åí-
íÿ çà ñòèìóëÿö³¿ ÷àñòîòîþ ó 15 Ãö ñêëàäàëà 34 2 ìÍ (ó êîíòðî-
ë³ — 14 1 ìÍ). ßê áà÷èìî, öåé ïàðàìåòåð çðîñòàº ìàéæå ó 

 

Ðèñ. 1. Ìåõàíîãðàìè ñêîðî÷åíü muscle gastrocnemius ùóð³â: ñòèìóëÿö³ÿ 
15, 20 ³ 25 Ãö — ñêîðî÷åííÿ, âèêëèêàí³ ñòèìóëÿö³éíèìè ïóëàìè ÷àñòî-
òîþ ó 15, 20 ³ 25 Ãö â³äïîâ³äíî; ãðóïè «òðàâìà» ³ «òðàâìà Ñ60» — ñèëà 
ñêîðî÷åííÿ muscle gastrocnemius ÷åðåç 30 ä³á ï³ñëÿ ïåðåð³çóâàííÿ 
nervus ischiadicus òà çà ââåäåííÿ C60ÔÂÐ ó ùîäåíí³é äîç³ â 1 ìã/êã â³ä-
ïîâ³äíî; fmax — ìàêñèìàëüíà ñèëà ïîîäèíîêîãî ñêîðî÷åííÿ ì’ÿçà; fmin — 
ì³í³ìàëüíå çíà÷åííÿ ñèëîâî¿ â³äïîâ³ä³ â îäíîìó çóáö³ çóá÷àñòîãî òåòà-
íóñó (çìåíøåííÿ öüîãî ïàðàìåòðà äî íóëüîâîãî çíà÷åííÿ ïðèâîäèòü äî 
âèíèêíåííÿ ãëàäêîãî òåòàíóñó); êîíòðîëü — íàòèâíèé ì’ÿç.1 
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2,5 ðàçè (ðèñ. 3). Âèêîðèñòàííÿ C60ÔÂÐ çìåíøóâàëî éîãî çíà÷åí-
íÿ íà 38 3% ùîäî ãðóïè «òðàâìà», ÿêå ñêëàëî 21 1 ìÍ. Ï³ä-
âèùåííÿ ñòèìóëÿö³éíî¿ ÷àñòîòè äî 20 Ãö çìåíøóâàëî ì³í³ìàëüíó 
ñèëó ñêîðî÷åííÿ ó êîíòðîë³ äî 9,0 0,5 ìÍ, à ó ãðóï³ «òðàâìà» 
öåé ïîêàçíèê ñêëàâ 24 1 ìÍ (ìàéæå 300%-çá³ëüøåííÿ çíà÷åííÿ 
öüîãî ïàðàìåòðà). Âèêîðèñòàííÿ C60ÔÂÐ çìåíøèëî ì³í³ìàëüíó 
ñèëó ìàéæå âäâ³÷³ ùîäî ãðóïè «òðàâìà» (13 1 ìÍ). Ñòèìóëÿö³ÿ 
÷àñòîòîþ ó 25 Ãö ïðèâîäèëà äî âèíèêíåííÿ ãëàäêîãî òåòàí³÷íîãî 
ñêîðî÷åííÿ ó êîíòðîë³ — ì³í³ìàëüíà ñèëà íå ïåðåâèùóâàëà 0,5 
ìÍ. Ó ãðóï³ «òðàâìà» öåé ïîêàçíèê íå ïîíèæóâàâñÿ íèæ÷å 18 1 
ìÍ ³ íå ïðèâîäèâ äî âèíèêíåííÿ ãëàäêîãî òåòàíóñó (ðèñ. 3). Âè-
êîðèñòàííÿ C60ÔÂÐ ïðîäåìîíñòðóâàëî çìåíøåííÿ öüîãî ïàðàìåò-
ðà äî 4,0 0,5 ìÍ, à íàïðèê³íö³ ñòèìóëÿö³¿ ñïîñòåð³ãàëè âèõ³ä íà 
ãëàäêå òåòàí³÷íå ñêîðî÷åííÿ (ðèñ. 1, 3). 
 Çíà÷íà â³äì³íí³ñòü ó âåëè÷èíàõ ìàêñèìàëüíî¿ òà ì³í³ìàëüíî¿ 
ñèë ñêîðî÷åííÿ muscle gastrocnemius ó ãðóï³ «òðàâìà» ìîæå áóòè 
ïîâ’ÿçàíà ç íåë³í³éíèì ðîçâèòêîì çóñèëëÿ ì’ÿçà ï³ä ÷àñ ïîâ³ëü-
íèõ ³ øâèäêèõ áàë³ñòè÷íèõ ðóõ³â. Òðàºêòîð³ÿ ïîâ³ëüíîãî ðóõó 
muscle gastrocnemius ïîâí³ñòþ âèçíà÷àºòüñÿ éîãî ñòàòè÷íèìè 

 

Ðèñ. 2. Çì³íà ìàêñèìàëüíî¿ ñèëè ïîîäèíîêîãî ñêîðî÷åííÿ (fmax) muscle 
gastrocnemius ùóð³â ³ç çàñòîñóâàííÿì ñòèìóëÿö³éíîãî ñè´íàëó ÷àñòîòîþ 
ó 15, 20 ³ 25 Ãö â³äïîâ³äíî: ãðóïè «òðàâìà» ³ «òðàâìà Ñ60» — ñèëà 
ñêîðî÷åííÿ muscle gastrocnemius ÷åðåç 30 ä³á ï³ñëÿ ïåðåð³çóâàííÿ 
nervus ischiadicus òà çà ââåäåííÿ C60ÔÂÐ ó ùîäåíí³é äîç³ ó 1 ìã/êã â³ä-
ïîâ³äíî; êîíòðîëü — íàòèâíèé ì’ÿç; *p 0,05 ùîäî êîíòðîëüíî¿ ãðóïè; 
#p 0,05 ùîäî ãðóïè «òðàâìà».2 
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âëàñòèâîñòÿìè. ßêùî æ ðóõ â³äáóâàºòüñÿ øâèäøå, òîä³ ñë³ä âðà-
õîâóâàòè äèíàì³÷í³ êîìïîíåíòè, ÿê³ áåçïîñåðåäíüî çàëåæàòü â³ä 
æîðñòêîñòè òà ïîäàòëèâîñòè ì’ÿçà, à çà àòðîô³÷íèõ ïîðóøåíü çà-
çíàþòü çíà÷íèõ çì³í [24]. Çá³ëüøåííÿ âíóòð³øíüîì’ÿçîâèõ êîëå-
ãàíîâèõ ñòðóêòóð, íàÿâí³ñòü íåôóíêö³îíàëüíèõ ì’ÿçîâèõ âîëî-
êîí, çàïàëüí³ ïðîöåñè òà çàëó÷åííÿ â îñåðåäîê ïîøêîäæåííÿ àê-
òèâîâàíèõ íåéòðîô³ë³â, ÿê³ âèâ³ëüíÿþòü äîäàòêîâ³ ÀÔÊ, çì³íþ-
þòü ð³âåíü äèíàì³÷íèõ ïàðàìåòð³â ñêîðî÷åííÿ, çîêðåìà çá³ëüøó-
þòü ì³í³ìàëüíó ñèëó ç ïåðåõîäîì ñêîðî÷åííÿ ó ãëàäêèé òåòàí³÷-
íèé ñòàí [25]. 
 Òàêèì ÷èíîì, çàô³êñîâàíà ïîçèòèâíà äèíàì³êà çì³íè äîñë³-
äæóâàíèõ á³îìåõàí³÷íèõ ïàðàìåòð³â ñêîðî÷åííÿ musclå 
gastrocnemius ùóð³â íà òë³ íåéðîãåííî¿ àòðîô³¿ çà ïåðîðàëüíîãî 
ùîäåííîãî ââåäåííÿ Ñ60-ôóëëåðåí³â ó äîç³ 1 ìã/êã óïðîäîâæ åêñ-
ïåðèìåíòó ñëóãóº ï³ä´ðóíòÿì äëÿ ïðîâåäåííÿ ïîäàëüøèõ äîêë³-
í³÷íèõ âèïðîáóâàíü ¿õ ç ìåòîþ êîðè´óâàííÿ ïàòîëîã³÷íèõ ñòàí³â 
ì’ÿçîâî¿ ñèñòåìè, ùî âèíèêàþòü çà àòðîô³¿ ñêåëåòíèõ ì’ÿç³â óíà-
ñë³äîê íåâèêîðèñòàííÿ ¿õ. 
 Äîñë³äæåííÿ âèêîíàíî çà ô³íàíñîâî¿ ï³äòðèìêè Ì³í³ñòåðñòâà 
îñâ³òè ³ íàóêè Óêðà¿íè [òåìà ¹24ÁÏ018-02, 2024–2026]. 

 

Ðèñ. 3. Çì³íà ì³í³ìàëüíî¿ ñèëè ïîîäèíîêîãî ñêîðî÷åííÿ (fmin) muscle 
gastrocnemius ùóð³â ï³ä ÷àñ çàñòîñóâàííÿ ñòèìóëÿö³éíîãî ñè´íàëó ÷àñ-
òîòîþ ó 15, 20 ³ 25 Ãö â³äïîâ³äíî: ãðóïè «òðàâìà» ³ «òðàâìà Ñ60» — 
ñèëà ñêîðî÷åííÿ muscle gastrocnemius ÷åðåç 30 ä³á ï³ñëÿ ïåðåð³çóâàííÿ 
nervus ischiadicus òà çà ââåäåííÿ C60ÔÂÐ ó ùîäåíí³é äîç³ ó 1 ìã/êã â³ä-
ïîâ³äíî; êîíòðîëü — íàòèâíèé ì’ÿç; *p 0,05 ùîäî êîíòðîëüíî¿ ãðóïè; 
#p 0,05 ùîäî ãðóïè «òðàâìà».3 
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1 Fig. 1. Mechanograms of the rat muscle gastrocnemius contractions: stimulation of 15, 20 
and 25 Hz—contractions caused by stimulation pools with a frequency of 15, 20 and 25 Hz, 
respectively; ‘injury’ and ‘injury C60’ groups—the force of contraction of the muscle gas-
trocnemius 30 days after transection of the sciatic nerve and with administration of C60 FAS 
at a daily dose of 1 mg/kg, respectively; fmax—maximum force of a single muscle contraction; 
fmin—minimum value of the force response in one prong of serrated tetanus (reducing this 
parameter to zero results in smooth tetanus); control—native muscle. 
2 Fig. 2. Change in the maximum force of a single contraction (fmax) of the rat muscle gas-
trocnemius when applying a stimulation signal with a frequency of 15, 20 and 25 Hz, respec-
tively: ‘injury’ and ‘injury C60’ groups—the force of contraction of the muscle gastrocnemi-
us 30 days after transection of the sciatic nerve and with administration of C60 FAS at a dai-
ly dose of 1 mg/kg, respectively; control—native muscle; *p 0.05 relative to the control 
group; #p 0.05 relative to the ‘injury’ group. 
3 Fig. 3. Change in the minimum force of a single contraction (fmin) of the rat muscle gas-
trocnemius when applying a stimulation signal with a frequency of 15, 20 and 25 Hz, respec-
tively: ‘injury’ and ‘injury C60’ groups—the force of contraction of the muscle gastrocnemi-
us 30 days after transection of the sciatic nerve and with administration of C60 FAS at a dai-
ly dose of 1 mg/kg, respectively; control—native muscle; *p 0.05 relative to the control 
group; #p 0.05 relative to the ‘injury’ group. 
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