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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 ýêñïåðèìåíòàëü-
íûõ è òåîðåòè÷åñêèõ èññëåäîâàíèé â îáëàñòè ôèçèêè, õèìèè, áèîëîãèè, òåõíèêè, ìåòîäîâ ñèíòåçà, 
îáðàáîòêè è äèàãíîñòèêè íàíîðàçìåðíûõ ñèñòåì è íàíîìàñøòàáíûõ ìàòåðèàëîâ: êëàñòåðîâ, íàíî÷à-
ñòèö, íàíîòðóáîê, íàíîêðèñòàëëîâ è íàíîñòðóêòóð (àïàòèòîïîäîáíûõ è äð. áèîñèñòåì, àìîðôíûõ è 

êîëëîèäíûõ 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.  
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âðàùàþòñÿ àâòîðàì áåç ðàññìîòðåíèÿ ïî ñóùåñòâó. (Äàòîé ïîñòóïëåíèÿ ñ÷èòàåòñÿ äåíü ïîâòîðíîãî 

ïðåäñòàâëåíèÿ ñòàòüè ïîñëå ñîáëþäåíèÿ óêàçàííûõ íèæå ïðàâèë.)  
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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», «Öèòîâà-
íà ë³òåðàòóðà»), ñæàòûì, áåç äëèííûõ ââåäåíèé, îòñòóïëåíèé è ïîâòîðîâ, äóáëèðîâàíèÿ â òåêñòå 

äàííûõ òàáëèö, ðèñóíêîâ è ïîäïèñåé ê íèì. Àííîòàöèÿ è ðàçäåë «Âèñíîâêè» äîëæíû íå äóáëèðî-
âàòü 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). 
Òåêñòû óêðàèíîÿçû÷íûõ ñòàòåé äîëæíû òàêæå ñîäåðæàòü çàãëàâèå ñòàòüè (âìåñòå ñî ñïèñêîì àâòî-
ðîâ è àäðåñàìè ñîîòâåòñòâóþùèõ ó÷ðåæäåíèé), ðàñøèðåííóþ àííîòàöèþ (300–350 ñëîâ), êëþ÷åâûå 

ñëîâà, çàãîëîâêè òàáëèö è ïîäïèñè ê ðèñóíêàì íà àíãëèéñêîì ÿçûêå. Êðîìå òîãî, ñîäåðæàíèÿ àí-
íîòàöèé 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 

îáîçíà÷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 

ëèíèè/ìàðê¸ðû äîëæíû áûòü ÷¸ðíîãî öâåòà è äîñòàòî÷íûõ òîëùèí/ðàçìåðîâ äëÿ êà÷åñòâåííîãî 

âîñïðîèçâåäåíèÿ â óìåíüøåííîì â 2–3 ðàçà âèäå (ðåêîìåíäóåìàÿ øèðèíà ðèñóíêà — 12,7 ñì). 
Ñíèìêè äîëæíû áûòü ÷¸òêèìè è êîíòðàñòíûìè, à íàäïèñè è îáîçíà÷åíèÿ äîëæíû íå çàêðûâàòü 

ñóùåñòâåííûå äåòàëè (äëÿ ÷åãî ìîæíî èñïîëüçîâàòü ñòðåëêè). Âìåñòî óêàçàíèÿ â ïîäòåêñòîâêå 

óâåëè÷åíèÿ ïðè ñú¸ìêå æåëàòåëüíî ïðîñòàâèòü ìàñøòàá (íà êîíòðàñòíîì ôîíå) íà îäíîì èç èäåí-
òè÷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 
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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 Al-
loys. 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 Phys-
ics, 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 Metalli-
cheskikh 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 òðàíñ-
ëèòåðèðîâàííûõ 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. 
àâòîðîâ, 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. 
Àâòîðû ìîãóò ïîëó÷èòü îïóáëèêîâàííûé âûïóñê ñî ñâîåé ñòàòü¸é â ðåäàêöèè ñáîðíèêà ïî âûøå-
óêàçàííîìó àäðåñó (òåë. ¹¹: +380 44 4241221, +380 44 4249042), à òàêæå çàãðóçèòü pdf-ôàéë ñòà-
òüè ñ ñàéòà ñáîðíèêà: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.  
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Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for Metal 
Physics, N.A.S.U.: 2015) (in Ukrainian).  
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C60-ôóëëåðåí ñïðèÿº â³äíîâëåííþ òî÷íîãî ïîçèö³îíóâàííÿ 
muscle soleus ï³ñëÿ ñïðè÷èíåíî¿ àõ³ëëîòîì³ºþ àòðîô³¿ 

Ä. Ì. Íîçäðåíêî1, Î. Ï. Ìîòóçþê1,2, Î. Â. Äîëãîïîëîâ3, 

². Â. Ïàìïóõà1, Ê. ². Áîãóöüêà1 
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 âóë. Âîëîäèìèðñüêà, 64/13,  
 01601 Êè¿â, Óêðà¿íà 
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3ÄÓ «²íñòèòóò òðàâìàòîëîã³¿ òà îðòîïåä³¿ ÍÀÌÍ Óêðà¿íè»,  
 âóë. Áóëüâàðíî-Êóäðÿâñüêà, 27,  
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Äîñë³äæåíî âïëèâ âîäíîãî ðîç÷èíó C60-ôóëëåðåí³â (ùîäåííà ïåðîðàëüíà 
äîçà — 1 ìã/êã) íà â³äíîâëåííÿ ã³ñòåðåçíèõ åôåêò³â ì’ÿçîâîãî ñêîðî-
÷åííÿ, â³äïîâ³äàëüíèõ çà êîðåêö³þ òî÷íîãî ïîçèö³îíóâàííÿ ñóãëîá³â çà 
ðîçâèòêó àòðîô³÷íèõ çì³í, ïîâ’ÿçàíèõ ³ç äîâãîòðèâàëèì çíåðóõîìëåí-
íÿì. Äëÿ ðîçâèòêó àòðîô³¿ ì’ÿç³â âèêîðèñòîâóâàëè êë³í³÷íèé ìîäåëü 
ðîçðèâó Àõ³ëëîâîãî ñóõîæèëëÿ. Ô³êñàö³ÿ ïàðàìåòð³â ñêîðî÷åííÿ ì’ÿçà 
ðîáèëàñÿ íà 15-òó, 30-òó é 45-òó äîáó ï³ñëÿ ³í³ö³ÿö³¿ àòðîô³¿. Îäåðæàí³ 
ðåçóëüòàòè ï³äòâåðäæóþòü åôåêòèâí³ñòü ä³¿ C60-ôóëëåðåí³â íà ôóíêö³¿ 
àíòèîêñèäàíòíî¿ ñèñòåìè îðãàí³çìó çà ðîçâèòêó ïàòîëîã³÷íèõ ïðîöåñ³â. 

The effect of C60-fullerene aqueous solution (with daily oral dose of 1 mg/kg) 

on the restoration of hysteresis effects of muscle contraction responsible for 

the correction of the precise positioning of joints in the development of 

atrophic changes associated with long-term immobilisation is investigated. A 

clinical model of Achilles-tendon rupture is used to study the development of 

muscle atrophy. Muscle-contraction parameters are recorded on the 15th, 
30th, and 45th

 day after the initiation of atrophy. The obtained results con-
firm the effectiveness of C60-fullerenes’ influence on the functions of the an-
tioxidant system in the development of pathological processes. 

Êëþ÷îâ³ ñëîâà: muscle soleus, àòðîô³ÿ, C60-ôóëëåðåí, á³îìåõàí³÷í³ ïà-
ðàìåòðè. 

Key words: muscle soleus, atrophy, C60 fullerene, biomechanical parameters. 
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1. ÂÑÒÓÏ 

Ì’ÿçîâà àòðîô³ÿ — öå âòðàòà ì’ÿçîâî¿ ìàñè òà ñèëè, ùî âèíèêàº 
ï³ä ÷àñ áàãàòüîõ çàõâîðþâàíü, çîêðåìà, òàêèõ ÿê ðàê, ÑÍ²Ä, ñåð-
öåâà òà íèðêîâà íåäîñòàòí³ñòü, òÿæê³ îï³êè òîùî [1]. Òðèâàëå 
çíåðóõîìëåííÿ º îäí³ºþ ç îñíîâíèõ ïðè÷èí àòðîô³¿ ì’ÿç³â [2], ùî 
³ñòîòíî ïîã³ðøóº ÿê³ñòü æèòòÿ õâîðèõ [3]. Ï³ä ÷àñ àíàë³çè ðîçâè-
òêó àòðîô³¿ íåäîñòàòíüî óâàãè ïðèä³ëÿºòüñÿ íåë³í³éíèì (ã³ñòåðåç-
íèì) åôåêòàì ñêîðî÷åííÿ ì’ÿç³â, àäæå ïîðóøåííÿ ¿õíüîãî ôóíê-
ö³îíóâàííÿ ìîæå ïðèçâîäèòè äî âòðàòè òî÷íîãî ïîçèö³îíóâàííÿ 
ñóãëîá³â [4]. Òàê³ ïîðóøåííÿ âèíèêàþòü ï³ä ÷àñ îòðóºíü [5], ðîç-
âèòêó ì’ÿçîâî¿ âòîìè [6], òðàâìàõ îïîðíî-ðóõîâîãî àïàðàòó [7]. 
 Äëÿ ðîçóì³ííÿ íåë³í³éíèõ îñîáëèâîñòåé ì’ÿçîâî¿ äèíàì³êè âàæ-
ëèâèì º ïèòàííÿ ìîäèô³êóâàííÿ ñêîðî÷óâàëüíèõ ìåõàí³çì³â ï³ä 

âïëèâîì çì³í ìåõàí³÷íîãî ñòàíó ì’ÿçà âíàñë³äîê ðóõó [8]. Êð³ì òî-
ãî, ùå îäíà âàæëèâà íåë³í³éíà âëàñòèâ³ñòü ñêîðî÷óâàëüíîãî àïàðà-
òó ïðîÿâëÿºòüñÿ ó ôîðì³ ñï³ââ³äíîøåííÿ ì³æ âæå âèðîáëåíîþ òà 

ìàéáóòíüîþ (ùî ùå ðîçâèâàºòüñÿ) ñèëîþ, ÿêå ³ñòîòíî çì³íþºòüñÿ çà 

íàÿâíîñòè íàâ³òü íåçíà÷íèõ ïàòîëîã³÷íèõ ïðîöåñ³â, ÿê³ âïëèâàþòü 

íà ñèñòåìó «íåéðîí–ì’ÿç» [9]. Ââàæàþòü, ùî ó âèïàäêó öèêë³÷íîãî 

ïîñòóïàëüíîãî ðóõó â³äáóâàºòüñÿ ïîãëèíàííÿ ìåõàí³÷íî¿ åíåðã³¿ 
[8], çàâäÿêè ÷îìó àêòèâí³ ì’ÿçè ôóíêö³îíóþòü â àâòîêîëèâíîìó 

ðåæèì³. Âîäíî÷àñ âèíèêàþòü âèñîêî÷àñòîòí³ ðèòì³÷í³ ðóõè, ùî ³ñ-
òîòíî àäàïòóº ì’ÿçîâó ñèñòåìó äî ðåàë³çàö³¿ íàñòóïíèõ ñêëàäíèõ 

ìîäóëÿö³éíèõ ñè´íàë³â. Öåé òàê çâàíèé åôåêò ïåðåä³ñòîð³¿ ðóõó â³-
ä³ãðàº âàæëèâó ðîëü ó â³äòâîðåíí³ òî÷íîñòè ðóõ³â. Òîìó íàâ³òü íå-
çíà÷í³ ì’ÿçîâ³ òà íåðâîâ³ ïàòîëîã³¿, íàñàìïåðåä, âïëèâàþòü íà ñèñ-
òåìó êîíòðîëþ ì’ÿçîâèõ ðåàêö³é [9, 10]. 
 Íèí³ â³äñóòí³ ìåòîäè åôåêòèâíîãî ë³êóâàííÿ ì’ÿçîâî¿ àòðîô³¿. 
Ó ë³òåðàòóð³ ïîâ³äîìëÿºòüñÿ ïðî íàÿâí³ñòü ïîòåíö³éíèõ ïðåïàðà-
ò³â, ÿê³ ìîæóòü ðå´óëþâàòè âòðàòó ì’ÿçîâî¿ ìàñè. Ìåõàí³çì ¿õ-
íüî¿ ä³¿ áàçóºòüñÿ íà ïîíèæåíí³ àêòèâíîñòè ì³îñòàòèíó, öèêëîîê-
ñè´åíàçè-2, ïðîçàïàëüíèõ öèòîê³í³â, îïîñåðåäêîâàíèõ êàòàáîë³÷-
íèì âèñíàæåííÿì, àáî ï³äâèùåíí³ àêòèâíîñòè öèêë³÷íîãî ÀÌÔ-
ðåöåïòîðà, ùî àêòèâóº ïðîë³ôåðàòîð ïåðîêñèñîì [11]. Âîäíî÷àñ 
á³ëüø³ñòü ç öèõ ïðåïàðàò³â ïðîÿâëÿþòü íåáàæàí³ ïîá³÷í³ (òîêñè-
÷í³) åôåêòè. Îñîáëèâó óâàãó íàðàç³ ïðèä³ëÿþòü ñïîëóêàì, ÿê³ 
ìàþòü àíòèîêñèäàíòí³ âëàñòèâîñò³ [12]. Ïîêàçàíî, ùî ôëàâîíî¿ä-
íà îë³ÿ ñîëîäêè, ùî ì³ñòèòü ãëàáðèäèí, ÿêèé âèÿâëÿº ñèëüí³ àí-
òèîêñèäàíòí³ âëàñòèâîñò³, çá³ëüøóº ìàñó ì’ÿç³â ìèøåé çà ¿õíüî¿ 
àòðîô³¿ [13]. Ç ³íøîãî áîêó, ï³ä ÷àñ âèâ÷åííÿ âïëèâó àíòèîêñèäà-
íòó â³òàì³íó C íà çàãîºííÿ Àõ³ëëîâîãî ñóõîæèëëÿ ó ùóð³â íå âè-
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ÿâèëè ïåðåâàã ïåðîðàëüíîãî ïðèéìàííÿ äîñë³äæóâàíî¿ äîáàâêè â 
ñèíòåç³ êîëà´åíó àáî ïîë³ïøåíí³ á³îìåõàí³÷íèõ âëàñòèâîñòåé àò-
ðîôîâàíèõ ì’ÿç³â [14]. Ìîëåêóëà C60 çäàòíà åôåêòèâíî çàõîïëþ-
âàòè é ³íàêòèâóâàòè â³ëüí³ ðàäèêàëè ó ñèñòåìàõ in vitro òà in 
vivo [15, 16]. Ó íàøèõ ïîïåðåäí³õ ðîáîòàõ áóëî ïîêàçàíî, ùî 
ââåäåííÿ âîäîðîç÷èííèõ C60-ôóëëåðåí³â ï³ñëÿ ³í³ö³ÿö³¿ ì’ÿçîâî¿ 
òðàâìè é îòðóºííÿ îðãàí³çìó ïåñòèöèäàìè ïðèâîäèòü äî çíà÷íèõ 
òåðàïåâòè÷íèõ åôåêò³â [17, 18]. Â³äòàê, ìåòîþ ö³º¿ ðîáîòè áóëî 
îö³íèòè çäàòí³ñòü C60-ôóëëåðåí³â ÿê ïîòóæí³õ àíòèîêñèäàíò³â 
ïîíèæóâàòè ïàòîëîã³÷íèé âïëèâ ì’ÿçîâî¿ àòðîô³¿, âèêëèêàíî¿ äî-
âãîòðèâàëèì çíåðóõîìëåííÿì, íà ã³ñòåðåçí³ åôåêòè ñêîðî÷åííÿ 
muscle soleus ùóð³â. 

2. ÌÅÒÎÄÈÊÀ ÅÊÑÏÅÐÈÌÅÍÒÓ 

Äëÿ îäåðæàííÿ âîäíîãî ðîç÷èíó C60-ôóëëåðåí³â áóëî çàñòîñîâàíî 
ìåòîäó, ÿêà ´ðóíòóºòüñÿ íà ïåðåâåäåíí³ ìîëåêóë C60 ç òîëóîëó ó 
âîäó ç ïîäàëüøèì îáðîáëåííÿì óëüòðàçâóêîì [19]. Îäåðæàíèé 
âîäíèé ðîç÷èí ö³º¿ ñïîëóêè çà ìàêñèìàëüíî¿ êîíöåíòðàö³¿ ó 0,15 
ìã/ìë º òèïîâèì íàíîêîëî¿äîì [20] ³ çàëèøàºòüñÿ ñòàá³ëüíèì 
óïðîäîâæ 12–18 ì³ñÿö³â çà òåìïåðàòóðè ó 4–25 C. 
 Åêñïåðèìåíòè ïðîâîäèëè íà ùóðàõ-ñàìöÿõ ë³í³¿ Wistar â³êîì 
ó 1–3 ì³ñÿö³ òà âàãîþ ó 200 6 ã. Ïðîòîêîë äîñë³äæåííÿ áóâ çà-
òâåðäæåíèé êîì³ñ³ºþ ç ïèòàíü á³îåòèêè ÍÍÖ «²íñòèòóò á³îëîã³¿ 
òà ìåäèöèíè» Êè¿âñüêîãî íàö³îíàëüíîãî óí³âåðñèòåòó ³ìåí³ Òàðà-
ñà 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 ¹ 3447–IV â³ä 21.02.2006 ð. (ì. Êè¿â) «Ïðî çà-
õèñò òâàðèí â³ä æîðñòîêîãî ïîâîäæåííÿ» ï³ä ÷àñ ïðîâåäåííÿ ìå-
äèêî-á³îëîã³÷íèõ äîñë³äæåíü. 
 Àíåñòåç³þ òâàðèí çä³éñíþâàëè âíóòð³øíüîî÷åðåâèííèì ââå-
äåííÿì íåìáóòàëó (40 ìã/êã). Ïåðåä ïî÷àòêîì äîñë³äæåííÿ ùóðè 
ï³ääàâàëèñÿ àõ³ëëîòîì³¿ — ïåðåð³çó Àõ³ëëåñîâîãî ñóõîæèëëÿ 
[21]. Äîñë³äæóâàëè 4 ãðóïè òâàðèí: êîíòðîëü ³ ï³ñëÿ 15, 30 òà 45 
ä³á ï³ñëÿ àõ³ëëîòîì³¿. Ââåäåííÿ âîäíîãî ðîç÷èíó C60-ôóëëåðåí³â 
çä³éñíþâàëè ïåðîðàëüíî, ùîäåííî äîçîþ â 1 ìã/êã óïðîäîâæ åê-
ñïåðèìåíòó. 
 Muscle soleus çâ³ëüíÿëè â³ä íàâêîëèøí³õ òêàíèí; ó äèñòàëüí³é 
÷àñòèí³ éîãî ñóõîæèëüíó ÷àñòèíó ïðèºäíóâàëè äî äàò÷èê³â âèì³-
ðþâàííÿ ñèëè. Äîñë³äæåííÿ äèíàì³÷íèõ âëàñòèâîñòåé ì’ÿçîâîãî 
ñêîðî÷åííÿ ïðîâîäèëè â óìîâàõ àêòèâàö³¿ ì’ÿçà ç âèêîðèñòàííÿì 
ìåòîäè ìîäóëüîâàíî¿ ñòèìóëÿö³¿ åôåðåíò³â [22]. Ñòèìóëÿö³þ åôå-
ðåíò³â çä³éñíþâàëè åëåêòðè÷íèìè ³ìïóëüñàìè òðèâàë³ñòþ ó 2 ìñ, 
ñôîðìîâàíèìè çà äîïîìîãîþ ´åíåðàòîðà ³ìïóëüñ³â. Âèêîðèñòîâó-
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âàëè 3 ïóëè áåçðåëàêñàö³éíèõ ñòèìóëÿö³é ÷àñòîòîþ ó 50 Ãö ³ 
òðèâàë³ñòþ ó 3 ñ êîæíèé. Ñèëó ñêîðî÷åííÿ ì’ÿçà ðåºñòðóâàëè çà 
äîïîìîãîþ òåíçîäàò÷èê³â. 
 Ñòàòèñòè÷íó îáðîáêó ðåçóëüòàò³â ì³ðÿííÿ ïðîâîäèëè ìåòîäàìè 
âàð³ÿö³éíî¿ ñòàòèñòèêè çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ 
Origin 9.4. Êîæíà ³ç ñèëîâèõ êðèâèõ, íàâåäåíèõ ó ö³é ðîáîò³, º 
ðåçóëüòàòîì óñåðåäíåííÿ 10 àíàëîã³÷íèõ åêñïåðèìåíò³â. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

Îäèí ³ç äîñòàòíüî åôåêòèâíèõ ³ øèðîêî çàñòîñîâóâàíèõ ñïîñîá³â 
³äåíòèô³êàö³¿ ð³âíÿ ïàòîëîã³é äèíàì³÷íèõ ñèñòåì ïîëÿãàº ó âè-
çíà÷åíí³ ¿õí³õ ðåàêö³é íà ð³çí³ øâèäê³ñí³ ä³ÿïàçîíè ñòèìóëþâà-
ëüíèõ ïîäðàçíåíü. Çà çàñòîñîâàíî¿ ñòèìóëÿö³¿ íåðâà ñïîñòåð³ãàëè 
çìåíøåííÿ ñèëè ì’ÿçîâî¿ â³äïîâ³ä³ òà øâèäêîñòè ¿¿ ïðèðîñòó âíà-
ñë³äîê íàÿâíîñòè çàëèøêîâèõ ïàòîëîã³÷íèõ çì³í, ñïðè÷èíåíèõ 
àòðîô³ºþ. Çà ðåàë³çàö³¿ 1-ãî ïóëó ìîäóëüîâàíîãî ñòèìóëÿö³éíîãî 
ñè´íàëó (ðèñ. 1) ñèëîâà â³äïîâ³äü ì’ÿçà çì³íþâàëàñÿ äóæå øâèä-
êî, ìàéæå ñòðèáêîïîä³áíî, ÿê ðåàêö³ÿ ñëàáêî äåìïôîâíîãî ïîñë³-
äîâíîãî ïðóæíüîãî êîìïîíåíòà. Îäíàê çà ðåàë³çàö³¿ 2-ãî ³ îñîá-
ëèâî 3-ãî ïóëó òàêî¿ æ ìîäóëüîâàíî¿ ñòèìóëÿö³¿ âèíèêàëî ïîâ³-
ëüíå íàðîñòàííÿ ñèëè ñêîðî÷åííÿ äî íîâîãî, íèæ÷îãî çà ð³âíåì 
ð³âíîâàæíîãî ñòàíó (éîãî ð³âåíü íàïðÿìó êîðåëþâàâ ç ð³âíåì ðî-
çâèòêó ïàòîëîã³¿) (ðèñ. 1). 
 Ç ðèñóíêó 2 âèäíî, ùî çà ðåàë³çàö³¿ 2-ãî ³ 3-ãî ïóëó ñòèìóëÿö³¿ 
ó êîíòðîë³ ÷àñîâà çàòðèìêà çìåíøóºòüñÿ íåçíà÷íî. Ó öüîìó âè-
ïàäêó ã³ñòåðåçíà âëàñòèâ³ñòü ì’ÿçà, — òàê çâàíà ïåðåä³ñòîð³ÿ ðó-
õó, — äîïîìàãàº ì’ÿçîâ³é ñèñòåì³ á³ëüø êîðåêòíî òà ç ìåíøèìè 
åíåðãåòè÷íèìè çàòðàòàìè çä³éñíþâàòè ïîñë³äîâí³ áàë³ñòè÷í³ ðóõè 
[23]. Ï³ñëÿ 15-¿ äîáè çíåðóõîìëåííÿ ö³ åôåêòè çíèêàþòü, à ÷àñ 
äîñÿãíåííÿ ñèëîþ ìàêñèìàëüíèõ çíà÷åíü çðîñòàº íà êîæíîìó 
ïóë³ ñòèìóëÿö³¿: íà 15-òó äîáó â³í ñêëàâ 501 12, 552 9 ³ 
650 10 ìñ çà ðåàë³çàö³¿ 1-ãî, 2-ãî ³ 3-ãî ïóëó ñòèìóëÿö³¿ â³äïîâ³-
äíî; ó êîíòðîë³: 123 6, 110 3 ³ 96 2 ìñ â³äïîâ³äíî. Îòæå, â³ä-
ì³íí³ñòü ì³æ êîíòðîëüíèìè çíà÷åííÿìè ñêëàëà ïîíàä 300%. Âè-
êîðèñòàííÿ âîäíîãî ðîç÷èíó C60-ôóëëåðåíó çìåíøèëî ÷àñîâ³ çà-
òðèìêè íà 66%, 79% ³ 84% â³äïîâ³äíî. Íà 30-òó äîáó â³äì³íí³ñòü 
÷àñîâèõ çàòðèìîê â àòðîôîâàíèõ ì’ÿçàõ ïîð³âíÿíî ç êîíòðîëåì 
ñêëàëà 203%, 250% ³ 280% â³äïîâ³äíî, à C60-ôóëëåðåíîâà òåðàï³ÿ 
ïîë³ïøèëà ö³ ïîêàçíèêè íà 51%, 56% ³ 62% çà ðåàë³çàö³¿ 1-ãî, 
2-ãî ³ 3-ãî ïóëó ñòèìóëÿö³¿ â³äïîâ³äíî. Íà 45-òó äîáó åêñïåðèìå-
íòó çàòðèìêè ì’ÿçîâîãî ñêîðî÷åííÿ â àòðîôîâàíèõ ì’ÿçàõ ñêëàëè 
22%, 29% ³ 31%, àëå åôåêò ïåðåä³ñòîð³¿ ðóõó (çìåíøåííÿ çàòðè-
ìêè íà 2-ìó ³ 3-ìó ïóë³ ïîð³âíÿíî ³ç ïåðøèì) òàê ³ íå ñïîñòåð³-
ãàâñÿ. Âèêîðèñòàííÿ âîäíîãî ðîç÷èíó C60-ôóëëåðåíó íàáëèçèëî ö³ 
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ïîêàçíèêè ìàéæå äî êîíòðîëüíèõ çíà÷åíü (â³äì³íí³ñòü íå ïåðå-
âèùóâàëà 12%). Òàêèì ÷èíîì, âèêîðèñòàííÿ C60-ôóëëåðåíîâî¿ 
òåðàï³¿ â³äíîâèëî ã³ñòåðåçíèé åôåêò ïåðåä³ñòîð³¿ ðóõó ï³ñëÿ 45-¿ 
äîáè åêñïåðèìåíòó. 

4. ÂÈÑÍÎÂÊÈ 

Òàêèì ÷èíîì, äîñë³äæåííÿ ìåõàíîê³íåòèêè ñêîðî÷åííÿ muscle 
soleus ùóðà çà âèêîðèñòàííÿ òðèêîìïîíåíòíîãî ñòèìóëÿö³éíîãî 
ïóëó óìîæëèâèëè îö³íèòè ¿¿ çì³íè, ùî âèíèêàëè çà ðîçâèòêó 

 

Ðèñ. 1. Ñèëîâà â³äïîâ³äü muscle soleus ùóðà ï³ñëÿ àòðîô³¿, ñïðè÷èíåíî¿ 
àõ³ëëîòîì³ºþ, íà 15-òó, 30-òó ³ 45-òó äîáó çà âèêîðèñòàííÿ òðèêîìïîíå-
íòíîãî ìîäóëüîâàíîãî ñè´íàëó: òðàâìà òà òðàâìà C60 — ñèëà ñêîðî÷åí-
íÿ àòðîôîâàíîãî muscle soleus áåç ââåäåííÿ C60-ôóëëåðåíó òà íà òë³ éîãî 
ââåäåííÿ; t1, t2 òà t3 — ÷àñ äîñÿãíåííÿ ñèëîþ ñâîãî ìàêñèìàëüíîãî 
ð³âíÿ íà 1-ìó, 2-ìó òà 3-ìó ïóë³ ñòèìóëÿö³éíîãî ñè´íàëó; 15-é, 30-é ³ 
45-é äåíü — äîáà ï³ñëÿ ³í³ö³ÿö³¿ àòðîô³¿; n 7 ó êîæí³é ãðóï³.1 
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ì’ÿçîâî¿ àòðîô³¿, ïîâ’ÿçàíî¿ ç äîâãîòðèâàëèì çíåðóõîìëåííÿì. 
Öå, çîêðåìà, ñòîñóºòüñÿ âèÿâëåíèõ çì³í ó äèíàì³ö³ ñêëàäíèõ ðó-
õ³â, ïîâ’ÿçàíèõ ç òî÷íèì ïîçèö³îíóâàííÿì ñóãëîá³â, òà íîðìàë³-
çàö³¿ ¿õ çà âèêîðèñòàííÿ âîäíîãî ðîç÷èíó C60-ôóëëåðåí³â. Öå ñëó-
ãóº ï³äòâåðäæåííÿì îäåðæàíèõ íàìè ðàí³øå äàíèõ ïðî ïîçèòèâ-
íèé òåðàïåâòè÷íèé âïëèâ âîäîðîç÷èííèõ C60-ôóëëåðåí³â íà ôóí-
êö³¿ àíòèîêñèäàíòíî¿ ñèñòåìè îðãàí³çìó çà ðîçâèòêó çàïàëüíèõ ³ 
ïàòîëîã³÷íèõ ïðîöåñ³â [17, 18, 21]. 

ÏÎÄßÊÀ 

Ðîáîòó âèêîíàíî çà ï³äòðèìêè ÌÎÍ Óêðà¿íè â ðàìêàõ ïðîºêòó 

 

Ðèñ. 2. ×àñ äîñÿãíåííÿ muscle soleus ùóðà ñâîãî ìàêñèìàëüíîãî ð³âíÿ 
ñêîðî÷åííÿ ï³ñëÿ àòðîô³¿, ñïðè÷èíåíî¿ àõ³ëëîòîì³ºþ, íà 15-òó, 30-òó òà 
45-òó äîáó çà âèêîðèñòàííÿ òðèêîìïîíåíòíîãî ìîäóëüîâàíîãî ñè´íàëó: 
òðàâìà òà òðàâìà C60 — ñèëà ñêîðî÷åííÿ àòðîôîâàíîãî muscle soleus 
áåç ââåäåííÿ C60-ôóëëåðåíó òà íà òë³ éîãî ââåäåííÿ; 15, 30 ³ 45 ä³á — 
äîáà ï³ñëÿ ³í³ö³ÿö³¿ àòðîô³¿; n 7 ó êîæí³é ãðóï³; *p 0,05 ïîð³âíÿíî ç 
êîíòðîëåì; **p 0,05 ïîð³âíÿíî ç äàíèìè íà 15-òó äîáó åêñïåðèìåíòó; 
***p 0,05 ïîð³âíÿíî ç äàíèìè íà 30-òó äîáó åêñïåðèìåíòó.2 
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1 Fig. 1. Strength response of the rat muscle soleus after atrophy caused by achillotomy on 
15th, 30th, and 45th day using a three-component modulated signal: injury and injury C60—
the strength of contraction of the atrophied muscle soleus without C60-fullerene administra-
tion and against its administration; t1, t2 and t3—the time when the force reaches its 
maximum level on the 1st, 2nd, and 3rd pool of the stimulation signal; 15th, 30th, and 45th 
day—day after initiation of atrophy; n  7 in each group. 
2 Fig. 2. The time for the rat muscle soleus to reach its maximum level of contraction after 
atrophy caused by achillotomy on 15th, 30th, and 45th day using a three-component modulated 
signal: injury and injury C60—the force of contraction of the atrophied muscle soleus with-
out the introduction of C60 fullerene and against the background of its introduction; 15th, 
30th, and 45th day—day after initiation of atrophy; n 7 in each group; *p 0.05 compared to 
the control; **p 0.05 compared to data on the 15th day of the experiment; ***p 0.05 com-
pared to data on the 30th day of the experiment. 
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In this study, we synthesize samarium-doped TiO2 nanoparticles (Ti(Sm)O2 

NPs) using solvothermal synthesis and enhance their stability and biocom-
patibility by coating them with polymeric materials. Extensive characteriza-
tion studies confirm the desired morphology, crystal structure, optical prop-
erties, surface charge, and biocompatibility of the Ti(Sm)O2 NPs. Additional-
ly, in vivo imaging evaluations reveal their excellent imaging capabilities, 

particularly, in distinguishing lung pathologies, making them highly prom-
ising for targeted imaging applications. Importantly, in vivo toxicity studies 

demonstrate the biocompatibility and safety of the nanoparticles. These find-
ings contribute to the development of advanced contrast agents for improved 

diagnostic imaging in biomedical applications, offering potential as effective 

tools for targeted imaging and enhancing the diagnosis and monitoring of 

various lung pathologies. 

Ó öüîìó äîñë³äæåíí³ ìè ñèíòåçóºìî ëå´îâàí³ Ñàìàð³ºì íàíî÷àñòèíêè TiO2 

(Ti(Sm)O2 Í×) çà äîïîìîãîþ ñîëüâîòåðì³÷íî¿ ñèíòåçè òà ï³äâèùóºìî ¿õí³ 
ñòàá³ëüí³ñòü ³ á³îñóì³ñí³ñòü øëÿõîì ïîêðèòòÿ ¿õ ïîë³ìåðíèìè ìàòåð³ÿëà-
ìè. Ð³çíîìàí³òí³ õàðàêòåðèçàö³éí³ äîñë³äæåííÿ ï³äòâåðäæóþòü áàæàíó 

ìîðôîëîã³þ, êðèñòàë³÷íó ñòðóêòóðó, îïòè÷í³ âëàñòèâîñò³, çàðÿä ïîâåðõí³ 
òà á³îñóì³ñí³ñòü Ti(Sm)O2 Í×. Êð³ì òîãî, îö³íêè â³çóàë³çàö³¿ in vivo ïîêà-
çàëè ¿õí³ ÷óäîâ³ ìîæëèâîñò³ â³çóàë³çàö³¿, çîêðåìà ó ðîçð³çíåíí³ ïàòîëîã³é 

ëåãåí³â, ùî ðîáèòü ¿õ äóæå ïåðñïåêòèâíèìè äëÿ ö³ëüîâèõ â³çóàë³çàö³éíèõ 

çàñòîñóâàíü. Âàæëèâî, ùî äîñë³äæåííÿ òîêñè÷íîñòè in vivo äåìîíñòðóþòü 

á³îñóì³ñí³ñòü ³ áåçïå÷í³ñòü íàíî÷àñòèíîê. Ö³ âèñíîâêè ñïðèÿþòü ðîçðîáö³ 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
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ïåðåäîâèõ êîíòðàñòíèõ ðå÷îâèí äëÿ ïîë³ïøåíî¿ ä³ÿãíîñòè÷íî¿ â³çóàë³çà-
ö³¿ â á³îìåäè÷íèõ çàñòîñóâàííÿõ, ïðîïîíóþ÷è ïîòåíö³éí³ åôåêòèâí³ ³í-
ñòðóìåíòè äëÿ ö³ëåñïðÿìîâàíî¿ â³çóàë³çàö³¿ òà ïîë³ïøåííÿ ä³ÿãíîñòèêè 

òà ìîí³òîðèí´ó ð³çíèõ ïàòîëîã³é ëåãåí³â. 

Key words: nanoparticles, contrast agents, K-edge, titanium oxide, biocom-
patibility. 

Êëþ÷îâ³ ñëîâà: íàíî÷àñòèíêè, êîíòðàñòí³ ðå÷îâèíè, K-êðàé, îêñèä Òèòà-
íó, á³îñóì³ñí³ñòü. 
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1. INTRODUCTION 

The versatility of nanomaterials in performing multiple functions has 

greatly facilitated their widespread use in the field of cancer imaging, 

diagnosis, and treatment [1]. Accurate diagnosis of diseases often re-
quires comprehensive information that cannot be obtained through a 

single imaging modality alone. As a result, multimodal imaging sys-
tems have emerged as a promising approach for highly efficient cancer 

theranostics. In recent years, x-ray computed tomography (CT) has 

witnessed significant advancements in its core technology and innova-
tive therapeutic applications. However, the development of clinical x-
ray contrast agents has seen limited progress in the past few decades. 
There is a need to overcome challenges such as achieving high concen-
tration in the bloodstream, maintaining stable concentration over 

time, and enhancing aggregation at specific regions of interest. Ad-
dressing these challenges is crucial for improving the performance and 

efficacy of CT imaging, ultimately advancing the diagnosis and treat-
ment of cancer [2]. 
 The limitations of conventional iodine-based x-ray contrast agents 

used in CT imaging, such as rapid blood clearance, have prompted the 

exploration of alternative solutions. In recent years, there has been 

growing interest in the development of nanoparticle-based contrast 

agents to address these limitations [3]. Nanoparticulate probes offer 

several advantages over single molecule-based agents, including the 

ability to integrate different contrast-generating materials, longer 

circulation time in the bloodstream, and higher payload capacity. This 

review highlights the significance of nanoparticle-based contrast 

agents in medical imaging, particularly in the context of CT imaging, 

and their potential to enhance imaging performance and capabilities 

[4]. By leveraging the unique properties of nanoparticles (NPs), re-
searchers aim to overcome the challenges associated with conventional 
contrast agents and improve the accuracy and quality of CT imaging 

for various medical applications. 
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 Gold nanoparticles (AuNPs) show promise as iodine-free x-ray con-
trast agents in medical applications [5]. Gold unique properties, in-
cluding its higher nuclear number, K-edge, and mass x-ray absorption 

coefficient compared to iodine, make it an attractive alternative. 
AuNPs provide 2.7 times greater x-ray contrast per unit weight than 

iodine and exhibit optimal x-ray absorption in the 80–100 keV range, 

enabling improved visualization of blood vessels [6]. Moreover, AuNPs 

have demonstrated excellent biocompatibility and low toxicity, render-
ing them suitable for a range of biological applications [7]. 
 Bismuth (Bi), a metal with a high nuclear number (ZBi 83), has 

gained interest as a potential alternative to iodine-based x-ray contrast 

agents due to its low toxicity and diverse applications in medicine, 

cosmetics, and surgery. Bismuth salts were among the earliest con-
trast agents used in x-ray imaging of patients [8]. Coated bismuth NPs 

were introduced as injectable contrast agents for CT imaging in mice, 
demonstrating prolonged circulation compared to iodine-based agents 

[9]. Bismuth-enhanced nanocolloids have also been utilized as contrast 

agents for spectral CT molecular imaging to visualize thrombus [10]. 

However, due to their high cost and adverse effects, high doses of bis-
muth compounds were eventually replaced by more cost-effective al-
ternatives. This review highlights the potential of bismuth as an x-ray 

contrast agent, its early applications, and the challenges in its wide-
spread use. 
 In the early 1970s, tantalum NPs were investigated as a contrast 

agent for bronchography. However, compared to iodine, tantalum had 

a limited contrast impact, especially at high x-ray voltages [11]. In vi-
vo studies in mice demonstrated the absence of immediate or harmful 
effects, and the NPs were eliminated through renal clearance without 

adverse effects. More recently, Hyeon et al. developed a microemulsion 

strategy to synthesize uniform-sized TaOx particles in large quantities, 

opening up new possibilities for their application as contrast agents. 
This review highlights the historical usage of tantalum NPs in bron-
chography, their contrast properties, and the latest advancements in 

their synthesis for potential medical imaging applications [12]. 
 Lanthanide elements, such as gadolinium and ytterbium, have 

shown significant potential for use in x-ray scanning techniques. 

These elements possess higher nuclear numbers than iodine, resulting 

in increased x-ray attenuation and enhanced contrast in polyspectrum 

imaging. Gadolinium, in particular, exhibits a higher K-edge (52 keV) 

compared to iodine, leading to more pronounced x-ray attenuation and 

superior contrast. Ytterbium, among the lanthanide elements, stands 

out as a promising candidate for diagnostic and molecular imaging ap-
plications due to its excellent biocompatibility and high mass x-ray ab-
sorption coefficient [8]. Among the lanthanide elements, ytterbium is 

the most promising contender for diagnostic and molecular imaging 
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applications due to its excellent biocompatibility and high mass x-ray 

absorption coefficient (3.88 cm
2 g 1

 at 100 keV) [13]. 
 Titanium dioxide (TiO2) NPs have gained significant attention as a 

semiconductor material due to their high photochemical stability and 

cost-effectiveness [14]. To optimize their radiosensitizing effects, dop-
ing TiO2 NPs with high Z-elements while preserving their fundamental 
physical properties was explored [15]. In this regard, the incorporation 

of samarium (Sm) into TiO2 NPs has been investigated, resulting in en-
hanced efficiency. These Ti(Sm)O2 NPs immobilized with polyethylene 

glycol (PEG) and fluorescent dye offer a multifunctional platform for 

x-ray computed tomography (CT) and fluorescence imaging. Notably, 

Ti(Sm)O2 NPs exhibit desirable characteristics such as biocompatibil-
ity, antimicrobial properties, high chemical stability, specific surface 

area, and catalytic activity. This review highlights the potential of 

Ti(Sm)O2 NPs and their unique properties for various biomedical ap-
plications, including imaging and therapeutic interventions [2]. 
 The surface characteristics of NPs play a crucial role in their bio-
medical applications, influencing their interactions within the human 

body. Coatings on NPs can provide protection against mononuclear 

phagocyte and protein adsorption in vivo, thereby, maintaining their 

stability. However, creating a surface coating material that offers col-
loidal stability and biocompatibility under physiological conditions is a 

significant challenge [16]. The choice of coating agent and its interac-
tion with the biological environment determine the stability and bio-
compatibility of NPs [17]. Different classes of coating substances, 
such as synthetic and natural hydrophilic polymers like poly(ethylene 

glycol) (PEG), poly(vinyl alcohol) (PVA), and poly(L-lysine) (PLL), 

have been investigated for their potential in biomedical applications 

[18, 19]. These coatings have shown benefits such as enhanced colloidal 
stability, reduced cytotoxicity, and improved biocompatibility of vari-
ous NPs, including iron oxide and titanium dioxide NPs [20]. One 

common class of compounds are synthetic and natural hydrophilic pol-
ymers such as poly(ethylene glycol) (PEG) which modified USPIONs 

synthesized [20], and poly(vinyl alcohol) (PVA), which shows super-
paramagnetic, hydrophilic properties and may serve as a potential 
candidate for biomedical applications [21], poly(L-lysine) (PLL) which 

provide good colloidal stability for iron oxide and modified NPs less 

than 10 nm in diameter were tested for cell labelling [22]. 
 Mano et al. found that modifying TiO2 NPs with PEG reduces their 

cytotoxicity and the induction of stress-related genes [23]. This study 

aims to enhance the imaging capabilities of titanium dioxide (TiO2) 
NPs by incorporating lanthanides and improving their physical and 

biological properties. By coating these NPs with polymers, they can be 

used as safe and biocompatible x-ray computed tomography (CT) con-
trast agents in vivo. The findings of this study demonstrate the poten-
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tial applications of lanthanide-doped TiO2 NPs and other multifunc-
tional NPs in cancer diagnostics and therapy. These results underscore 

the importance of harnessing the unique properties of lanthanide-
doped TiO2 NPs for advanced imaging techniques and their potential 
significance in cancer research and treatment. 

2. MATERIALS AND METHODS 

2.1. Materials 

Titanium dioxide (TiO2  79.89 g, min. assay (ex Ti) 99%, max. limits 

of impurities, loss on drying 5%, iron (Fe) 05%). Sodium hydroxide 

(sodium hydroxide pellets AR assay 99.5%, MW.40.00, SO. 55592, 

Egypt). Carboxymethyl (CMC), carmellose sodium, assay: 99.5% pure 

Na–CMC, maximum 5 salts, PH: 6.5:8.5, density: 1.59 g/cm3, soluble 

in water, loss on drying max. 10%. Polyvinyl pyrrolidone (PVP), (K-
30), pure, M.W. 40000, Mumbai, India. Polyethylene glycol 6000 

(PEG 6000), molecular mass: 40.3 g/cm3, soluble in water, density: 

3.58 g/cm3. Samarium (III) nitrate hexahydrate, 99.9% (REO), hygro-
scopic, store under nitrogen, 10 g, LOT: D12X008, FW: 444.45, Ger-
many. All the aqueous solutions are prepared using triple distilled de-
ionized water (DW). 

2.2. Synthesis of TiO2 NPs 

TiO2 NPs were synthesized using the hydrothermal method. Initially, a 

solvent mixture was prepared by combining 5 g of TiO2 and 4.8 g of 

NaOH in 60 ml of deionized water at room temperature. The mixture 

was stirred for 3 hours at 60 C, resulting in a clear solution. To achieve 

a pH of 7, filtration using filter papers was performed. The solution 

was then dried at 60 C. 
 The dried solution was magnetically stirred and transferred to a 100 

ml teflon-lined stainless steel autoclave, which was heated to 150 C for 

3 hours. After cooling to room temperature, the obtained product was 

washed five times with pure ethyl alcohol and distilled water. The re-
sulting white precipitate was dried overnight at 60 C and subsequently 

calcined at 500 C for 2 hours. 

2.3. Synthesis of 1% Sm-Doped TiO2 NPs (Ti(Sm)O2 NPs) 

To synthesize the Ti(Sm)O2 NPs, samarium (III) nitrate hexahydrate 

was added to the mixture. Following the hydrothermal method men-
tioned earlier, the preparation involved the use of ethanol, HCl, and 

deionized water. Specifically, a solution was created by mixing 30 ml 
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of ethanol, 0.5 ml of HCl, 2 ml of deionized water, and 1% samarium. 
Under stirring, 5 ml of titanium oxides were added drop by drop to the 

solution and vigorously stirred for 15 minutes, following the same 

procedure as described previously. 

2.4. Synthesis of Polymer Encapsulated TiO2 and Sm-Doped TiO2 NPs 

To enhance the stability of the CT contrast agents, we implemented 

three surface modifications on the NPs. The NPs were designed with a 

core-shell structure, where the NP core comprised multiple CT-dense 

nanocrystals (NCs), and the shell was formed using FDA-approved pol-
ymers: polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), and 

carboxymethyl cellulose (CMC). To carry out the surface modification, 
a solution containing 0.1 g of TiO2 NPs and 0.1 g of each polymer 

(PEG, PVP, and CMC) was mixed in 100 ml of deionized water. The 

mixture was then stirred at 60 C for 3 hours. Subsequently, the solu-
tions were separated through centrifugation at 60 rpm for 2 minutes, 
and the resulting NPs were dried at 60 C. 

2.5. Characterization Techniques 

The optical properties of the synthesized NPs were characterized using 

a UV–Vis spectrometer (Pg instruments, T80 , UV/Vis spectrometer, 

China). Absorbance spectra measurements were performed in the 

wavelength range of 200–900 nm to investigate the optical properties 

of the NPs. This range encompasses the UV, visible, and near-infrared 

regions of the electromagnetic spectrum, where electronic transitions 

occur. Molecules with bonding and non-bonding electrons (n-electrons) 

can absorb energy from ultraviolet or visible light, causing them to be 

excited to higher antibonding molecular orbitals. The UV–Vis spec-
troscopy provides valuable insights into the electronic transitions and 

optical behaviour of the NPs [24]. 
 The functional groups present in the synthesized TiO2 NPs were 

identified using Fourier transform infrared (FTIR) spectroscopy. The 

FTIR spectra were collected using an FTIR spectrophotometer (Perki-
nElmer-99075, Germany) employing the standard KBr pellet tech-
nique. The spectral range analysed was 4000–450 cm

1, with a resolu-
tion accuracy of 4 cm

1
 FTIR spectroscopy is a powerful technique that 

enables the characterization and identification of various functional 
groups present in the NPs, providing valuable information about the 

chemical composition and structure of the synthesized TiO2 NPs. 
 Transmission electron microscopy (TEM) imaging was performed 

using a JEOL JEM-2100 instrument from Japan, equipped with a CCD 

camera. To prepare the samples for TEM measurements, a wax plate 
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was covered with a copper grid, and a diluted nanosuspension was 

sprayed onto the surface of the grid [25]. This ensured that the 

nanostructures formed in the colloids were visualized under the TEM. 
The obtained TEM images provided high-resolution details of the NPs 

and their morphology. 
 Additionally, the size distribution of the NPs was analysed using 

ImageJ 64-bit software (version ij 153-win-java 8), and a size distribu-
tion histogram was generated to estimate the particle size range and 

distribution. 
 The zeta potential of the NPs was determined using a zeta potential 
analyser and particle sizing devices at a temperature of 25 degrees Cel-
sius. The specific instrument used for this analysis was the Malvern 

Zetasize Nano-zs 90 from the U.S.A. The zeta potential measurement 

provides information about the surface charge of the NPs. When par-
ticles have a high negative or positive zeta potential, they tend to repel 
each other, leading to a stable colloidal suspension with no floccula-
tion. Conversely, particles with low zeta potential values lack the re-
pulsive force necessary to prevent their collision and flocculation. Ac-
cording to the principle of electrophoresis, NPs with zeta potentials 

exceeding 30 mV or falling below 30 mV are considered to be colloi-
dal and exhibit stability (Franks, 2002). The zeta potential analysis 

helps assess the stability of the NPs and their potential for aggregation 

or dispersion in solution [26]. 
 Luminescence qualities were assessed using a spectrofluorometer 

(Jasco FP-6500, Japan) and two-photon laser confocal microscopy 

(690–1040 nm) (Xenon arc Lamp 150 watt). The excitation and emis-
sion spectra were used to analyse the nanocomposites’ luminescence 

capabilities. Before measurement, the nanocomposite is purified by 

dialysis against distilled water for one week, and the purified samples 

are distributed in distilled water [19]. 

2.6. Cytotoxicity and Cell Viability Assay 

In the cytotoxicity and cell viability assay, peripheral mononuclear 

cells (PBMC) were isolated from whole blood using density centrifuga-
tion with Ficoll–Paque. The procedure involved centrifuging Hanks 

balanced salt solution (HBSS) with heparinized human blood, collect-
ing the upper fraction containing PBMCs, and resuspending the cells 

in PBS buffer. Cell counting was performed using a haemocytometer 

and the trypan blue exclusion method. The isolated PBMCs were then 

seeded in a 96-well plate with a culture medium and incubated at 37 C 

with 5% CO2. 
 For cell characterization, PBMCs at passage three were analysed by 

flow cytometry using anti-CD45 PE antibody [27]. The cells were 

stained, and data analysis was performed using a flow cytometer. To 
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assess cell viability and cytotoxicity of the NPs, cells were seeded in a 

96-well plate and incubated with the NPs for a specific duration. After 

incubation, trypan blue was added to each well, and the plates were 

further incubated and placed on a shaker to facilitate cell–NP interac-
tion. Cell morphology was assessed by capturing photographs of living 

cells’ interaction with different NPs. These experimental procedures, 
as described by Gabal et al. (2022), allowed for the evaluation of cyto-
toxicity and cell viability using peripheral mononuclear cells. The iso-
lation and characterization of PBMCs provided a standardized cell 
population for the assessment, and the incubation with NPs allowed 

for the observation of any potential effects on cell viability and mor-
phology [28]. 

2.7. Assessment of the Toxicity and Safety Profile 

The study was conducted on 51 male mice weighing 29–40 g. They were 

obtained from the animal house of MERC, the faculty of medicine, 

Mansoura University, and after approval by our local ethical commit-
tee. Considering that accumulation of NPs in vivo might stimulate tox-
icity or adverse side effects after long-term treatment, we next evalu-
ated the potential long-term toxicity of NPs in vivo. 
Animal Model. The mice were randomly allocated into two groups (24 

rats each) and three control. The control group was injected with saline 

only; after intravenous injection (IV) of NPs, mice were sacrificed af-
ter 3 hrs and 7 days, major organs (liver, heart, lung, spleen, pancreas, 
and kidneys) were collected for H&E staining. Samples were then fixed 

in 10% formalin, followed by routine dehydration, immersion, and 

paraffin embedding. They were sectioned into 4-μm-thick slices for 

haematoxylin and eosin staining and examined by light microscopy. 
 Degenerative changes were observed and graded into: absent, de-
fined as no obvious pathological changes; mild, defined as focal patho-
logical changes; or marked, defined as diffuse pathological changes, as 

modified from a previous report. Blood biochemistry analyses were 

performed, and blood samples were also collected to investigate ne-
phrotoxicity and hepatotoxicity. Aspartate aminotransferase, alanine 

aminotransferase, and creatinine levels were determined after 1 hr and 

6 days of treatment in serum samples collected. Levels of ALT and AST 

refer to liver damage. A measurement of the serum creatinine level is 

often used to evaluate kidney function. 

2.8. In vitro Phantom Imaging 

For in vitro phantom measurements, solutions of TiO2 and samarium-
doped TiO2 were prepared at various concentrations 6.25, 12.5, 25.0, 
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50.0, and 100.0 mM diluted in DW in 1.0 ml microtubes. Phantom CT 

images were acquired on a Toshiba Alexion CT scanner operating at 80, 
100, 120 keV, and 22, 30, 37 μA, respectively, with a slice thickness of 

0.5 mm and gantry rotation time of 0.6 s. Images were analysed using 

J-image 64-bit (ij 153-win-java 8). Create a circular region of interest 

(ROI) over each tube, and the attenuation and standard deviation were 

recorded for each ROI analysed [29]. From these values, the Contrast 

rates were calculated for different image sets via the equation 

max min max minContrast ( ) ( )I I I I . 

3. RESULTS AND DISCUSSION 

3.1. UV/Visible Optical Absorption Spectral Data 

The study involved recording ultraviolet–visible (UV/Vis) absorbance 

spectra to evaluate the electronic structure and optical band gap of the 

NPs. The UV/Vis spectra of pure titanium dioxide (TiO2) NPs and sa-
marium-doped TiO2 NPs were obtained and analysed. 
 In Figure 1, a, the absorbance peak at 364.23 nm corresponds to the 

presence of TiO2 in the sample. In Figure 1, b, two absorption peaks are 

observed for samarium-doped TiO2 at 366.65 nm and 409.2 nm, with 

the latter attributed to the presence of samarium. The specific absorp-
tion characteristics may vary with different polymeric precursors used 

in the synthesis process. The absorption edge in the UV region repre-
sents electronic transitions from the occupied valence band to the emp-
ty conduction band. Absorption occurs when the energy of the incident 

  
a      b 

Fig. 1. (a) UV spectra of: 1—TiO2, 2—PVP@TiO2, 3—PEG@TiO2, and 4—
CMC@TiO2 NPs; (b) UV spectra of: 1—Ti(Sm)O2, 2—PVP@Ti(Sm)O2, 3—
PEG@Ti(Sm)O2, and 4—CMC@Ti(Sm)O2 NPs. 
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photon matches or exceeds the band gap energy of the material. 

3.2. FTIR Analysis 

Infrared spectroscopy (FTIR) was employed to analyse the functional 
groups present in the synthesized compounds. Figure 2 illustrates a 

series of FTIR spectra for TiO2 and samarium-doped TiO2 NPs, coated 

with PVA, PEG, and CMC. In the spectra, a prominent and strong band 

in the range of 580–660 cm
1
 corresponds to the characteristic modes 

of TiO2. This band provides evidence of the presence of TiO2 in the 

samples. Additionally, an absorption range around 3427 cm
1
 indicates 

the stretching vibrations of hydroxyl groups, which may be influenced 

by in-situ spectra recording and water reabsorption from the ambient 

atmosphere. Another absorption range around 1553 cm
1
 is attributed 

to the bending vibrations of hydroxyl groups in molecular water. The 

bands in the range of 1000–400 cm
1
 are associated with the Ti–O 

modes, further confirming the presence of TiO2. 
 Furthermore, the FTIR spectrum of the coated TiO2 NPs is present-
ed in Fig. 2 too. The absorbance observed in the range of 1066 1700 

cm 1
 corresponds to the vibrations of organic polymers. The appear-

ance of new bands in this region is attributed to the existence of the or-
ganic polymer coating. For example, bands around 2881, 1352, and 

1066 cm
1
 represent the stretching vibrations of C–H bonds, the bend-

ing vibrations of C–H bonds, and the stretching vibrations of C–O 

bonds, respectively. The presence of these bands indicates the hydro-
gen-bonding nature and confirms the interaction between the organic 

polymer and the surface of TiO2 and samarium-doped TiO2 NPs. This 

interaction between the polymers and the NPs further supports the 

  
a      b 

Fig. 2. FTIR spectra of: (a) PVP@TiO2, PEG@ TiO2, CMC@ TiO2 NPs; (b) 

Ti(Sm)O2, PVP Ti(Sm)O2, PEG @Ti(Sm)O2, CMC @Ti(Sm)O2 NPs. 
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successful coating process and provides valuable information about 

the surface chemistry of the synthesized NPs. 

3.3. Zeta Potential 

The -potential values of prepared NPs sintered are shown in Fig. 3. -
potential has been utilized to be aware of the nature of prepared nano-

  
a      b 

  
c      d 

  
e      f 

  
g      h 

Fig. 3. Zeta potential for NPs: (a) TiO2; (b) PVP@ TiO2; (c) PEG@ TiO2; (d) 
CMC@TiO2; (e) Ti(Sm)O2; (f) PVP@Ti(Sm)O2; (g) PEG@Ti(Sm)O2; (h) 
CMC@Ti(Sm)O2. 
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particle charges in DW. -potential with a negative value ranging from 

37.7 mV to 61.5 mV was obtained for the nanoparticle diluted in 

DW, corresponding to a stable colloidal without particle settlement. -
potential lowered as the NPs was coated with polymers, as in Fig. 4. 
Moreover, the prepared suspension endorsed with general -potential 
value of 30 mV with a positive or negative sign for better stability. 

Lower values of -potential suggest aggregation of NPs due to van der 

Waals forces. Zhang et al. confirmed the measurement of the -
potential of the material to understand the nature of cellular interac-
tion, cellular diagnostics, and therapeutics of normal and cancer cell 
effects. 

3.4. Transmission Electron Microscopy (TEM) and Photoluminescence 

TEM of TiO2, Ti(SmO2) NPs declared a spherical morphology and a com-
parably narrow size dispersion characteristic of the hydrothermal 
method. 
 The particle-size distribution histogram was outlined regarded the 

counted ten NPs as shown in Fig. 5. The mean particle size is of 80 nm 

with a 23.59 nm standard deviation. The particle-size distribution his-
togram was outlined regarded to the counted ten NPs. The mean parti-
cle size of Ti(SmO2) is 83 nm with a 22.30 nm standard deviation. 
 As an indirect band gap semiconductor, TiO2 shows no band gap pho-
toluminescence. Photoluminescence (PL) arises from recombining oppo-
sitely charged trapped and free carriers. Photoluminescence from 

Ti(Sm)O2 suspension contains a band at 600 nm and a band at around 515 

nm. The band at 600 nm exhibits a strong correlation with defects, and 

the 515 nm band shows a close relationship with the oxygen vacancies. 

 

Fig. 4. Zeta potential distribution of TiO2, PVP@TiO2, PEG@TiO2, 

CMC@TiO2, Ti(Sm)O2, PVP@Ti(Sm)O2, PEG@Ti(Sm)O2, and CMC@Ti(Sm)O2 

NPs. 
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 A series of Ti(Sm)O2 PL studies in different coated samples in Fig. 6. 
The normal emission of NPs is dominated by PL arising from the re-
combination of trapped electrons with valence band holes, leading to a 

broad spectrum with a peak in 600 nm. In addition, it is presented a 

higher energy emission from recombining mobile electrons with 

trapped holes. Because both types of recombination depend on the spa-
tial coincidence of trapped and roaming charges, comparing the energy 

 

Fig. 6. Photoluminescence of Ti(Sm)O2, PVP@Ti(Sm)O2, PEG@Ti(Sm)O2, and 

CMC@Ti(Sm)O2 NPs. 

  
a     b 

Fig. 5. (a) TEM of TiO2 NPs and the corresponding particle size distribution 

histogram; (b) TEM of Ti(Sm)O2 and the corresponding particle-size distribu-
tion histogram. 
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gaps and conductivity values (Table 1) with PL (Fig. 6) obtained from 

prepared samples, we can conclude that the PL intensity is greater 

when transport is hindered and lower when the charges are more mo-
bile. As shown in Table 1, the PL peaks diminishes in CMC@Ti(Sm)O2 

with more conductivity value and less energy gap. 

3.5. Phenotypic Characterization of PBMCs 

In passage three, PBMCs were characterized using flow cytometric 

analysis. The results showed that PBMC cells positively express hema-
topoietic markers CD45 (70.9%; Fig. 7). 

3.6. Human Mononuclear Cell Culture and Treatment Protocol 

The morphological microstructure ( 100) is observed using an Olym-
pus IX51inverted fluorescence microscope. 

TABLE 1. Characterization of TiO2 NPs. 

Sample 
Zeta potential, 

mv 
Conductivity, 

ms/cm 
Energy gap, 

eV 
Particle size, 

nm 
TiO2 61.5 3.16 3.4 70.5 

PVP@TiO2 37.9 0.99 2.95  
PEG@TiO2 49.8 2.2 2.99  
CMC@TiO2 38.27 2.2 2.88  
Ti(Sm)O2 61.6 2.5 2.97 83.03 

PVP@Ti(Sm)O2 37.7 3.02 2.9  
PEG@Ti(Sm)O2 28.8 1.56 2.7  
CMC@Ti(Sm)O2 42.6 4.08 2.8  

 

Fig. 7. CD 45 FTIC mouse antihuman (561865, BD). 



 ENHANCED EFFICIENCY OF SAMARIUM-DOPED TiO2 NANOPARTICLES 549 

 Recording the viability for each plate after 90 min, as shown in Fig. 
8, shows the viability for the mononuclear cells after incubation with 

NPs in the dilatation (1NPs:1cells), (1NPs:3cells), (1NPs:5cells). Cell 
viability results ensure TiO2, PVP@TiO2, PEG@TiO2, CMC@TiO2, 
Ti(Sm)O2, PVP@Ti(Sm)O2, PEG@Ti(Sm)O2, and CMC@Ti(Sm)O2 NPs 

is blood biocompatibility; so, it will be completely safe within few 

hours before any interaction with blood cells occurs. The blood biocom-

 NPs:cells (1:1) NPs:cells (1:3) NPs:cells (1:5) 

TiO2 

   

PVA@TiO2 

   

PEG@TiO2 

   

Ti(SmO2) 

   

PEG@Ti(SmO2) 

   

PVA@Ti(SmO2) 

   

CMC@Ti(SmO2) 

   

Fig. 8. The mononuclear cells after incubation with NPs after 90 min. 
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patibility of our synthesized NPs may relate to its surface nature. 
 After injecting a dose of NPs (0.1 ml), rats were dissected and sub-
jected to haematoxylin and eosin (H&E) examination at 1 hour and 6 

days post-injection. The H&E examination results at 1 hour showed 

that most of the NPs accumulated in the lung. However, no adverse 

effects of the NPs were observed in the pancreas, heart, lung, or kid-
ney. Nonetheless, variable levels of injuries were observed in the lung, 

liver, and heart, depending on the nature of the injected NPs. In the 

lung samples taken after 1 hour, diffuse alveolar damage (DAD) was 

observed. 
 DAD is characterized by congested lung vessels, interstitial haem-
orrhage and fibrosis, interstitial neutrophils, bloody exudates in the 

alveoli, pulmonary congestion, bronchiolar epithelial damage, and 

hemosiderin-laden macrophages. In the liver, mild portal inflamma-
tion and little bile duct proliferation were observed in samples injected 

with NPs, except for TiO2 coated with PVA, which showed minimal 
portal inflammation and no bile duct proliferation. Hepatocyte degen-
eration (pyknotic) was observed in zone 1, 2, and 3 of the liver for TiO2. 
TiO2@CMC and Ti(SmO)2@PVA exhibited hepatocyte degeneration 

and injury in zone 2 and 3. TiO2@PVA and Ti(SmO)2 showed hepato-
cyte degeneration and injury in zone 3. TiO2 coated with PEG showed 

scattered spotty necrosis in hepatocytes in zone 3. However, no 

hepatocyte injury was found in Ti(SmO)2@PEG and Ti(SmO)2@CMC. 
 To assess the long-term toxicity of the NPs, histological examina-
tion was conducted on several organs, including the heart, liver, lung, 
pancreas, kidney, and spleen after seven days (see Fig. 9). H&E exami-
nation revealed no adverse effects of the NPs on the heart, pancreas, 
kidney, and spleen. Fortunately, the lung showed complete resolution 

for TiO2, PEG@TiO2, CMC@TiO2, Ti(Sm)O2, PVP@Ti(Sm)O2 NPs. 
 Serum levels of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and creatinine (Cr) were measured after 1 hour 

and seven days to evaluate liver and kidney function (Table 2). After 1 

hour, ALT levels indicated minimal liver toxicity, while creatinine 

levels indicated normal kidney function. However, AST levels were 

higher. After seven days, ALT and AST levels indicated minimal liver 

toxicity, and creatinine levels indicated normal kidney function. 
 Based on the biodistribution of TiO2 NPs, they can potentially be de-
veloped as target-specific agents for lung-related pathologies, allowing 

for the selective distinction of lung diseases. 
 X-ray CT phantom images were captured using various concentra-
tions of TiO2 and Ti(Sm)O2 coated with various polymers diluted with 

distilled water (Fig. 10). 
 The CT number increased as the concentration of NPs increased 

(Fig. 11); the variation, in contrast, is slightly varied. However, the 

high contrast was gained at 80 keV. 
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Fig. 9. Histological examination of heart, liver, lung, pancreas, kidney, and 

spleen injected by 0.1 ml saline and NPs followed by dissection after 1 hr and 

7 days, sections were stained with H&E and observed under the light micro-
scope at 400  magnification. 
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TABLE 2. Toxicological effect on serum levels of ALT, AST, and creatinine. 

After 1 h Creatinine, U/L ALT, U/L AST, U/L 
Control 0.15 22 110 

TiO2 0.27 47 516 
PVP@TiO2 0.29 57 671 
PEG@TiO2 0.26 39 310 
CMC@TiO2 0.25 45 305 
Ti(Sm)O2 0.25 40 480 

PVP@Ti(Sm)O2 0.24 56 620 
PEG@Ti(Sm)O2 0.23 63 588 
CMC@Ti(Sm)O2 0.24 50 638 

After 7 days 
TiO2 0.25 30 220 

PVP@TiO2 0.28 26 229 
PEG@TiO2 0.24 24 145 
CMC@TiO2 0.23 24 130 
Ti(Sm)O2 0.24 28 163 

PVP@Ti(Sm)O2 0.23 30 177 
PEG@Ti(Sm)O2 0.24 29 176 
CMC@Ti(Sm)O2 0.16 23 260 

  

 

Fig. 10. CT phantom images of TiO2, PVP@TiO2, PEG@TiO2, and CMC@TiO2 

NPs by UV spectra of Ti(Sm)O2, PVP@Ti(Sm)O2, PEG@Ti(Sm)O2, and 

CMC@Ti(Sm)O2 NPs. 
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4. CONCLUSION 

The synthesized TiO2 and Ti(Sm)O2 NPs coated with PVA, PEG, and 

CMC have shown promising characteristics for use as CT scan contrast 

agents. These NPs exhibit small size, high stability, high contrast, 
long blood retention time, and low toxicity. Both in vitro and in vivo 

toxicity assessments have demonstrated their excellent biocompatibil-
ity and low risk of adverse effects. Furthermore, the imaging perfor-
mance of these NPs in CT scans has been found to be superior. They ex-
hibit higher x-ray absorption coefficients and longer blood circulation 

time, making them effective contrast agents for CT imaging. The in-
corporation of samarium doping in TiO2 NPs has further enhanced 

their performance in fluorescent imaging, making them suitable for 

  
a      b 

 
c 

Fig. 11. Contrast of TiO2, Ti(SmO2) coated with PEG, CMC, PVP: (a) 80 keV; 
(b) 100 keV; (c) 120 keV. 
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dual imaging applications. Based on these findings, the synthesized 

TiO2 and Ti(Sm)O2 NPs coated with PVA, PEG, and CMC hold signifi-
cant potential for clinical applications in dual imaging. Their unique 

properties and biocompatibility make them promising candidates for 

improving the accuracy and effectiveness of CT imaging in medical di-
agnostics. 

ETHICS APPROVAL AND CONSENT TO PARTICIPATE 

Animal studies were performed in MERC accredited facility under the 

approval of Faculty of Medicine, Mansoura University. 
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In this present study, the fabrication of silver nanoparticles (NPs) is 
achieved through Q-switched Nd:YAG-laser ablation. A disc-shaped silver 
target immersed in deionized water served as the substrate for the abla-
tion process. Varying number of pulses, specifically, 300 and 500 pulses, 
is used along with two laser fluences of 6.36 J/cm2 and 12.73 J/cm2. To 
ascertain the nanoparticles’ morphological and optical attributes, UV–Vis 
spectrophotometry, transmission electron microscopy (TEM) and field-
emission scanning electron microscopy (FE-SEM) analyses are employed. 
The augmentation of absorbance spectra proportional to pulse counts indi-
cates escalated silver-nanoparticles’ concentrations. The absorption spec-
tra exhibit surface-plasmon resonance peaks at 400 nm, which are inten-
sified with increasing laser pulses. An observable decrease in the optical 
band gap is also noted. TEM and FE-SEM analyses corroborate the exist-
ence of nearly spherical Ag nanoparticles. The analyses reveal their aver-
age diameters of approximately 34 nm and 57 nm for laser fluences of 
6.36 J/cm2 and 12.73 J/cm2, respectively. Intriguingly, the inhibitory 
effect on Klebsiella pneumoniae and Staphylococcus aureus is more pro-
nounced with Ag NPs generated at lower laser fluence, despite the equiva-
lent pulse number. 

Ó öüîìó äîñë³äæåíí³ âèãîòîâëåííÿ íàíî÷àñòèíîê (Í×) ñð³áëà áóëî äî-
ñÿãíóòî çà äîïîìîãîþ àáëÿö³¿ ëàçåðîì Nd:YAG ³ç ìîäóëÿö³ºþ äîáðîòíî-
ñòè. Ñð³áíà ì³øåíü ó ôîðì³ äèñêà, çàíóðåíà ó äåéîí³çîâàíó âîäó, ñëó-
ãóâàëà ï³äêëàäèíêîþ ó ïðîöåñ³ àáëÿö³¿. Áóëî çàñòîñîâàíî ð³çíó ê³ëü-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2024, ò. 22, ¹ 3, ññ. 557–568 
https://doi.org/10.15407/nnn.22.03.557 

 2024 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 
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ê³ñòü ³ìïóëüñ³â, à ñàìå, 300 ³ 500 ³ìïóëüñ³â, ðàçîì ³ç äâîìà ëàçåðíèìè 
ôëþºíñàìè ó 6,36 Äæ/ñì2 ³ 12,73 Äæ/ñì2. Ùîá âèçíà÷èòè ìîðôîëîã³÷-
í³ é îïòè÷í³ õàðàêòåðèñòèêè íàíî÷àñòèíîê, âèêîðèñòîâóâàëè ñïåêòðî-
ôîòîìåòð³þ ÓÔ- ³ âèäèìîãî ä³ÿïàçîí³â, òðàíñì³ñ³éíó åëåêòðîííó ì³êðî-
ñêîï³þ (ÒÅÌ) ³ ñêàíóâàëüíó åëåêòðîííó ì³êðîñêîï³þ çà äîïîìîãîþ 
ïîëüîâî¿ åì³ñ³¿ (ÏÌ-ÑÅÌ). Çá³ëüøåííÿ ñïåêòð³â âáèðàííÿ ïðîïîðö³éíî 
ê³ëüêîñò³ ³ìïóëüñ³â âêàçóâàëî íà ï³äâèùåííÿ êîíöåíòðàö³¿ íàíî÷àñòè-
íîê ñð³áëà. Ñïåêòðè âáèðàííÿ ïîêàçàëè ï³êè ïîâåðõíåâîãî ïëàçìîííîãî 
ðåçîíàíñó â îêîë³ 400 íì, ÿê³ ïîñèëþâàëèñÿ ç³ çá³ëüøåííÿì ëàçåðíèõ 
³ìïóëüñ³â. Òàêîæ áóëî â³äçíà÷åíî ïîì³òíå çìåíøåííÿ øèðèíè çàáîðî-
íåíî¿ çîíè. Àíàë³çà äàíèõ ÒÅÌ ³ ÏÅ-ÑÅÌ ï³äòâåðäèëà íàÿâí³ñòü ìàéæå 
ñôåðè÷íèõ íàíî÷àñòèíîê ñð³áëà. Àíàë³çà âèÿâèëà ¿õí³ ñåðåäí³ ä³ÿìåòðè 
ïðèáëèçíî ó 34 íì ³ 57 íì äëÿ ïîòîê³â ëàçåðíîãî ñâ³òëà ó 6,36 Äæ/ñì2 ³ 
12,73 Äæ/ñì2 â³äïîâ³äíî. Ö³êàâî, ùî ³íã³áóâàëüíà ä³ÿ íà Klebsiella 
pneumoniae òà Staphylococcus aureus áóëà á³ëüø âèðàæåíîþ ç Ag Í×, 
ñòâîðåíèìè çà ìåíøîãî ïîòîêó ëàçåðíîãî ñâ³òëà, íåçâàæàþ÷è íà åêâ³-
âàëåíòíó ê³ëüê³ñòü ³ìïóëüñ³â. 

Key words: laser ablation, silver nanoparticles, nanoparticle size, antibac-
terial activity. 
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1. INTRODUCTION 

In the past ten years or so, there has been a significant increase in 
the risk of biological and bacterial attacks, particularly, in areas, 
which are used for human consumption, like food, food packaging 
and water. Scientists have been inspired by the rising risk to create 
new, risk-free, and simple-to-use inorganic antibacterial nanoparti-
cle substances. Certain materials, like metal-oxide semi-conductors, 
could produce entirely new materials with optical and/or electronic 
properties, when their dimensions are shrunk to the nanoscale. This 
makes it possible for researchers to examine the advantages of na-
nomaterials in a variety of fields, including biomedicine, optoelec-
tronics and the environment [1–3]. 
 The use of nanoparticles as new agents to inhibit microbial 
growth has increased as a result of the development of antibiotic 
resistance [4]. Optimized synthesis of nanoparticles (NPs) increased 
the production of ultrapure and perfectly spherical NPs with small-
er average sizes [5]. Ultrashort laser-pulse interaction with materi-
als has received much attention from researchers in micro and na-
nomachining, especially for the generation of nanoparticles in liquid 
environments, because of the straightforward method and direct 
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application for organic solvents. In addition, the colloidal nanopar-
ticles produced by laser ablation have very high purity they are free 
from surfactants and reaction products [6]. Moreover, the pulsed-
laser ablation in liquid (PLAL) technique is gaining more im-
portance due to its simplicity, rapid rate of formation of nanoparti-
cles and eco-friendly approach [7]. There are numerous literature 
papers on laser interaction with hard and soft materials that focus 
on potential future applications in the fields of biomedicine and 
nanoenergy production [8]. Typical laser parameters that affect the 
ablation rate include wavelength, fluence, pulse duration, repetition 
rate, the target materials’ ability to absorb light, transmission, la-
ser pulse energy, and the chemical makeup of the liquid [9–11]. 
 Laser parameters can be used to modify the size, shape, surface 
properties, aggregation state, solubility, structure, and chemical 
makeup of nanoparticles. The same processes could be used with 
various types of materials to create nanostructured materials in a 
variety of shapes and sizes. Besides, when a solid target is ablated 
in liquid, hot plasma is created, the surrounding liquid is vapor-
ized, and a cavitation bubble (CB) is created. In this bubble, target 
atoms and clusters as well as liquid species can react under extreme 
pressure and temperature conditions. The ablation products quickly 
cool to room temperature once they are released into the surround-
ing liquid [12]. 
 Among all metallic nanoparticles, silver NPs have the most intri-
guing physical characteristics for biosensing, and its antimicrobial 
properties can be improved by adjusting its size at the nanoscale. 
Additionally, Ag NPs with nanoscale sizes demonstrated potent bac-
tericidal activity against both gram-positive and gram-negative bac-
teria. However, this technique is preferred for producing nanoparti-
cles because it does not involve any potentially dangerous materials. 
In other techniques, the nanoparticles are contaminated with sub-
stances that might be harmful to human cells due to the use of sur-
factants or chemical precursors [13, 14]. A metallic-nanoparticles’ 
surface-plasmon resonance peak (SPRP) is produced, when light ex-
cite the electrons within it, resulting in a resonant oscillation in the 
visible range, the SPRP is related to the size of the particle [15]. 
Gram-negative rod-shaped bacilli known as Klebsiella bacteria can 
be found in the intestines of people, animals and the environment 
[16]. A typical species of Klebsiella pneumoniae is known to cause a 
number of infections in people, including pneumonia, intra-
abdominal infections, and urinary tract infections. Additionally, it 
is a pathogen, which is multidrug resistant and frequently causes 
serious morbidity and mortality in healthcare settings [17]. Besides 
that, Staphylococcus aureus is a gram-positive coccus that can cause 
a variety of clinical infections, such as abscesses, pneumonia, sepsis 
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and it is a significant contributor to food poisoning [18, 19]. S. au-
reus has the capacity to develop resistance to antimicrobial agents, 
making treatment and control of infections challenging [20]. 
 The current study uses the PLAL technique to create silver nanopar-
ticles under controlling the number of pulses and ablated energies. 
Using UV–Visible spectrophotometer, transmission electron micros-
copy and field-emission scanning electron microscopy analyses, the 
optical and morphology characteristics of the prepared samples were 
examined. Ag NPs were used to test the antibacterial effectiveness 
against Klebsiella pneumoniae and Staphylococcus aureus. 

2. EXPERIMENTAL METHODS 

2.1. Preparation of Silver Nanoparticles 

A silver metal plate (high-purity of 99.99%) disc-shaped with dimen-
sions 2 cm in diameter and 2 mm thick, Ag target were cleaned with 

acetone for 5 min before ablation in order to remove the oxide layer 
that was formed due to exposure to air and was placed at the bot-
tom of the beaker is filled with 5 ml of deionized water (DIW). The 
distance between the target and the laser source is of 10 cm. Under 
mechanical stirring, the target was irradiated with the focused out-
put of fundamental wavelength 1064 nm of nanosecond pulsed Q-
switched Nd:YAG laser with the pulse repetition rate and pulse du-
ration of the laser were 7 Hz and 10 ns, respectively, with operated 
at two different laser fluences of 6.36 J/cm2 and 12.73 J/cm2, and 
the number of pulses was 300 and 500 pulses for each energy. The 
experimental setup for laser ablation is illustrated in Fig. 1. 

 

Fig. 1. PLAL system schematic diagram. 
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2.2. Agar Well Diffusion Method and Antibacterial Activity of Ag NPs 

Mueller Hinton agar of 37 g was dissolved in 1 litter of distilled water 

to form a medium. A sterilization tool known as a syringe (autoclave) 

was used to sterilize the medium, and the pH was adjusted to 7.2. After 

that, it is transferred to disposable Petri dishes and put into the re-
frigerator at 4 C until it is needed. The disposable Petri dishes are 

placed on a flat surface and poured into them to a depth of about 4 mm. 
With 500 pulses of samples, the antibacterial activity of laser fluence 

of 6.36 J/cm2
 and 12.73 J/cm2

 of Ag NPs was assessed against two bac-
terial strains, Klebsiella pneumoniae (gram-negative) and Staphylo-
coccus aureus (gram-positive). In this method, the bacteria were thor-
oughly wiped on the media of the plates using sterile cotton swabs. 
Then, 150 μl of a solution containing silver NPs was added to the spot 

that had been prepared for each kind of bacteria. The test organism and 

Ag NPs were then added to the plates, which were then incubated at 

37 C for 24 hours. By observing the inhibition zone and the surface 

transformation into a transparent layer after incubation, which indi-
cated the inhibition of bacterial growth, it was possible to determine 

the effect of Ag NPs on the growth of bacteria. 

3. RESULTS AND DISCUSSION 

3.1. The Optical Absorption Analysis 

The spectroscopic absorption of a synthesized colloidal solution of 
Ag NPs in deionized water was examined using a Shimadzu (UV-
1800) UV–Vis spectrophotometer. As shown in Fig. 2, the observed 

  
a      b 

Fig. 2. Absorption spectra of Ag NPs in DIW prepared by PLAL at (a) 
6.36 J/cm2 and (b) 12.73 J/cm2 at various numbers of pulses: 300 and 
500. 
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increase in absorption shows that the absorption spectra of silver 
NPs exhibit absorbance as a function of wavelength. The increase in 
absorption, as both the number of pulses and the laser fluence in-
crease, indicates an increase in concentration. The colour change of 
the solution and the appearance of the surface plasmonic resonance 
peak are considered evidence for the formation of Ag nanoparticles. 
The elevation has been found to have higher light absorption at 

400 nm, which returns to the SPRP, indicating the formation of 
spherical particles. Furthermore, on the higher wavelength side, 
which includes the visible spectrum and wavelengths up to 500 nm, 
the NPs have a low absorption value (high transmission). It is also 
shown in the figure that the spectrum of laser fluence is of 12.73 
J/cm2, which is more than 6.36 J/cm2, that indicates an increase in 
concentration and possibly size nanoparticles as well. 

  
a      b 

Fig. 3. Absorption coefficient of Ag NPs as a function of wavelength pre-
pared by PLAL at (a) 6.36 J/cm2 and (b) 12.73 J/cm2. 

  
a      b 

Fig. 4. Optical band gap of the silver NPs prepared at (a) 6.36 J/cm2 and 
(b) 12.73 J/cm2. 
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 The incident photon energy, as well as the properties of the ma-
terial itself, has an impact on a materials’ absorption coefficient. 
According to Beer’s law, the transmission (T) and reflection (R) 
spectra are related to the absorption coefficient [21]: 

 
2 2

2 2

1 (1 ) (1 )
 log  

2   2

R R

d T T R
, (1) 

where d is the thickness of the sample. The absorption coefficient 
( ) at the wavelength of maximum absorption increases with the 
number of pulses and laser fluence, due to the concentration of sil-
ver NPs increased as shown in Fig. 3. 
 An important factor affecting materials’ optical and electronic 
properties is the optical band gap .opt

gE .The optical band gap of the 
silver NPs was determined using the Tauc plot and UV–Vis spec-
troscopy. The samples’ .opt

gE  was calculated by fitting the equation 
to the data [22]: 

 1/2 .( )  opt
gh k h E , (2) 

where k is a constant of effective mass, h  is the energy of the in-
cident photons. 
 Figure 4 shows that as the number of pulses increases, the optical 
band gap experiences a slight decrease. The quantum confinement 
effect is responsible for this reduction. Additionally, the high laser 
fluence can also have this effect. The laser fluence can heat up the 
target more, removing more NPs and making it larger, and the opti-
cal energy gap narrowing as a result. 

3.2. Particle Size and Morphology Analysis 

3.2.1. Transmission Electron Microscopy Analysis 

Transmission electron microscopy (TEM) analysis was used to con-
firm the average particle size and morphology of silver NPs prepared 
by the PLAL technique at laser fluences of 6.36 J/cm2 and 12.73 
J/cm2 with 500 pulses. 
 The TEM image in Fig. 5 shows that NPs have morphology, which 
is almost spherical. Ag NP diameters are between 37 and 51 nm for 
6.36 J/cm2 and 12.73 J/cm2. On the other hand, because metal nano-
particles tend to agglomerate, the agglomeration of nanoparticles can 
be attributed to the absence of antiagglomeration agents in the col-
loidal aqueous solution. 
 It is shown by TEM image analysis that, with increasing of laser 
fluence, the concentration and size of silver nanoparticles increase. 
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3.2.2. Field-Emission Scanning Electron Microscopy Analysis 

Utilizing the field-emission scanning electron microscopy (FE-SEM) 
analysis at a 200 k  magnification, it possible to analyse the mor-
phology and particle-size distribution of Ag NPs at 6.36 J/cm2 and 
12.73 J/cm2 with 500 pulses. In Figure 6, the FE-SEM image and 
distribution histograms show information for Ag nanoparticles with 
a size range from 31 nm to 63 nm. The spherical shape and uniform 
distribution of the nanoparticles are obvious. UV–Vis and TEM 
measurements support these findings. 

3.2.3. Antibacterial Activity of Ag NPs 

The inhibitory activity of silver nanoparticles was examined against 
two bacterial strains: Klebsiella pneumoniae and Staphylococcus au-
reus. Using the etch diffusion method on the surface of the agar to 
determine the effect of the prepared nanoparticles with two laser 

  
a 

  
b 

Fig. 5. TEM image of Ag NPs and the particle-size distribution: (a) 6.36 
J/cm2, (b) 12.73 J/cm2 at the same number 500 pulses. 



 SYNTHESIS OF SILVER NANOPARTICLES via PULSED-LASER ABLATION 565 

fluences of 6.36 J/cm2 and 12.73 J/cm2 with 500 pulses. The con-
trol medium as a negative control (the solution used in the experi-
ment (DIW)) does not show a growth-inhibiting effect on bacterial 
strains. Additionally, silver ions released from the nanoparticles 
can also cause damage to bacterial DNA and interfere with cellular 
processes. On the other hand, due to particle size, our study reveals 
that silver NPs exhibit varying degrees of antibacterial activity; it 
was found through our study that the inhibitory effect of the silver 
nanoparticles is greater for the particles prepared at 6.36 J/cm2, 
more effective compared to the nanoparticles prepared at 12.73 
J/cm2 and with the same number of pulses as shown in Fig. 7 and 
Fig. 8. 
 The ability of nanoparticles to interact with cell walls or even 
pass through them and directly change intracellular components de-

  
a 

  
b 

Fig. 6. FE-SEM micrographs of Gaps and the particle size distribution for 
(a) 6.36 J/cm2 (b) 12.73 J/cm2 at 500 pulses. 
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pends largely on their physical and chemical properties, such as 
concentration and type of substance. This also allows them to have 
an inhibitory effect on pathogenic bacteria. Due to the low concen-
tration of nanoparticles prepared using PLAL technique compared 
to other techniques, it is observed that there is weak diffusion of 
NPs, which produces a rather weak inhibition zone. 

4. CONCLUSION 

Pulsed-laser ablation of a silver target immersed in deionized water 
is used to synthesize noble metal nanoparticles. The result shows that 
the ablation rate increased as the number of pulses increased and the 

  
a      b 

Fig. 7. The antibacterial activity test results for Ag NPs prepared for laser 
fluences of 6.36 J/cm2 and 12.73 J/cm2 at a number of 500 pulses for: (a) 
Klebsiella G( ve), (b) S. aureus G( ve). 

 

Fig. 8. Histogram for the inhibition zone as a function of the sample pre-
pared for laser fluences of 6.36 J/cm2 and 12.73 J/cm2. 
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laser fluence increased. The absorption spectra show a sharp and sin-
gle peak at around 400 nm, which produces a stronger plasmon reso-
nance. TEM and FE-SEM images indicate a change in the size of Ag 
nanoparticles with increasing laser fluence, and the surface morphol-
ogy is predominantly spherical. Furthermore, the findings of our 
study indicate that Ag nanoparticles have an antibacterial effect 
against both Klebsiella pneumoniae and Staphylococcus aureus, espe-
cially at low laser fluences. 
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Fabrication of SiC–SrTiO3-Nanoparticles-Doped PMMA/PEO 
Blend for Antibacterial and Radiation Shielding Fields 
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This paper focuses on fabrication of new PMMA–PEO/SiC–SrTiO3 
nanostructures for the antibacterial and gamma-shielding actions with 
lightweight, flexibility and moderate price. The results of gamma-
radiation shielding for PMMA–PEO/SiC–SrTiO3 nanostructures show that 
the attenuation coefficient is enhanced by increasing the SiC–SrTiO3-
nanoparticles’ content. The PMMA–PEO/SiC–SrTiO3 nanostructures are 
tested for antibacterial application. The results demonstrate that the 
PMMA–PEO/SiC–SrTiO3 nanostructures have good activity for antibacte-
rial action. Therefore, new PMMA–PEO/SiC–SrTiO3 nanostructures may 
be useful for the antibacterial and gamma-shielding applications. 

Öÿ ñòàòòÿ ñòîñóºòüñÿ âèãîòîâëåííÿ íîâèõ íàíîñòðóêòóð ïîë³ìåòèëìå-
òàêðèëàò–ïîë³îêñèåòèëåí (ÏÌÌÀ–ÏÎÅ)/SiC–SrTiO3 äëÿ ïðîòèì³êðîá-
íî¿ ä³¿ òà çàõèñòó â³ä ãàììà-âèïðîì³íåííÿ ç ëåãêîþ âàãîþ, ãíó÷ê³ñòþ òà 
äîñòóïíîþ ö³íîþ. Ðåçóëüòàòè åêðàíóâàííÿ ãàììà-âèïðîì³íåííÿ äëÿ 
íàíîñòðóêòóð ÏÌÌÀ–ÏÎÅ/SiC–SrTiO3 ïîêàçàëè, ùî êîåô³ö³ºíò îñëàá-
ëåííÿ ï³äâèùóºòüñÿ çà ðàõóíîê çá³ëüøåííÿ âì³ñòó íàíî÷àñòèíîê SiC–
SrTiO3. Íàíîñòðóêòóðè ÏÌÌÀ–ÏÎÅ/SiC–SrTiO3 áóëî ïðîòåñòîâàíî íà 
ïðîòèì³êðîáíå çàñòîñóâàííÿ. Ðåçóëüòàòè ïîêàçàëè, ùî íàíîñòðóêòóðè 
ÏÌÌÀ–ÏÎÅ/SiC–SrTiO3 ìàþòü õîðîøó ïðîòèì³êðîáíó ä³þ. Òàêèì ÷è-
íîì, íîâ³ íàíîñòðóêòóðè ÏÌÌÀ–ÏÎÅ/SiC–SrTiO3 ìîæóòü áóòè êîðèñ-
íèìè äëÿ ïðîòèì³êðîáíèõ ³ ãàììà-åêðàíóâàëüíèõ çàñòîñóâàíü. 

Key words: SiC, SrTiO3, PMMA–PEO, attenuation coefficient, antibacteri-
al application. 

Êëþ÷îâ³ ñëîâà: SiC, SrTiO3, ïîë³ìåòèëìåòàêðèëàò–ïîë³îêñèåòèëåí, êî-
åô³ö³ºíò îñëàáëåííÿ, ïðîòèì³êðîáíå çàñòîñóâàííÿ. 
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1. INTRODUCTION 

Radiant energy particles, such as alpha, beta, neutron particles, and 
electromagnetic wave emissions, are produced in a multitude of sec-
tors as by-products including nuclear power plants, the medical de-
vices, and space exploration [1–3]. Ionising radiation, including x-
rays and -rays, is one of the most dangerous factors that could 
harm people’s health. This behaviour is a result of ionising radia-
tion’s strong ability to penetrate human tissues and disrupt biologi-
cal molecules that make up the human genome, such DNA [4]. From 
this point of view, the quality of the shielding material is viewed as 
the key to safeguarding against these dangerous radiations [5]. The 
idea behind shielding materials is based on how ionising radiation 
interacts with the electron density of the materials [6]. 
 There are several different ways that gamma radiation interacts 
with shielding materials, including the photoelectric effect, Comp-
ton scattering, and pair creation. Each of these interactions depends 
on both the incident photon energy and the atomic number of the 
shielding materials [7]. Multiple factors, such as -rays’ photon en-
ergy, density, and atomic weight of the shielding material, deter-
mine how shielding material attenuates -rays [8]. Generally, mate-
rials own both huge atomic number and density with a great stop-
ping power providing high attenuation efficiency [9, 10]. Lead-free 
shielding materials offer a suitable, affordable, and eco-friendly re-
placement for traditional lead shielding and lead composite materi-
als [11, 12]. Poly(methyl methacrylate) (PMMA), also referred to as 
‘acrylic’, has superior optical clarity, strong abrasion resistance, 
hardness, and stiffness. Though it has lower mechanical strength 
and gamma ray shielding capacity than other metal shielding mate-
rials, it can be used with high-Z elements to enhance the mechanical 
and shielding capacity [13]. Additionally, PMMA is inexpensive, 
simple to work with it, and biocompatible, which accounts for its 
widespread use in dentistry [14]. Polyethylene oxide (PEO) is a 
semi-crystalline and linear polymer. Because polyethylene oxide is a 
linear polymer, a high degree of crystallinity is permitted by the 
regularity of the structural device. The cations of the metal salts 
can interact and form bonds with the polar group O in the chemical 
structure of PEO [15]. 
 Due to its excellent mechanical, electrical, and thermal proper-
ties, such as fracture strength, large elastic modulus, stiffness and 
toughness, chemical stability, relatively low density and perfect 
thermal conductivity, as well as low thermal-expansion coefficient 
and high resistivity, silicon carbide (SiC) is one of the attractive 
filter ceramics for elevated temperature structural components [16]. 
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There many studies on silicon and silicon carbide doped polymers to 
employ in various fields like optical, electronics, photonics and die-
lectric applications [17–23]. This work focuses on synthesis of new 
PMMA–PEO/SiC–SrTiO3 nanostructures for antibacterial and gam-
ma-shielding applications. 

2. MATERIALS AND METHODS 

The PMMA/PEO/SiC/SrTiO3 nanostructures films were prepared 
using casting technique. The PMMA (75%) and PEO (25%) were 
dissolved 40 ml of chloroform with a magnetic stirrer for 1 hour to 
get a more uniform solution. The SiC/SrTiO3 nanoparticles (NPs) 
with various weight percentages of 1.6, 3.2, 4.8, and 6.4 added to 
the PMMA/PEO solution. The distribution of SiC/SrTiO3 NPs inside 
the PMMA/PEO blend was explored by optical microscope (OM) 
Nanostructured PMMA/PEO/SiC/SrTiO3 are examined as antibacte-
rial for gram-positive (Staphylococcus aureus) and gram-negative 
(E. coli) bacteria by using a disc diffusion method. The gamma-ray 
attenuation properties for various percentages of SiC/SrTiO3 NPs 
have been examined. The samples were putted in front of a colli-
mated beam hail from gamma-ray sources (Cs-137). 

3. RESULTS AND DISCUSSION 

Figure 1 displays the distribution of SiC–SrTiO3 NPs via the 
PMMA/PEO matrix with various contents of SiC–SrTiO3 NPs. At 
low concentration, the SiC–SrTiO3 NPs are diffusing as a cluster. 
When the SiC–SrTiO3 NPs percentages raise, the nanoparticles form 
paths connect inside the polymeric matrix [24–31]. 
 Figures 2 and 3 show the antibacterial activity of the PMMA–
PEO/SiC–SrTiO3 nanostructures’ films, which are tested against 
gram-negative (Escherichia coli) and gram-positive (Staphylococcus) 
bacteria. From these figures, the inhibition enhances with the in-
creasing ratio of SiC–SrTiO3 NPs. Reactive oxygen species (ROS), 
which are produced at various ratio of SiC–SrTiO3 NPs, may be the 
cause of the antibacterial activity of PMMA–PEO/SiC–SrTiO3 
nanostructures. 
 At low ratio of nanoparticles, the interactions of particles with 
the cell wall of bacteria diminish, whereas the accumulation proba-
bility of particles rises at high percentage of particles. As a result, 
the effective surface to volume ratio of particles increases, and the 
resulting interaction between particles and the cell wall of bacteria 
reduces. It is notably from the result that the antibacterial activity 
of the samples was stronger against gram-negative bacteria (Esche-
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richia coli) than gram-positive bacteria (Staphylococcus) on nano-
particles. This is because the gram-positive bacteria possess a thick 
cell wall contains several peptidoglycan layers. On the other hand, 
gram-negative bacteria own a comparatively thin cell wall formed 
up some layers of peptidoglycan [32–41]. 
 Figure 4 depicts the change of ratio (N/N0) for PMMA/PEO with 
varied concentrations of SiC–SrTiO3 NPs. The transmission radia-
tion reduced with a rise in the SiC–SrTiO3-nanoparticles’ loading. 
This takes place as a result of a rise in attenuation radiation. 
 Figure 5 shows the behaviour of attenuation coefficient for 
PMMA–PEO blend with different ratios of SiC–SrTiO3 NPs. The 
attenuation coefficients rise as the ratio of nanoparticles rises be-
cause nanostructures’ shielding materials either absorb or reflect 
gamma-radiation [42–45]. 

  
a      b 

  
c      d 

 
e 

Fig. 1. Optical microscope images ( 10) for PMMA–PEO–SiC–SrTiO3 
nanostructures: (a) pure; (b) 1.6 wt.% SiC–SrTiO3 NPs; (c) 3.2 wt.% SiC–
SrTiO3 NPs; (d) 4.8 wt.% SiC–SrTiO3 NPs; (e) 6.4 wt.% SiC–SrTiO3 NPs. 
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4. CONCLUSION 

This article involves fabrication of PMMA–PEO/SiC–SrTiO3 
nanostructures with lightweight and flexible, which have good 
gamma-ray attenuation coefficients and high antibacterial activity. 
The results of gamma-radiation shielding for PMMA–PEO/SiC–
SrTiO3 nanostructures showed that the attenuation coefficient is 
enhanced by increasing the SiC–SrTiO3-NPs’ content. The PMMA–
PEO/SiC–SrTiO3 nanostructures were tested for antibacterial appli-
cation. The results demonstrated the PMMA–PEO/SiC–SrTiO3 
nanostructures have good antibacterial activity. Therefore, new 

 

Fig. 2. Inhibition zone diameter of PMMA/PEO/SiC/SrTiO3 nanostructures 
against Escherichia coli. 

 

Fig. 3. Inhibition zone diameter of PMMA/PEO/SiC/SrTiO3 nanostructures 
against Staphylococcus bacterium. 
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PMMA–PEO/SiC–SrTiO3 nanostructures may be useful in antibacte-
rial and gamma-shielding applications. 
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Many people die from not wearing helmets. They also die from delayed 
treatment. Remote accidents are hard for emergency services to detect. 
Helmets save lives. Early treatment prevents 60% of accident deaths. 
This scheme will ensure riders wear helmets and call 911, if they crash. 
Bike accidents are rising as our country’s bikers. Many deaths occur due 
to not wearing helmets and not receiving prompt medical attention. The 
project protects bikers from traffic accidents. The primary aim of this 
work is to detect smart helmets and report accidents. The system uses 
sensors, Wi-Fi processors, and cloud computing. The processor checks ac-
celerometer values from the accident detection system for irregularities. 
Cloud-based services send emergency contacts accident details. GPS lo-
cates vehicles. A smart helmet ‘Konnect’ guarantees real-time, verified 
accident information. Thus, a smart helmet for accident detection uses 
smart city’s ubiquitous connectivity. 

Áàãàòî ëþäåé ïîìèðàº ÷åðåç â³äñóòí³ñòü øîëîì³â. Âîíè òàêîæ ãèíóòü 
â³ä íåñâîº÷àñíîãî ë³êóâàííÿ. Åêñòðåíèì ñëóæáàì âàæêî âèÿâèòè â³ä-
äàëåí³ àâàð³¿. Øîëîìè ðÿòóþòü æèòòÿ. Ñâîº÷àñíå ë³êóâàííÿ çàïîá³ãàº 
60% ñìåðòåëüíèõ âèïàäê³â. Öÿ ñõåìà ´àðàíòóº, ùî âîä³¿ îäÿãíóòü øî-
ëîìè òà çàòåëåôîíóþòü ó 911 ó ðàç³ àâàð³¿. Âåëîñèïåäí³ àâàð³¿ çðîñòà-
þòü ³ç ê³ëüê³ñòþ áàéêåð³â íàøî¿ êðà¿íè. Áàãàòî ñìåðòåé òðàïëÿþòüñÿ 
÷åðåç â³äñóòí³ñòü øîëîì³â ³ â³äñóòí³ñòü øâèäêî¿ ìåäè÷íî¿ äîïîìîãè. 
Ïðîºêò çàõèùàº áàéêåð³â â³ä ÄÒÏ. Åêñòðåíèì ñëóæáàì âàæêî âèÿâèòè 
â³ääàëåí³ àâàð³¿. Îñíîâíîþ ìåòîþ ö³º¿ ðîáîòè º âèÿâëåííÿ ðîçóìíèõ 
øîëîì³â ³ ïîâ³äîìëåííÿ ïðî àâàð³¿. Ñèñòåìà âèêîðèñòîâóº äàò÷èêè, 
ïðîöåñîðè Wi-Fi ³ õìàðí³ îá÷èñëåííÿ. Ïðîöåñîð ïåðåâ³ðÿº çíà÷åííÿ 
àêñåëåðîìåòðà â³ä ñèñòåìè âèÿâëåííÿ àâàð³é íà íàÿâí³ñòü ïîðóøåíü. 
Õìàðí³ ñëóæáè íàäñèëàþòü åêñòðåíèì êîíòàêòàì äåòàë³ íåùàñíîãî âè-
ïàäêó. GPS âèçíà÷àº ì³ñöåçíàõîäæåííÿ òðàíñïîðòíèõ çàñîá³â. Ðîçóì-
íèé øîëîì «Konnect» ´àðàíòóº ïåðåâ³ðåíó ³íôîðìàö³þ ïðî àâàð³¿ â ðå-
àëüíîìó ÷àñ³. Òàêèì ÷èíîì, ðîçóìíèé øîëîì äëÿ âèÿâëåííÿ àâàð³é 
âèêîðèñòîâóº ïîâñþäíå ï³äêëþ÷åííÿ ðîçóìíîãî ì³ñòà. 
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1. INTRODUCTION 

Technology dominates education, product manufacturing, transpor-
tation, communication, and health. Transportation has always sup-
ported the economy and governance. Youth and the world love mo-
torcycles. Motorcycle safety involves equipment, vehicle design, and 
operator ability. Motorcyclists are unique. They are the most dan-
gerous road users without protection. Even the smallest mistake can 
kill. Speeding, drunk driving, and traffic offenses kill people. Hel-
metlessness caused brain damage and death. Helmets save 80% of 
head injuries and lives. IoT prevents traffic accidents [20], model-
ling motorcycles with sensors, communicating with riders and the 
environment, and requiring helmets. Road accidents kill 4 people 
each hour, 70% without helmets, according to a poll. Global statis-
tics show safety rules and new technology are being created to pre-
vent such incidents and ensure rider safety. We encourage ‘Safety 
on Two Wheels’ for safe travel [11]. 
 This method aims to build a helmet that protects bikers and pre-
vents drunk driving. If the rider crashes, it alerts the guardian via 
SMS. Drunk driving causes most accidents in today’s fast-paced 
world. Uncivilized drivers are breaking helmet laws in most na-
tions. Thus, this project aims to get people to wear helmets and ride 
bikes. The cyclist must not be intoxicated. Drunken riders cannot 
ride bikes. Another goal is to reduce accident fatalities by notifying 
passengers’ relatives. Advanced features including alcohol detec-
tion, accident recognition, location tracking, and hands-free, solar-
powered use accomplish this. Helmets are required for ignition. 
 The IoT is a network of interconnected computers, mechanical 
and electronic devices, furniture, living things, and people, all of 
which have individual IDs and are able to exchange data without 
the need for human interaction. The IoT makes it possible to inte-
grate the physical world more directly into computer-based systems, 
improving efficiency, accuracy, and economic value while minimiz-
ing human involvement. Additionally, it enables the use of existing 
network infrastructure for remote sensing and control of objects. 
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IoT was made possible by wireless technologies, MEMS, micro-
services, and the internet [21]. 
 The remote monitoring equipment receives data from the working 
environment through Wi-Fi. Wi-Fi is the latest data transfer tech-
nology and spans a broader region. Things peak application collects, 
stores, and analyses sent data. Things peak is a new IoT app that 
analyses wireless sensor network data. 

2. LITERATURE REVIEW 

A. Jesudoos [1] suggested using mems with IR, vibration, and gas sen-
sors. The helmets’ gas sensor checks a person’s breathe for alcohol con-
sumption. MEMS controls car bars. PIC microcontrollers connect sen-
sors. The gas sensor displays alcohol consumption on the LED display. 
Vibration sensors detect accidents and relay GPS data to hospitals. The 

MEME sensor deducts the rider’s bank account balance for reckless 

driving. IR sensors detect helmet wear. This system automatically 

books ambulances from ten locations and is precise. 
 K. M. Mehata [2] proposed a method to protect workers or detect 
workplace falls. The proposed system is two-part. Sensor-equipped 
wearable devices are one. Cell phones are another component. GSM 
module connects them. These gadgets continuously monitor worker 
health and safety. The register person receives medical attention via 
this fall detection system. 
 N. Divyasudha [3] presented a system using an IOT modem to 
prevent accidents and monitor alcohol intake. IOT modems notify 
police and specified numbers of accidents. This helmet is cheaper 
than others are. Manish Uniyal [4] proposed a helmet-two-wheeler 
system. The TW microcontroller continuously checks helmet posi-
tion. The TW vehicle also has accelerometers, Hall-effect sensors, 
and GPS modules. If there is an internet connection, sensors provide 
data to the microcontroller, which then sends it to the server. This 
technology lets anyone check the vehicle speed anytime. This system 
shows vehicle speed. Parents may see if their kids wear helmets. 
 Shoeb Ahmed Shabbeer [5] designed smart helmets to detect and 
report incidents. This approach uses microcontroller with accel-
erometer and GSM module. Cloud infrastructures report accidents. 
This system identified accidents 94.82% of the time and sent cor-
rect coordinates 96.72%. P. Rojaet [6] presented a system with six 
units: remover sensor, IR sensor, air quality sensor, Arduino UNO 
microcontroller, GPRS, GSM. If removed, this helmet alerts miners 
to harmful gases and sends information to the server. IOT trans-
mits this info. C. J. Bheret [7] presented a smart mining helmet 
that detects dangerous gases, helmet removal, and collisions. They 
use IR, gas, and accelerometer sensors. 
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 Sreenithy Chandran et al. [8] proposed a smart helmet called 
‘Konnect’. They detect and prevent accidents using integrated sen-
sor networks, Wi-Fi-enabled processors, and cloud computing infra-
structures. If a speed exceeds the threshold, this system texts the 
contact. Mohammed et al. [9] used Arduino UNO, Bluetooth module, 
push button, and 9 V battery. The Bluetooth-enabled smart helmet 
connects to cell phones and has an emergency button. D. Archana et 
al. [10] presented a sensor that detects human EAI to reduce acci-
dents. Agung Rahmat Budiman [12] designed a multifunctional 
smart helmet. If a rider does not wear a helmet, comes in risky 
conditions, or does not lock his helmet, he is warned. 
 Sayan Tapadar [13] proposed an IOT module and sensor prototype 
that identifies rider alcohol consumption and accidents. Real-time 
simulation is used to train Support Vector Machines to anticipate 
whether sensor values indicate an accident. This method works well. 
High accuracy and precision. Prashant Ahuja et al. presented a 
GSM/GPRS smart helmet [14]. Since ambulances can arrive late, 
this prototype alerts the concerned party first, so, they can take 
action. This system is accurate, cost-effective, and provides acci-
dent information in minutes. 
 Mingi Jeong et al. [15] suggested a system including thermal 
cameras, visible light cameras, drone cameras, oxygen sensors, iner-
tia sensors, smartwatches, HMDs, and command centres to prevent 
accidents. This framework simplifies IOT service integration, man-
agement, and real-time notification. M. Kabilan et al. [17] suggest-
ed employing vibration sensors. If the rider’s helmet vibrator sen-
sor reaches the threshold, this technology detects and reports acci-
dents, saving lives. Vivekananda Reddy et al. [18] designed a hel-
met-bike system. The helmet has IR, alcohol, and LCD sensors to 
detect intoxication. Vibration sensors in bikes detect accidents and 
relay data through GSM and GPS. 

3. METHODOLOGY 

This module has a transmitter circuitry and various sensors. Three 
sensors are included in a microcontroller: an alcohol sensor, a vi-
brate sensor, and a temperature, MEMS, and infrared sensor. Alco-
hol focus has been recognized using an alcohol sensor. The alcohol 
sensor will be located within the rider’s helmet, near to his or her 
mouth. The crash location is determined via a vibration sensor. The 
pulse sensor and UV sensor are two sensors on another microcon-
troller. The measurement of pulse rate has been done using a pulse 
sensor. The pulse rate stimulates LED1, causing it to blink white 
light. To prevent collisions and manage accidents, UV sensors will 
detect the front moving vehicle. 
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Utilizing IoT technology to create a smart helmet that will ensure 
the riders’ safety. The car will only start if the rider is wearing a 
helmet, which the system can detect. The bike engine will not start, 
if the rider has consumed too much alcohol. When a bike rider has 
an accident, the bike recognizes it and notifies the contacts that 
have been registered with a location. We are utilizing the most re-
cent technologies for the bike rider’s safety. IoT technology offers 
cutting-edge methods for warning the rider and ensuring that the 
rider complies with the law. Helmets are the most fundamental 
form of protection for two-wheeler riders and are required for all 
motorbike and bicycle riders. However, it does not guarantee the 
rider’s safety, and the rider will not adhere to the traffic laws. The 
majority of individuals use regular helmets merely to avoid handing 
over a ticket to the traffic police; yet, these helmets do not protect 
the driver. Therefore, we must use the smart helmet to solve these 
issues. Figure 1 shows the proposed smart helmet. 

3.1. Arduino 

Microcontroller. A microcontroller is a single-chip computer with a 
CPU core, memory, and programmable input/output peripherals. A 
microcontroller has a CPU, memory, and controllable input/output 
pins—General Purpose Input Output Pins (GPIO). The Arduino Uno 
board, which is shown in Fig. 2, has a microcontroller and accesso-
ries to make building and debugging projects easier—ATmega328P-
based microcontroller board Uno [16]. 

3.2. Temperature Sensor — LM35 

The temperature sensors in the LM35 family are accurate integrat-

 

Fig. 1. Block diagram for proposed method. 
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ed-circuit temperature sensors. These sensors’ output voltage varies 
linearly with temperature in centigrade (Centigrade). Figure 3 de-
picts the temperature sensor. 

3.3. MEMS Sensor 

MEMS chips use capacitive sensors with a suspended mass between 
two plates (Fig. 4). Tilting the sensor creates an electrical potential 
differential from this hanging substance. The difference is meas-
ured via capacitance change. MEMS devices range from 20 microm-
eters to 0.02 to 1.0 mm. 
 MEMS is chip-based technology which is illustrates in Fig. 4. Sen-
sors are suspended masses between capacitive plates. When the sensor 

tilts, the suspended mass changes electric potential. Capacitance 

changes measure the difference. MEMS may make compact integrated 

mechanical-electrical devices or systems. IC batch production proce-
dures make them from a few micrometers to millimetres. 

3.4. Vibration Sensor 

The vibration sensors can pick up the vibration of the earth under-

 

Fig. 2. Arduino UNO. 

 

Fig. 3. Temperature sensor. 
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neath. It is crucial to establish the vibration level that will cause a 
vibration sensor to activate in the event of a debris flow before in-
stalling one. Additionally, it is crucial to consider the possibility of 
accidently activating the sensor due to earthquakes, as well as loca-
tions where there is construction traffic and other potential vibra-
tion sources. Figure 5 illustrates vibration sensor. 

3.5. IR Sensor 

Radiation-sensitive optoelectronic elements with spectral sensitivi-
ties ranging from 780 nm to 50 m are known as infrared sensors 
(IR sensors). IR sensors are being used more frequently in motion 
detectors that activate lights or alarm systems in buildings to de-
tect unwanted visitors. IR sensors create and detect radiation. Ac-
tive IR sensors have an LED and a receiver. The receiver detects 
infrared light from the LED reflected off an item as it approaches 
the sensor. Sensors detect humans privately. PIR sensors detect 
people. This only detects moving people. The Grid-EYE sensor over-
comes the PIR sensor limitation by recognizing a stationary human. 
These sensors detect objects 100 cm to 500 cm (3–15 feet/1–5 me-
ters). Their long range makes them superb sonar sensors. IR sensor 
is given in Fig. 6. 

3.6. GPS Module 

The GPS module L10 boosts the MTK positioning engines’ industry-

 

Fig. 4. MEMS sensor. 

 

Fig. 5. Vibration sensor. 
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leading performance. L10 supports 210 PRN channels. It can quick-
ly acquire and track satellites at low indoor signal levels with 66 
search channels and 22 concurrent tracking channels. This 
standalone receiver has several functions and flexible connectivity. 
Their easy integration speeds up consumer, industrial, and automo-
tive applications. Figure 7 shows GPS module. 
 GNSS tracks GPS. GPS receivers use microwave signals from 
numerous satellites to locate, speed, time, and direction. Thus, a 
GPS tracking system provides historical and real-time navigational 
data for any journey. Receiver GPS signals. GPS receivers track lo-
cation, velocity, and time. Four GPS satellites enable three-
dimensional positioning. 27 GPS satellites orbit Earth. 24 function-
ing satellites and 3 backups orbit Earth every 12 hours, transmit-
ting radio signals to the GPS receiver. Positioning System stations 
are widespread. These stations track GPS signals. Spacecraft send 
microwave signals. GPS receivers translate satellite signals into lo-
cation, velocity, and time. Trilateration, a simple mathematical 
concept, powers the method. 2-D and 3-D trilateration exist. Simple 
math requires two things for the GPS receiver. It must first realize 
at least three satellites can pinpoint the spot. It also needs their 
distances. 
GPS-equipped spacecraft. Radio waves travel at light speed. GPS 
tracking is multifaceted. Businesses track cars via GPS. A modem 

 

Fig. 6. IR Sensor. 

 

Fig. 7. GPS module. 
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in the GPS system unit periodically sends data to a central database 
or stores it in the GPS tracking system (passive tracking). Passive 
GPS tracking devices track events. This GPS system can log 12 
hours of travel. This GPS tracking technology stores data on a 
memory card or internal memory for computer processing. 

3.7. GSM Modem 

Digital cellular communication is standardized by GSM. GSM was 
founded in 1982 to produce specifications for a pan-European 900 
MHz mobile cellular radio system. 
GSM standardizes. GSM suggests, not commands. GSM specifica-
tions provide functionality and interface, but not hardware. The 
idea is to limit designers as little as possible while letting operators 
buy equipment from multiple suppliers. 
 GSM modems use GSM network, which is given in Fig. 8. Wire-
less modems work like dial-up modems. Wireless modems use radio 
waves to deliver and receive data, while dial-up modems use a tele-
phone connection. GSM modems can be external or PC 
Card/PCMCIA Cards. External GSM modems are connected to com-
puters using serial or USB cables. Laptops can use PC Card or 
PCMCIA GSM modems. It goes in the laptops’ PC Card or PCMCIA 
Card slot. GSM modems, like GSM phones, need SIM cards from 
wireless carriers. 

3.8. Alcohol Sensor 

The MQ3 alcohol sensor detects airborne ethanol. An alcohol sensor 
monitors the amount of ethanol in an intoxicated person’s breath 
and produces information. Higher alcohol percentages lit more 
LEDs (500 to 905). Thus, values above 650 indicate alcohol vapour, 
which degrades the sensor value slowly. MQ3 alcohol sensor is 

 

Fig. 8. GSM network elements. 
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shown in Fig. 9. 
 The alcohol detector project can be installed in many cars to de-
tect intoxication. Breathing analysers can also be used in enterpris-
es to track employee alcohol use. An alcohol sensor infrared cell de-
tects unabsorbed energy on the other side by passing energy 
through the sample. Like sunglasses, alcohol absorbs infrared light 
at higher ethanol concentrations. 

3.9. Buzzer 

Electronic buzzers or beepers are used in autos, microwaves, and 
game shows in Fig. 10. An electromechanical device resembling an 
electric bell without the metal gong that produces the ringing sound 
served as the foundation for the original design. Major industries 
use piezo buzzers to identify or alert. It can meet the most chal-
lenging audio alarm applications. 

3.10. Arduino IDE 

Arduino IDE is generally used to write and compile code for Ar-
duino Modules. Code compilation is so easy with official Arduino 
software that even a beginner can learn. Uno, Mega, Leonardo, Mi-
cro, and others are Arduino modules. Each has a code-reading mi-

 

Fig. 9. MQ-3 alcohol sensor. 

 

Fig. 10. Buzzer. 
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crocontroller on its board. 

4. RESULTS AND DISCUSSION 

The Internet of Things-based, intelligent helmet-based two-wheeler 
safety solution is very dependable and secure. The main objective of 
this system is to prevent injuries when a person wearing this hel-
met is engaged in an accident. It stops drunk driving from happen-
ing. The results are able to pinpoint the accident, and they send a 
90% accurate location notification to the registered contacts so 
they are aware of the person’s condition and can offer the necessary 
medical attention. The findings of a helmet tilt are compared to the 
threshold value and helmet fall value to determine whether an acci-
dent has occurred. The technology detected alcohol in the rider’s 
breath, according to the results; if the rider is too drunk, the bike 
will not start. The whole operation of this system will be dictated 
by rider activity. 
 Figure 11 illustrates the simulation model. Figure 12 shows the 
proposed smart helmet. Figure 13 depicts the notification message 
from the smart helmet. 
 All of the parts have been put together and successfully tested. 

 

Fig. 11. Modelling and simulation. 

 

Fig. 12. Proposed smart helmet. 
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The course is set up so that the bike will not start unless the rider 
is wearing a helmet. Additionally, if the rider is intoxicated, the 
bike will not start, and this helmet buzzes an alarm to warn the 
rider if he exceeds a set speed limit. The engine will immediately 
turn off in the event of an accident to prevent further injuries. 
Prototype Helmet Unit The experimentation stage was so over. This 
investigation was carried out in a planned manner. Therefore, there 
is no urgent need for additional real-world experimentation; howev-
er, more simulations must be run before full-time deployment. Fu-
ture systems that use a sensor to alert family members and neigh-
bouring law enforcement to an emergency situation can use GPS 
and GSM modules. This can be done by programming GSM and GPS 
modules to communicate the precise GPS locations of the accident 
to the relevant authorities, alerting them to the serious situation 
and urging them to take prompt action that might save lives. All 
the features were properly integrated when the project was success-
fully finished. 

5. CONCLUSION 

Smart helmet promotes motorcycle safety and awareness. Road safe-
ty is enhanced by the smart helmets’ blind spot awareness. The 
smart helmet improves driver safety. The smart helmet team spent 
a lot of time studying and building a proximity measurement and 
subsystem communication system. Money limited the project. Un-
fortunately, cheaper proximity sensors lacked the wide-angle read-
ing needed to meet specifications. It must develop an accurate prox-
imity measurement algorithm to combine several proximity sensor 
data into a single measurement. It developed important engineer-

 

Fig. 13. Notification message. 
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ing, communication, and teamwork skills. Smart Helmet will meet 
milestones. It can include GPS, a live stream, and brightness dim-
mer if they can build a working model ahead of deadline. 
 In future self-driving motorcycles can keep riders’ safe to record 
the motorist with a tiny camera. Wireless transmitters allow vehi-
cles to communicate. The helmets’ bioelectric sensors can measure 
the rider’s activity to use voice commands for bike basics. The rider 
can now park the two-wheeler with the helmet on without extra se-
curity to charge phones and electric cars with two-wheeler solar 
power. 
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Effect of the hydrogen heat treatment compared with vacuum annealing 
in the temperature range of 500–700 C on the formation of the ordered 
L10-FePd phase and variations in Raman spectra of the equiatomic FePd 
films are studied. The hydrogen atoms introduced into the nanoscale FePd 
films change the electronic structure and magnetic properties and states 
of the film. Ordering processes are accelerated under hydrogen treatments 
compared with vacuum annealing. By changing of parameters of the hy-
drogen annealing of the FePd film, it is possible to control the phase com-
position, ferromagnet paramagnet-variation in the magnetic states. The 
Raman spectroscopy allows investigate the dynamics of structural changes 
in the FePd films during the ordering and the ordered L10-FePd-phase 
formation. 

Äîñë³äæåíî âïëèâ âîäíåâîãî òåðì³÷íîãî îáðîáëåííÿ ïîð³âíÿíî ç â³äïà-
ëîì ó âàêóóì³ â ³íòåðâàë³ òåìïåðàòóð 500 700 C íà ôîðìóâàííÿ âïîðÿ-
äêîâàíî¿ ôàçè L10-FePd òà çì³íó ñïåêòð³â êîìá³íàö³éíîãî ðîçñ³ÿííÿ 
ñâ³òëà â åêâ³àòîìíèõ ïë³âêàõ FePd. Àòîìè Ã³äðî´åíó, ââåäåí³ â íàíîðî-
çì³ðí³ ïë³âêè FePd, çì³íèëè åëåêòðîííó ñòðóêòóðó, ìàãíåòí³ âëàñòèâî-
ñò³ òà ñòàíè ïë³âêè. Ïðîöåñè âïîðÿäêóâàííÿ ïðèøâèäøóþòüñÿ ï³ä ÷àñ 
îáðîáëåííÿ âîäíåì ïîð³âíÿíî ç âàêóóìíèì â³äïàëîì. Çì³íþþ÷è ïàðà-
ìåòðè â³äïàëó ïë³âêè FePd ó âîäí³, ìîæíà êåðóâàòè ôàçîâèì ñêëàäîì, 
çì³íîþ ôåðîìàãíåòèê  ïàðàìàãíåòèê ìàãíåòíèõ ñòàí³â. Ðàìàíîâà ñïå-
êòðîñêîï³ÿ óìîæëèâëþº äîñë³äèòè äèíàì³êó ñòðóêòóðíèõ çì³í ïë³âîê 
FePd ï³ä ÷àñ óïîðÿäêóâàííÿ é óòâîðåííÿ âïîðÿäêîâàíî¿ ôàçè L10-FePd. 

Key words: hydrogen, ordering, coercivity, Raman scattering spectrosco-
py, paramagnetism, hard-magnetic material, L10-FePd, magnetization. 
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1. INTRODUCTION 

The ordered L10-FePd films are a promising material for use as 
magnetic media with ultra-high density, and in spintronics devices 
[1–3]. Usually, the FePd films deposited at room temperature have 
a (111) texture and soft-magnetic properties [1, 4, 5]. The anneal-
ing environment significantly affects the structure, magnetic and 
optical properties of the films [4–8]. 
 It was found that hydrogenation increases the coercivity and re-
sidual magnetization in films of alloys enriched with Pd [9]. Elec-
tron–phonon interactions in the magnetic equiatomic layered L10-
FePd structure were studied in Ref. [10]. Position of H in the 
structure has a direct influence on the Curie temperature TC values 
and the suppression of magnetism. Annealing-induced cyclic en-
hancement of the coercivity is related to the competition between 
thermal activation and H binding [11]. Magnetic films based on Pd 
can provide the ability to manipulate magnetic states using a cur-
rent of spin–orbit torques [12]. The authors of Ref. [13] theoretical-
ly and experimentally investigated the disappearance of magnetism 
in Fe–H at a pressure of approximately 28 GPa and revealed the 
existence of a magnetic transition from a ferromagnetic state to a 
paramagnetic one, which was caused by pressure. According to the 
calculations, the H absorption is a favourable process in both the 
A1-FePd phase and L10-FePd one [13]. The authors showed that the 
location of hydrogen atom in the tetrahedral interstitial site of the 
A1 phase is more stable than in the octahedral interstitial site in 
the L10-phase lattice. The influence of hydrogen on magnetism is 
reversible [15–17]. 
 In Ref. [16], a hydrogen-sensitive FePd alloy film was deposited 
on a Co/[Pt/Co]4/Pt multilayer substrate with perpendicular mag-
netic anisotropy. As a result of hydrogenation, a spin reorientation 
transition from the perpendicular to the planar direction in the 2-
nm thick FePd layer was observed. These findings are valuable for 
applications in spintronics using electronic control of hydrogen at-
om migration. 
 For obtaining the desired properties and multifunctionality, it is 
necessary to understand the interaction between the material struc-
ture and functionality. 
 Surface-enhanced Raman spectroscopy (SERS) is a powerful ana-
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lytical method that provides amplification of the Raman signal by 
an order of 106–1014 [18]. New nanostructured materials are being 
developed for use as highly sensitive substrates for SERS [18]. An 
innovative substrate based on a nanoporous FePd alloy, which en-
hances surface Raman scattering, has ferromagnetic properties and 
can be used as a quantitative tool. 
 The aim of this work is to study the effect of hydrogen treatment 
compare the vacuum annealing on the ordered L10-FePd phase for-
mation and application of the Raman scattering for investigation of 
dynamic of ordering processes. 

2. EXPERIMENTAL 

Equiatomic nanoscale FePd films by thickness of 5 nm were depos-
ited at room temperature on the SiO2/Si(001) substrates by magne-
tron co-sputtering from separate Fe and Pd targets. The film was 
deposited under an Ar working pressure of 3.5 10 1 Pa in a chamber 
with a starting ultra-high vacuum of 3 10 6 Pa. The deposition rate 
and layer thicknesses were monitored using a quartz resonator. In 
addition, the composition of the deposited films was controlled us-
ing Rutherford backscattering spectrometry (RBS). After deposi-
tion, the samples were annealed in vacuum (P 10 3 Pa) and in hy-
drogen (pressure 1 atm) for 1 2 h in a temperature range of 
500 700 Ñ. 
 The phase composition and structure of the films after deposition 
and annealing were studied by the x-ray diffraction on ULTIMA IV 
(Rigaku) diffractometer (CuK  radiation). Magnetic measurements 
were performed using a vibrating sample magnetometer (SQUID-
VSM). All measurements were performed at room temperature. 
 Structural changes in the FePd films was investigated by Raman 
spectroscopy at a Renishaw InVia Raman Microscope spectrometer 
with the optical excitation wavelength of 785 nm and an analysis of 
the frequency criterion of radiation scattering [20]. 

3. RESULTS AND DISCUSSION 

3.1. Processes of Ordering in FePd Films during Annealing in Vac-
uum 

Figure 1, a shows the XRD patterns of the as-deposited FePd films 
and annealed in vacuum at 650 C for 0.5–20 h. After deposition, 
the weak FePd(111) peak and reflection from the substrate are ob-
served (Fig. 1, a). The coercivity of the soft-magnetic FePd film is 
of 177 Oe (Fig. 2, a). The intensity of FePd(111) peak increases af-
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ter annealing at 650 C for 0.5–20 h that indicates preferential 
grains growth with (111) texture. After annealing, this reflection 
can be belonging to either disordered A1- or the ordered L10-FePd 
phases. 

  
a      b 

Fig. 1. XRD patterns of the as-deposited FePd (5 nm) films, after anneal-
ing in vacuum at 650 C for 0.5–20 h (a) and in hydrogen at 500 700 C for 
0.5–1 h (b), CuK  radiation. 

 

Fig. 2. M–H-hysteresis loops of FePd films after deposition (a) and anneal-
ing in vacuum at 650 C for 0.5 h (b), 1 h (c) and 20 h (d). 
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 However, regardless of the absence of the superstructural 
FePd(001) and fundamental FePd(002) peaks, the hard magnetic 
L10-FePd phase is formed according to the measurements of mag-
netic properties (Fig. 2, b, c, d). The film after annealing in vacu-
um for 20 h is magnetically isotropic (Fig. 2, d). 
 Figure 3 shows the change in the coercivity of FePd films an-
nealed in vacuum and hydrogen atmospheres in dependence on the 
time of annealing. The coercivity of the film after annealing in 
vacuum at 650 C for 1 h is of about 1 kOe that indicates the hard-
magnetic L10-phase formation (Fig. 2, c, Fig. 3). Volume fraction of 
this phase increases with an increase in the annealing time to 20 h, 
and the coercivity reaches 3.46 kOe (Fig. 2, d, Fig. 3). 

3.2. Processes of Ordering in FePd Films during Annealing in Hy-
drogen 

Processes of ordering in FePd films during annealing in hydrogen 
differ from annealing in vacuum. The intensity of the (111) reflec-
tion increased after heat treatment in the temperature range of 
500 600 C for 1 h (Fig. 1, b). The grains of the L10-FePd phase 
have a (111) texture. After annealing at 600 C, the L10 phase is 
formed and the coercivity becomes of 0.9 kOe (Fig. 4, à). 
 The (111) peak shifts toward smaller angles and (200) peak ap-
pears after annealing at 650 C for 0.5 h (Fig. 1, b). This indicates 
an increase in the lattice parameters and unit cell volume of the A1-
FePd phase. However, the magnetic properties become uncharacter-
istic for both the A1- and L10-FePd phases (Fig. 4, b). 
 A hard-magnetic L10-FePd phase formed after annealing at 650 C 
for 1 h has a coercivity value of 5.5 kOe (Fig. 1, b, Fig. 4, c). In-
creasing the annealing time to 2 h resulted in the film becoming x-
ray amorphous and losing its hard-magnetic properties (Fig. 4, d). 

 

Fig. 3. Changes in coercivity value of the FePd films on annealing time in 
vacuum and hydrogen at 650 C. 
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The magnetic state of the FePd film changed from hard-magnetic 
state to paramagnetic one as a result of incorporation of hydrogen 
atoms into the film. A further increase in the annealing tempera-
ture to 700 C led to rise in the (111) peak intensity. 

3.3. Raman Scattering in FePd Films after Annealing in Vacuum 
and Hydrogen 

Figure 5, a shows the Raman spectra of as-deposited sample irradi-
ated from two sides, namely, from the substrate and from the film 
and annealed in vacuum at 650 C. The narrow spectrum at a fre-
quency of 530 cm 1 corresponds to silicon. The next two resonance 
peaks of the spectrum can be attributed to oxides and the last peak 
to the luminescence of the substrate, which is caused by defects 
(inhomogeneities) in the silicon structure. The hydrogen atoms in-
troduced into the FePd phase change the electronic structure and 
magnetic properties of the film [14]. After annealing in vacuum at 
650 C, the magnetic properties correspond to a two-phase state in 
the film (Fig. 2, b, c). The luminescence peak is structurally sensi-
tive to external influences. Its amplitude is greater than for pure 
substrate. This effect is caused by the enhancement of luminescence 
due to the presence of the film. The frequency shift of optical spec-
tra indicates the appearance of stimulated Raman scattering, which 
enhances the oscillations of atoms or molecules during the ordering 
process. Figure 5, b shows the results of Raman spectroscopy for 
the FePd films annealed at different temperatures in hydrogen. 

 

Fig. 4. M–H-hysteresis loops of FePd films annealed in hydrogen at 600 C 
for 1 h (a), at 650 C for 0.5 h (b), 1 h (c) and 2 h (d). 
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There are maxima at 2376–2516 cm 1, which indicate the excita-
tion of coupled E modes of Pd and Fe oscillations. There is a broad 
peak of significant intensity in the range 1594–2488 cm 1 of the 
spectrum of the FePd film annealed in hydrogen at 600 Ñ (Fig. 5, b). 
 Such a broadening can occur because of the diffusion of hydrogen 
atoms into the film and the beginning of the ordered L10-FePd 
phase. The resonant frequency peak from the film has an asymmet-
ric shape in the frequency range 1500–2600 cm 1. The asymmetry 
of the Raman spectrum is related to the two-phase state (A1 L10) 
that is present in the film. Annealing in hydrogen atmosphere led 
to the disappearance of an oxide peaks that can be explained by the 
reduction properties of hydrogen (Fig. 5, b). The oxidation process 
was suppressed by annealing in an Ar H2 (3 vol.%) atmosphere 
[11]. With increasing temperature of the ordering process, the 
number of grains of the ordered phase increases and the width of 
the resonance Raman peak decreases (Fig. 5, b). The width of the 

  
a      b 

   
C      d 

Fig. 5. Raman spectra of magnetic FePd film after deposition and anneal-
ing in vacuum at 650 C (a), after annealing in hydrogen at 600 700 C for 
1 h (b); dependences of the intensity (c) and position (Raman shift) of the 
resonance peak (d) on annealing temperature [17]. 
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resonance peak and its variations in the temperature range 500–
700 C are associated with the ordering process and formation of the 
hard magnetic L10 phase from the disordered A1-FePd phase during 
annealing of the FePd films both in vacuum (Fig. 5, a) and in hy-
drogen (Fig. 5, b). 
 The results show that during annealing in hydrogen atmosphere, 
the position of the peak at 2376 2516 cm 1 corresponds to the for-
mation of the ordered L10-FePd phase, and its width decreases with 
increasing annealing temperature (Fig. 5, b). The resonance peak at 

2500 cm 1 corresponds to the ordered L10-FePd phase, and the less 
intense broad part of the peak corresponds to the disordered A1-
FePd phase in the zone with a different ordering degree. As the 
amount of ordered phase increases, this peak shifts to higher fre-
quencies (Fig. 5, b). After annealing in hydrogen atmosphere at 
625 Ñ, there is a sharp decrease in the intensity of the peaks, which 
is due to the influence of the hydrogen atoms on the electronic 
structure of the FePd film (Fig. 5, b, ñ). An increase in the intensi-
ty of oscillations at 2418 cm 1 and a decrease in the width of this 
peak after annealing in hydrogen at 650 Ñ, compared to annealing 
in vacuum, indicates increased amount of the ordered L10 phase in 
the FePd film (Fig. 5, a–c). The luminescence peak with higher in-
tensity corresponds to the state of the film with the largest amount 
of the L10 phase both after annealing in vacuum and in hydrogen at 
650 C for 1 h (Fig. 5, b, c). In this case, the resonance peak from 
the film remains slightly asymmetric, which is caused by the resid-
ual amount of the A1-FePd phase. After annealing at 675 Ñ and 
700 Ñ, there is a broad peak of lower intensity in the range 2376–
2400 cm 1, which may correspond to the oscillations of excess iron 
atoms. The changes in the intensity of the Raman scattering spectra 
of the FePd film with the annealing temperature correspond to the 
changes in the magnetic states in the film (Fig. 5, c). 
 However, the intensity of the Raman resonance peak changes 
nonlinearly with an increase in the temperature of the heat treat-
ment in hydrogen atmosphere (Fig. 5, ñ). The ferromagnetic state in 
a film with uncompensated spins of Fe atoms leads to an increased 
intensity of the resonance signal of the Raman spectrum compared 
to the paramagnetic state in which the polarization is insignificant. 
The intensity minima in the Raman spectra at 625, 675 and 700 C 
correspond to paramagnetic states. Figure 5, d shows the changes in 
the resonance peak position on the Raman spectra of the magnetic 
FePd film after annealing in hydrogen atmosphere on annealing 
temperature. As the annealing temperature increases, the value of 
the Raman shift reduces due to an increase in the amount of or-
dered L10-FePd phase. The Raman shift changes almost linearly 
with the annealing temperature and does not reflect changes in the 
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magnetic states of the film (Fig. 5, d). 
 The obtained results show that hydrogen atoms incorporated in 
the FePd film during annealing in the temperature range of 500–
700 C have a significant effect not only on the dynamics of order-
ing processes, structure, but also on the reversibility of the ferro-
magnetic paramagnetic state compared to annealing in vacuum 
[16]. The ordering process is influenced by two factors, namely, the 
effect of introduced hydrogen atoms on the electronic structure of 
the film and the change in the volume of the unit cell during the 
A1-FePd-to-L10-FePd transformation. 
 In the as-deposited FePd film, a disordered soft-magnetic A1-
FePd phase forms. There are five electrons with positive spins and 
one with negative spin on the 3d shell in the outer layer of iron at-
om; as a result, four spins remain uncompensated. The exchange 
energy between two neighbouring Fe atoms causes atom polarization 
and leads to a ferromagnetic state. Annealing in hydrogen atmos-
phere is accompanied by the incorporation of hydrogen atoms into 
the film. Hydrogen atoms are located in octahedral and tetrahedral 
interstitial sites and increase the volume of the A1-FePd phase unit 
cell. This weakens atomic bonds and accelerates the formation of 
the L10-FePd phase. The soft-magnetic state in the film preserves 
up to annealing at 600 C for 1 h (Fig. 4, a). Hydrogen atom intro-
duced in the film gives its electron to Fe atom. As a result, the film 
electronic structure changes. When the hydrogen concentration in 
the film changes with increase in annealing time or temperature 
and the process of ordering and formation of L10 grains develops, 
the magnetic properties and states change: soft-magnetic À1 (as-
deposited film)  soft-magnetic À1 hard-magnetic L10 (600 C, 1 
h) paramagnetic (625 C, 1 h–650 C, 0.5 h) hard-magnetic L10 
(650 C, 1 h)  paramagnetic (650 C, 2 h). With the gradual filling 
of the inner d-shell of Fe atoms, part of the positive uncompensated 
spins becomes compensated ones. After annealing at a temperature 
of 625 C for 1 h or at 650 C for 0.5 h, the magnetic state of the 
film changes to paramagnetic. As the annealing time at 650 C in-
creases to 1 h, the volume of the lattice cell decreases as the 
A1 L10-ordering process develops, and the second necessary factor 
a/r (the ratio of the interatomic distance to the radius of the un-
filled shell of Fe atoms) for the appearance of ferromagnetism be-
gins to act. A hard magnetic state appears in the film. Further fill-
ing of the 3d shell of Fe atoms with hydrogen electrons after an-
nealing at 700 C for 1 h is accompanied by the reappearance of the 
paramagnetic state. During annealing in vacuum, the ordering pro-
cess (A1 L10) proceeds more slowly than in hydrogen, and the 
change from the soft-magnetic state to the hard-magnetic state is 
affected only by the decrease in the volume of the unit cell during 
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the formation of the L10-FePd phase. 
 The highest values of the coercivity in the film at 5.5 kOe are 
observed after annealing in hydrogen at 650 C for 1 h, which is 5-
times higher in comparison with annealing in vacuum. The ferro-
magnetic state in the film with uncompensated spins of Fe atoms 
leads to an increase in the intensity of the resonance spectrum of 
the Raman signal compared to the paramagnetic state in which the 
polarization is insignificant. The shift in the frequency of scattered 
light during the A1 L10-FePd solid-state transformation is a man-
ifestation of forced scattering of optical radiation. It is advisable to 
use the SERS method to study the dynamics of structural changes 
in magnetic FePd films during the ordering process. By changing 
the annealing parameters of the equiatomic FePd film in hydrogen, 
it is possible to control the phase composition, magnetic properties 
and states. The use of the FePd film as a template enhances surface 
Raman scattering and increases the sensitivity for organic objects. 
Reversible ferromagnet paramagnet change of the film magnetic 
state can find practical application in nanoelectronics. 

4. CONCLUSION 

Annealing atmosphere, temperature and time of annealing affect 
the ordered L10-phase formation, structure, magnetic properties and 
states of the equiatomic FePd films. As revealed, the annealing in 
hydrogen at 500–700 C results in the reversible change of the mag-
netic state of the FePd films: soft-magnetic soft-magnetic hard-
magnetic paramagnetic hard-magnetic paramagnetic. Obvious-
ly, this is caused by changes in electronic structure. 
 The SERS is promising method for studying of the ordering pro-
cess and dynamics of the structural and magnetic changes in the 
FePd films. Use of the FePd films as templates enhances the sur-
face Raman scattering and sensitivity for organic objects. 
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Nanocomposites’ films of pure PVA and PVA doped with Fe2O3–In2O3 na-
noparticles (NPs) are fabricated to utilize in numerous electrical and elec-
tronic applications. The dielectric properties at frequency ranged from 
100 Hz to 5 MHz are tested for PVA–Fe2O3–In2O3 nanocomposites. Results 
show the improving dielectric constant, dielectric loss and electrical con-
ductivity of PVA with adding various ratios of Fe2O3–In2O3 NPs. The die-
lectric constant and dielectric loss of fabricated nanocomposites are re-
duced, while the electrical conductivity is increased, when frequency ris-
es. Finally, the dielectric-properties’ results demonstrate that the PVA–
Fe2O3–In2O3 nanocomposites may be applied in various electrical and elec-
tronics applications. 

Íàíîêîìïîçèòí³ ïë³âêè ç ÷èñòîãî ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ) òà ïîë³-
â³í³ëîâîãî ñïèðòó, äîïîâàíîãî íàíî÷àñòèíêàìè (Í×) Fe2O3–In2O3, áóëî 
âèãîòîâëåíî äëÿ âèêîðèñòàííÿ â ÷èñëåííèõ åëåêòðè÷íèõ òà åëåêòðîí-
íèõ çàñòîñóâàííÿõ. Äëÿ íàíîêîìïîçèò³â ÏÂÑ–Fe2O3–In2O3 ïåðåâ³ðÿëè 
ä³åëåêòðè÷í³ âëàñòèâîñò³ â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 5 ÌÃö. Ðå-
çóëüòàòè ïîêàçàëè ïîë³ïøåííÿ ä³åëåêòðè÷íî¿ ïðîíèêíîñòè, ä³åëåêòðè-
÷íèõ âòðàò òà åëåêòðîïðîâ³äíîñòè ÏÂÑ ³ç äîäàâàííÿì ð³çíèõ ñï³ââ³ä-
íîøåíü Í× Fe2O3–In2O3. Ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðà-
òè âèãîòîâëåíèõ íàíîêîìïîçèò³â çìåíøóþòüñÿ, à åëåêòðîïðîâ³äí³ñòü 
ï³äâèùóºòüñÿ, êîëè ÷àñòîòà çðîñòàº. Íàðåøò³, ðåçóëüòàòè ñòîñîâíî ä³å-
ëåêòðè÷íèõ âëàñòèâîñòåé ïîêàçàëè, ùî íàíîêîìïîçèòè ÏÂÑ–Fe2O3–
In2O3 ìîæóòü áóòè çàñòîñîâí³ â ð³çíèõ åëåêòðè÷íèõ òà åëåêòðîííèõ çà-
ñòîñóâàííÿõ. 
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1. INTRODUCTION 

Nanocomposite materials have been a major area of research inter-
est owing to their distinct electrochemical properties that differ 
significantly from those of their constituent components. Similarly, 
devices based on polymer nanocomposites have received an enor-
mous attention owing to their ability to solve both energy and envi-
ronmental problems [1]. Recently, oxide-based transparent conduct-
ing thin films have attracted much attention due to their wide ap-
plications in transparent thin-film transistors (TFTs), light-emitting 
diodes, solar cells, gas sensors, transparent display. In particular, 
In2O3 has several advantages for transparent electronic applications, 
because it has a high optical transparency, a low electrical resistivi-
ty of the order of 10 4 cm and a wide band gap of 3.7 eV [2]. 
 Fe2O3 NPs have special properties like good electron mobility, 
magnetic ability, and a 2.2 eV optical-energy band gap, which are 
useful for optoelectronic applications. Fe2O3 NPs have potential ap-
plications in the fields of medicine, life sciences and computer tech-
nology like magnetic resonance imaging (MRI), drug carriers in de-
livery, gene carriers in gene therapy, nanofertilizers, non-
fungicides, nanopesticides, nanofood, food packing, nanocoating, 
nanosensors, nanoscale memory, nanowires, spintronics etc. They 
can be used as filters in sunscreens, biosensors [3]. 
 As one of the biodegradable polymers, polyvinyl alcohol (PVA) is 
a non-toxic, water-soluble, semi-crystalline synthetic biopolymer 
with excellent film-forming, emulsifying, and adhesive properties. 
It has a wide range of uses in fields such as pharmacology, food 
chemistry, biomedicine, biotechnology, paper coatings, and the pro-
duction of water-soluble flexible packaging films. In recent studies, 
it has been reported that PVA is a safe material for food packaging 
because it is made from renewable resources and is environmentally 
friendly [4]. The properties of polymers may be improved by adding 
of various materials into polymers that caused to improve the opti-
cal properties, electronic properties and electrical properties [5–39]. 
 The present work aims to prepare of nanocomposites films from 
pure PVA and PVA doped with Fe2O3–In2O3 nanoparticles to utilize 
in numerous electrical and electronic applications. 
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2. MATERIALS AND METHODS 

The PVA–Fe2O3–In2O3 nanocomposites films were prepared from 
pure PVA and PVA doped with Fe2O3–In2O3 nanoparticles using 
casting method. The PVA film was fabricated by dissolving of 0.5 
gm PVA in 30 ml of distilled water employing magnetic stirrer for 
1 hour to obtain more homogeneous solution. The Fe2O3–In2O3 NPs 
were added to polymer solution by a variety of contents are 1%, 
2% and 3% with concentration of 1:1. The dielectric properties of 
PVA–Fe2O3–In2O3 nanocomposites were tested different frequency 
ranged between 100 Hz and 5 106 Hz utilizing LCR meter type 
(HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant ( ) was found by [40] as follows: 

 Cp/C0, (1) 

where Cp is the material capacitance and C0 is the vacuum capaci-
tance. 
 Dielectric loss ( ) was calculated by [41] as follows: 

 D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity was given by [42] as follows: 

 A.C. 2 f D 0. (3) 

3. RESULTS AND DISCUSSION 

The performance of dielectric constant and dielectric loss for PVA–
Fe2O3–In2O3 nanocomposites with frequency and Fe2O3–In2O3 NPs 
content are represented in Figs. 1–4, respectively. The dielectric 
constant and loss behaviour in the given frequency range as the fol-
lowing, the strong frequencies dispersion of the permittivity is seen 
at low range of frequency. The values of dielectric constant and loss 
are reduced with rise of frequency related to the relaxation process 
and may be attributed to charge accumulation inside the nanocom-
posites due to influence of interfacial polarization on permittivity. 
With addition of the filler, the values of both dielectric constant 
and loss are increased at the range of lower frequency and nearly 
the same at the range of the higher frequency attributed to the fill-
er cause more localization of charge carriers along with mobile ions 
causing higher ionic conductivity. The increase of dielectric con-
stant and dielectric loss with increasing filler content related to rise 
of charges carriers numbers [43–55]. 
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 Figures 5 and 6 show the variation of A.C. electrical conductivity 
for PVA–Fe2O3–In2O3 nanocomposites with frequency and Fe2O3–
In2O3-NPs’ concentration, respectively. As shown in these figures, 
the conductivity increases with increasing of Fe2O3–In2O3-NPs’ con-
centration. The low frequencies region exhibited dispersion due to 
spatial charging or interpolarization. 

 

Fig. 1. Variation of dielectric constant for PVA–Fe2O3–In2O3 nanocompo-
sites with frequency. 

 

Fig. 2. Performance of dielectric loss for PVA–Fe2O3–In2O3 nanocomposites 
with frequency. 
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 The reduced conductivity at lower frequency was related to de-
crease number of mobile ions resulting from charged cumulative at 
polymer interfaces. The electrical conductivity enhancement with 
Fe2O3–In2O3-NPs’ concentration was because of the increasing the 
number of dopants, where the Fe2O3–In2O3-NPs’ molecules begin to 
bridge the gaps between two localized states and lower potential 
barriers separating them, therefore the transfer of charge carriers 
is easy between them, according to the percolation theory; there-

 

Fig. 3. Effect of Fe2O3–In2O3 NPs content on dielectric constant for PVA. 

 

Fig. 4. Effect of Fe2O3–In2O3 NPs content on dielectric loss for PVA. 
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fore, the conductivity increases as a results of increase the number 
of charges carriers. Moreover, this enhancement is assigned to the 
higher conductivity of the added Fe2O3–In2O3 NPs and increased 
charge mobility, related to the increased amorphous degree inside 
the doped samples [56–67]. 

 

Fig. 5. Variation of A.C. electrical conductivity for PVA–Fe2O3–In2O3 
nanocomposites with frequency. 

 

Fig. 6. Behaviour of A.C. electrical conductivity for PVA with Fe2O3–
In2O3-NPs’ concentration. 
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4. CONCLUSIONS 

The current work includes fabrication of films from PVA and PVA 
doped with Fe2O3–In2O3 NPs to use in different electrical and elec-
tronic fields. The dielectric properties for PVA–Fe2O3–In2O3 nano-
composites were studied. Results showed that the dielectric proper-
ties: dielectric constant, dielectric loss and electrical conductivity of 
PVA are enhanced by adding various ratios of Fe2O3–In2O3 NPs. The 
final results of dielectric properties demonstrated that the PVA–
Fe2O3–In2O3 nanocomposites may be useful in many electrical and 
electronics fields. 
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This study aims to prepare the PVA–Cr2O3–Sb2O3 nanocomposites to uti-
lize them in many optoelectronics fields. The optical properties of PVA–
Cr2O3–Sb2O3 nanocomposites are investigated in photon wavelengths from 
200 nm to 800 nm. The experimental results illustrate that the absorbance 
(A) and absorption coefficient ( ) of PVA are increased, while the trans-
mittance (T) and energy band gap (Eg) are decreased with increasing of 
the Cr2O3–Sb2O3-nanoparticles’ content. The obtained results display that 
the PVA–Cr2O3–Sb2O3 nanocomposites might be appropriate to use in dif-
ferent optoelectronics applications. 

Öå äîñë³äæåííÿ ñïðÿìîâàíå íà ïðèãîòóâàííÿ íàíîêîìïîçèò³â ïîë³â³í³-
ëîâèé ñïèðò (ÏÂÑ)–Cr2O3–Sb2O3 äëÿ âèêîðèñòàííÿ â áàãàòüîõ ãàëóçÿõ 
îïòîåëåêòðîí³êè. Äîñë³äæåíî îïòè÷í³ âëàñòèâîñò³ íàíîêîìïîçèò³â 
ÏÂÑ–Cr2O3–Sb2O3 â äîâæèíàõ õâèëü ôîòîí³â â³ä 200 íì äî 800 íì. Åêñ-
ïåðèìåíòàëüí³ ðåçóëüòàòè ïîêàçàëè, ùî ïîãëèíàííÿ (A) òà êîåô³ö³ºíò 
ïîãëèíàííÿ ( ) ÏÂÑ çá³ëüøóâàëèñÿ, òîä³ ÿê êîåô³ö³ºíò ïðîïóñêàííÿ 
(T) ³ øèðèíà çàáîðîíåíî¿ çîíè (Eg) çìåíøóâàëèñÿ ç³ çá³ëüøåííÿì âì³ñ-
òó íàíî÷àñòèíîê Cr2O3–Sb2O3. Îäåðæàí³ ðåçóëüòàòè ïîêàçàëè, ùî íàíî-
êîìïîçèòè ÏÂÑ–Cr2O3–Sb2O3 ìîæóòü áóòè äîðå÷íèìè äëÿ âèêîðèñòàííÿ 
â ð³çíèõ îïòîåëåêòðîííèõ çàñòîñóâàííÿõ. 

Key words: nanocomposites, polyvinyl alcohol, Cr2O3–Sb2O3, energy gap, 
absorbance. 

Êëþ÷îâ³ ñëîâà: íàíîêîìïîçèòè, ïîë³â³í³ëîâèé ñïèðò, Cr2O3–Sb2O3, åíå-
ðãåòè÷íà ù³ëèíà, àáñîðáö³ÿ. 
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1. INTRODUCTION 

In the last decade, several flexible and stretchable type organic pol-
ymer matrices and inorganic nanomaterials based hybrid polymer 
nanocomposites (HPNCs) were prepared with state-of-the-art and 
characterized to confirm their uses as multifunctional promising 
materials in advances of polymer engineering and technology based 
lightweight, cost-effective, and miniaturized electronic devices. 
Most of the HPNCs were characterized for confirmation of their 
appropriately controllable morphological, nanostructural, thermal, 
mechanical, dielectric, electrical, and optical properties in order to 
meet tremendously increased industrial demand [1]. 
 Usually, flexible electronic devices take advantage of the mechan-
ical properties of conventional plastics and the semiconductor prop-
erties of conjugated polymers. Many polymers exhibit high flexibil-
ity, low density, and transparency. Some of them are biocompatible 
and biodegradable and, therefore, are the dominant materials in 
flexible electronics [2]. Recent research has demonstrated the bene-
fits of using inorganic nanofillers in preparing polymeric nanocom-
posites. For example, integrating semiconductor materials as nano-
fillers doped onto polymer membranes has attracted critical atten-
tion due to their potential applications in optics and electronics. 
The high miscibility of these materials on polymeric membranes ex-
plains the complexity of their interaction, although it is important 
to note that adding nanofillers to the polymer matrix can alter the 
properties of the polymer itself [3]. 
 Chromium oxide (Cr2O3) attracted a lot of interest as a wide-band-
gap material (Eg 3 eV). Indeed, Cr2O3 is a transition-metal-oxide 
semiconductor belonging to the rhombohedral crystal system. Otoh, 
Cr2O3 has particular photoresponse properties, ensuring a good de-
tection within the long and large optical range [4]. Sb2O3 was 
acknowledged as playing several critical roles: reorienting the active 
lubricating component, providing a mechanically hard surface to 
support and isolate a thin layer of the active lubricant, preventing 
crack growth, and serving as an oxidation barrier [5]. Polyvinyl al-
cohol (PVA) is a biocompatible, fully biodegradable and non-toxic 
water-soluble polymer. It has gained increasing attention for bio-
medical applications. PVA-based nanocomposites combine the prop-
erties of both additives and polymers. Adding specified nanoparti-
cles (NPs) into the PVA matrix could modify its properties to be 
suitable for a particular application. These nanocomposites have 
several applications in the medical and engineering technologies be-
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cause of their electron transport, mechanical and optical properties 
[6]. The nanocomposites involved enhanced characteristics to apply 
in a variety of fields such as radiation shielding and bioenviron-
mental [7–12], optical fields [13–22], energy storage [23–25], elec-
tronics and optoelectronics [26–43], antibacterial [44–50], sensors 
[51, 52], etc. 
 Here, synthesis of PVA–Cr2O3–Sb2O3 nanocomposites and the op-
tical properties are studied to use in many optoelectronics fields. 

2. MATERIALS AND METHODS 

The PVA–Cr2O3–Sb2O3 nanocomposites films were synthesized using 
casting method. The pure polymer film was fabricated by dissolving 
of 0.5 gm PVA in 30 ml of distilled water by using magnetic stirrer 
to mix the polymer for 1 hour to obtain more homogeneous solu-
tion. The Cr2O3 and Sb2O3 nanoparticles were added to PVA of con-
stant concentration 1:1 with ratios of 2.2%, 4.4% and 6.6%. The 
optical properties of PVA–Cr2O3–Sb2O3 nanocomposites films were 
measured at wavelength ranged from 200 nm to 800 nm using the 
double beam spectrophotometer (Shimadzu, UV-1800A). The absorp-
tion coefficient ( ) is found by [53] as follows: 

 2.303A/t, (1) 

where A is the absorbance and t is the film thickness. The energy 
gap is given by [54] as follows: 

 
m

gah C h E , (2) 

where C is the constant; h  represents the photon energy; Eg indi-
cates to the energy gap, and m 2 and 3 for the allowed and forbid-
den indirect transitions, respectively. 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 display the variations of absorbance and transmit-
tance spectra of PVA–Cr2O3–Sb2O3 nanocomposites with wavelength. 
The PVA–Cr2O3–Sb2O3 nanocomposites include high absorbance val-
ues and low transmittance values for UV spectra, which related to 
the electrons excitation at these energies. The absorbance reduces 
while the transmittance increases with increasing of the photon 
wavelength. The absorbance values of PVA increases with rising of 
the Cr2O3–Sb2O3-NPs’ ratio, which can be related to the absorption 
and scattering of photons by nanoparticles. The absorbance of PVA 
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rises, while the transmittance is reduced with increasing of Cr2O3–
Sb2O3-NPs’ ratios, which is due to enhance in the number of charges 
carriers [55–65]. 
 The behaviour of absorption coefficient for PVA–Cr2O3–Sb2O3 
nanocomposites with energy of photon is shown in Fig. 3. The ab-
sorption coefficient for PVA–Cr2O3–Sb2O3 nanocomposites increases 
with photon energy and Cr2O3–Sb2O3-NPs’ ratio. 
 Figures 4 and 5 demonstrate the allowed and forbidden indirect 

 

Fig. 1. Variation of absorbance for PVA–Cr2O3–Sb2O3 nanocomposites with 
wavelength. 

 

Fig. 2. Transmittance behaviour for PVA–Cr2O3–Sb2O3 nanocomposites 
with wavelength. 
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energy gap for PVA–Cr2O3–Sb2O3 nanocomposites, respectively. The 
energy-gap values for PVA are reduced with increasing Cr2O3–
Sb2O3-NPs’ ratio that relates to the complex creation of charges’ 
transfer along with the PVA functional groups and Cr2O3–Sb2O3-
NPs’ atoms. The embedded Cr2O3–Sb2O3 NPs create a centre band 
among the PVA structure causing the decrease of energy gap for 
nanocomposites. 

 

Fig. 3. Absorption coefficient behaviour for PVA–Cr2O3–Sb2O3 nanocompo-
sites with photon energy. 

 

Fig. 4. Allowed indirect energy gap for PVA–Cr2O3–Sb2O3 nanocomposites. 
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 The reducing of energy gap is proposed to increase the localized 
levels in the nanocomposite structures [66–70]. 

4. CONCLUSIONS 

The current study comprised fabrication of PVA–Cr2O3–Sb2O3 nano-
composites to utilize them in numerous optoelectronics applications. 
The results showed that the absorbance and absorption coefficient 
of PVA are increased with increasing of the Cr2O3–Sb2O3-NPs’ con-
tent, while the transmittance and energy band gap are decreased 
with increasing of the Cr2O3–Sb2O3 content. The final results indi-
cated that the PVA–Cr2O3–Sb2O3 nanocomposites may be useful for 
various optoelectronics fields. 
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In this study, we investigate the effect of Li-doping concentrations (3, 6, 
and 9%) on the optical and electrical properties of Li-doped ZnO-
containing films. Li-doped ZnO films are fabricated by the RF-magnetron 
sputtering process. The optical and electrical properties of thin-film depo-
sition at different sputtering RF powers in the plasma chamber are inves-
tigated. The electrical and optical properties of the thin layer are studied. 
The results for the optical properties of thin films (ZnO/Li) show that the 
absorbance, absorption coefficient, and optical conductivity increase with 
increasing Li concentration, while the energy band gap and transmittance 
decrease with increasing Li concentration. For all tested temperatures, the 
D.C. conductivity of the ZnO film increases after Li doping. The D.C. test 
shows that all films have the same activation energy, and the value of 
this energy increases as the Li-doping ratio increases. The electrical prop-
erties of alternating current demonstrate that, as the frequency of the 
electric field increases, the dielectric constant and dielectric loss of all 
films decrease. 

Ó öüîìó äîñë³äæåíí³ ìè âèâ÷àºìî âïëèâ êîíöåíòðàö³é ëå´óâàëüíîãî 
Ë³ò³þ (3, 6 ³ 9%) íà îïòè÷í³ é åëåêòðè÷í³ âëàñòèâîñò³ ïë³âîê, ùî ì³ñ-
òÿòü ZnO, ëå´îâàíèõ Ë³ò³ºì. Ïë³âêè ZnO, ëå´îâàí³ Ë³ò³ºì, áóëî âèãîòî-
âëåíî ìåòîäîì ðàä³î÷àñòîòíîãî (Ð×) ìàãíåòðîííîãî ðîçïîðîøåííÿ. Äîñ-
ë³äæåíî îïòè÷í³ é åëåêòðè÷í³ âëàñòèâîñò³ îñàäæåííÿ òîíêèõ ïë³âîê çà 
ð³çíèõ ïîòóæíîñòåé Ð×-ðîçïîðîøåííÿ ó ïëàçìîâ³é êàìåð³. Äîñë³äæåíî 
åëåêòðè÷í³ é îïòè÷í³ âëàñòèâîñò³ òîíêîãî øàðó. Ðåçóëüòàòè ñòîñîâíî 
îïòè÷íèõ âëàñòèâîñòåé òîíêèõ ïë³âîê (ZnO/Li) ïîêàçóþòü, ùî ïîãëè-
íàííÿ, êîåô³ö³ºíò ïîãëèíàííÿ é îïòè÷íà ïðîâ³äí³ñòü çðîñòàþòü ç³ çá³-
ëüøåííÿì êîíöåíòðàö³¿ Li, òîä³ ÿê øèðèíà çàáîðîíåíî¿ çîíè òà êîåô³-
ö³ºíò ïðîïóñêàííÿ çìåíøóþòüñÿ ç³ çá³ëüøåííÿì êîíöåíòðàö³¿ Li. Äëÿ 
âñ³õ ïðîòåñòîâàíèõ òåìïåðàòóð ïðîâ³äí³ñòü íà ïîñò³éíîìó ñòðóì³ ïë³âêè 
ZnO çá³ëüøóºòüñÿ ï³ñëÿ ëå´óâàííÿ Li. Òåñò ñòîñîâíî ïîñò³éíîãî ñòðóìó 
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ïîêàçóº, ùî âñ³ ïë³âêè ìàþòü îäíàêîâó åíåðã³þ àêòèâàö³¿, à çíà÷åííÿ 
ö³º¿ åíåðã³¿ çðîñòàº ç³ çá³ëüøåííÿì ð³âíÿ ëå´óâàííÿ Ë³ò³ºì. Åëåêòðè÷í³ 
âëàñòèâîñò³ ñòîñîâíî çì³ííîãî ñòðóìó ïîêàçóþòü, ùî ç³ çá³ëüøåííÿì 
÷àñòîòè åëåêòðè÷íîãî ïîëÿ ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ 
âòðàòè âñ³õ ïë³âîê çìåíøóþòüñÿ. 

Key words: ZnO films, RF-magnetron sputtering method, Li doping, nano-
composite, optical and electrical properties. 

Êëþ÷îâ³ ñëîâà: ïë³âêè ZnO, ìåòîä ðàä³î÷àñòîòíîãî ìàãíåòðîííîãî ðîç-
ïîðîøåííÿ, ëå´óâàííÿ Ë³ò³ºì, íàíîêîìïîçèò, îïòè÷í³ é åëåêòðè÷í³ 
âëàñòèâîñò³. 
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1. INTRODUCTION 

The numerous commercial applications of ZnO nanostructures in 
medication, colorants, catalysts, ceramics, and elastic-added sub-
stances have made it one of the most promising oxide materials. 
ZnO nanostructures have the potential to be utilized in sun-powered 
cells, anodes, sensors, straightforward UV defensive coatings, UV 
outflow, surface acoustic waves, and magnetooptical frameworks 
[1–8]. In any case, to create ZnO-based optoelectronic gadgets, the 
fabric must be doped to get n-type and p-type. Common ZnO shows 
n-type conductivity due to rotating zinc or oxygen openings, as is 
broadly known. 
 Nevertheless, it is troublesome to get steady p-type ZnO, primari-
ly since the acceptor can compensate for characteristic absconds [9, 
10]. Another issue that limits p-type conduction in ZnO is the near-
ness of remaining pollutants at noteworthy donor-like concentra-
tions [11]. 
 To date, a number of reports [12–19] have been distributed on p-
type Li-doped ZnO lean movies manufactured by different strategies 
and explored the impact of arrangement conditions such as temper-
ature and post-incubation concentrations lean layer motion picture 
resource. In any case, to our knowledge, some papers on Li-doped 
ZnO sol–gel lean movies with p-type nanostructures have been dis-
tributed [18, 19]. It has been specified that p-type conduction can 
happen when the Li concentration is greater than or breaks even at 
10%. 
 In this study, we examine the manufacture of Li-doped ZnO lean 
movies by the RF-magnetron sputtering process. How the degree of 
Li doping influences the optical and electrical properties of ZnO will 
be talked about. We particularly examined the impact of lithium 
concentration on the properties of ZnO. 
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2. EXPERIMENTAL WORK 

RF-magnetron sputtering strategy was utilized to create zinc oxide 
coating on glass substrate. 
 After being treated in acetone and corrosive arrangement 
(1/3HCl/2/3HNO3), the substrates (18 mm 26 mm 1 mm glass 
slides) were cleaned with an ultrasonic cleaner. A base radiator is 
mounted on the water-cooled anode. On the water-cooled anode, a 
foundation radiator was introduced. In expansion, the substrates 
were put 65 mm from the target surface and turned 15 times per 
miniature. 
 The substrate temperature was measured using a thermocouple 
and controlled using a feed-back-controlled radiator, which changed 
from room temperature to 400 C. 
 To avoid defilement from other gases within the chamber, the 
chamber was purged to an extreme background weight of 1 Pa ear-
lier in testimony. The restricted amounts of other extra gases were 
at that point flushed out of the chamber, and the substrate surface 
was cleaned for 15 minutes with unadulterated argon gas. 
 After almost five minutes of pre-sputtering to evacuate the sur-
face oxide layer from the target, testimony was started on the ZnO 
target. 
 Sputtering was carried out for 120 minutes at a weight of 0.6 
Dad in high-quality argon gas (99.999%). 
 Optical interferon is utilized to determine the thickness of the 
film. The Shimadzu UV 3100 S spectrometer with double beam and 
coordinate circle is utilized to assess optical reflectivity and trans-
mittance within the 300–1800 nm wavelength range. Utilizing 
Swanepoel’s method, the refractive file was assessed from the opti-
cal information. 
 The test is warmed in a broiler set to a temperature of 50 C to 
80 C, amid which the D.C. resistance and conductivity are recorded. 
 The A.C. electrical conductivity was tested using an LCR meter 
(HIOKI 3532-50 LCR Hi TESTER (Japan)). 

3. RESULTS AND DISCUSSION 

3.1. Optical Properties 

The objective of this study was to determine the impact of Li-
doping concentrations 3, 6, and 9 at.% on the optical properties of 
Li-doped ZnO movies. 
 Inquire about examining the ghostly absorbance of movies at moo 
temperatures, understanding sorts of electronic moves, and calcu-
lating vitality contrasts and optical constants. 
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3.1.1. Absorbance 

Figure 1 shows the change in absorbance with wavelength of Li-
doping concentration 3, 6 and 9 at.% at low temperature. We note 
that the absorbance of ZnO in the UV region is very high with dif-
ferent Li doping. They are almost equal because the energy of the 
incident photon of lengths of 400 nm and above is small and not 
sufficient for electronic transmission. While the energy of ultravio-
let waves is high, greater than 3 eV, it is enough to shift one elec-
tron from the valence band to the conduction band. This disintegra-
tion occurs at a slower rate in the visible and near-infrared ranges, 
due to the absorption of the ZnO in the ultraviolet region, and the 
absorption of the composites increases too with the increase in the 
Li concentration. 

3.1.2. Transmittance 

Figure 2 presented the spectrum of optical transmittance as a func-
tion of the wavelength of the light incident on ZnO by adding dif-
ferent concentration of Li doping. The transmittance decreases as 
the doping ratios increase. All thin films, including Li, have a high 
transmittance, greater than 88%, according to the spectra. This is 
because scattering effects have been reduced, structural homogenei-
ty has improved, and the crystalline state has improved. 

3.1.3. Absorption Coefficient (A) 

Figure 3 demonstrates that the absorption coefficient ( ) of elabo-
rated thin films increases as the Li-doping ratios increase, which is 

 

Fig. 1. Absorbance spectra of ZnO/Li thin films versus the wavelength. 
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due to an increase in the number of charge carriers in the films. 
The result of absorption coefficient ( ) for all prepared nanocompo-
sites presented smallest at low energies that could relate to the lit-
tle possibility of electron transition. Whereas it increases with in-
creasing energy of the incident photon, this indicates that the elec-
tron transition has a high probability. The energy of the incident 
photon is sufficient to interact with atoms. Indirect electronic tran-
sitions are extremely likely to occur in accordance with the absorp-
tion coefficient ( ) values of the prepared films (less than 104 cm 1). 

3.1.4. Optical Energy Gaps Allowed 

The plot of (h )1/r at r 2 versus the energy of the photon (h ) may 

 

Fig. 2. Optical transmittance of the Li–ZnO films versus the wavelength. 

 

Fig. 3. Absorption coefficient as a function of the incident photon energy 
of the Li-doped ZnO films with various doping ratios. 
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be used to calculate the optical-band energy gap as shown in Fig. 4 
based on the absorbance coefficient of Li-doped ZnO thin sheets. 
 The values, which we obtained, are shown in Table 1, where we 
notice that the values of the energy gap decrease with the increase 
in the weight percentages of Li doping. The equivalence package to 
the local levels and the second transition from the local levels to the 
delivery package is a result of increasing the proportion of the dop-
ing. 

3.1.5 Refractive Index 

Figure 5 represents the difference in the refractive index (n) of the 
Li-doped ZnO thin films with the emitted photon energy. 
 The values are increased with the increase in the photon energy, 
and this indicates that the electromagnetic radiation passes through 
the Li-doped ZnO films slower in the ultraviolet and visible regions; 
nevertheless the speed is higher in the visible and near-infrared 
spectrums. 
 The refractive index is also increased with the Li doping [in the 
weight percentages] in relation to the density of the composites. 

 

Fig. 4. Permissible direct electronic transitions of the Li-doped ZnO films 
with various doping ratios. 

TABLE 1. Optical energy gap values allowed for the Li-doped ZnO films. 

Li doping, % Allowed 
0 4.25 
3 4.1 
6 3.29 
9 3.7 
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3.1.6. Extinction Coefficient 

Figure 6 depicts the difference in the coefficient of extinction (k) as 
a function of photon energy for Li-doped ZnO thin film compounds. 
The coefficient of extinction increases as the concentration of Li 
doping increases. With an increase in the concentration of Li dop-
ing, the deviation increases, so, extinction coefficient (k) will in-
crease as a result of the centres of diffusion in the compounds. 

3.1.7. Dielectric Constant (Real and Imaginary Parts of ( r, i)) 

Figures 7 and 8 present the variation of the real ( r) and imaginary 
( i) components of the dielectric constant for pure ZnO and Li-doped 

 

Fig. 5. Refractive index of the Li-doped ZnO films with various doping 
ratios. 

k 

 

Fig. 6. Extinction coefficient of the Li-doped ZnO films with various dop-
ing ratios. 
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ZnO films as functions of photon energy ( r) presented how much 
the speed of light was slow down in the material, which is consid-
ered a measure of the polarity of a material, whereas ( i) demon-
strated the dielectric absorb energy by the electric field through the 
dipole motion. It can be observed that there is an increase in the 
values of ( r) at low photonic energies followed by a clear decrease 
in the higher energies for all nanocomposite films. A rise in the die-
lectric constant of Li-doped ZnO films represents a little rise in ZnO 
internal charges. 

3.1.8. The Optical Conductivity 

Figure 9 shows how optical conductivity changes as a function of 

 

Fig. 7. Real dielectric constant of Li-doped ZnO films with various doping 
ratios. 

 

Fig. 8. Imaginary dielectric constant of Li-doped ZnO films with various 
doping ratios. 
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wavelength. The graph demonstrates that, as the wavelength in-
creases, the optical conductivity of all Li-doped ZnO films diminish-
es. This conductivity-related behaviour is strongly influenced by the 
radiation wavelength when it hits the nanocomposite samples. 
 The higher absorption of all Li-doped ZnO films in this region, 
and thus increased charge transfer excitations, causes an increase 
in optical conductivity at a low photon wavelength. The samples 
transmit light in the visible and near-infrared spectrum, according 
to the optical conductivity spectra. 

3.2. The Direct Current Electrical Properties of the Li–ZnO Films 

3.2.1. The Electrical Conductivity of the Li–ZnO Films 

The D.C. electrical conductivity ( ) is affected by several factors, 
along with the preparation method and the measurement circum-
stances. 
 Figure 10 depicts the temperature (T) and Li-doping dependences 
of  in ZnO films. 
 The increase in  with Li-doping content could be attributed to 
the formation of connected networks in the matrix of the thin film. 
However, since ZnO is a semiconductor, doping it with Li may re-
sult in the development of energy levels inside the energy band gap 
that act as traps for charge carriers that bounce between these lev-
els, boosting DC. 
 Figure 10 also demonstrates that the DC rises with T. This indi-
cates that these films have undergone thermal activation and exhib-
it semiconductor behaviour. 

 

Fig. 9. The optical conductivity values versus wavelength of Li-doped ZnO 
films with various doping ratios. 



632 Israa Akram ABBAS, Ameera J. KADHM, and Raheem Lafta ALI 

3.2.2. Activation of the Li-Doped ZnO Films 

Figure 11 displays the variation of the absolute temperature 103/T 
measured at a temperature range 285–330 K for Li-doped ZnO films 
as a function of ln. 
 Electrical activation energy (Eac) calculations showed values be-
tween 1.576 eV and 1.912 eV, as shown in Table 2. 
 The presence of free ions in the films is that caused the high 
electrical activation energy for pure ZnO. 
 The drop in activation energies with increasing Li doping is re-
lated to an increase the energy gap between the local and global lev-
els, which trap charge carriers and are crucial for the transport of 
charges. 

 

Fig. 10. The relationship between D.C. conductivity ( ) and Li-doped ZnO 
films with various doping ratios. 

 

Fig. 11. ln  versus (103/T) of Li-doped ZnO films with various doping rati-
os. 



 STUDY OF THE EFFECT OF Li DOPING ON ZnO FILMS 633 

3.3. The Li–ZnO Films’ A.C. Electrical Properties 

3.3.1. The Dielectric Constant 

The value of the dielectric constant indicates a materials’ capacity 
to absorb electricity produced by an applied electric field. Figure 12 
illustrates how the dielectric constant varies with the electric field 
frequency range of 102 to 106 Hz at room temperature. The ratio of 
3% Li doping demonstrates the decrease in dielectric constant with 
rising electric field frequency. This could be as a result of dipole 
samples’ propensity space charges’ polarization is reducing as they 
try to align themselves with the directions of applied electrical 
fields and with respect to total polarization. The most significant 
form of polarization is space charge polarization at low frequencies, 
and as frequency rises, it loses significance. 

3.3.2. The Dielectric Loss 

The dielectric loss is a measurement of the amount of electrical en-
ergy lost in the sample as a result of the applied-field conversion to 

TABLE 2. The electrical activation-energy values’ experimental results. 

Samples Activation energy, eV 

ZnO/Li 0% 1.912 
ZnO/Li 3% 1.743 
ZnO/Li 6% 1.613 
ZnO/Li 9% 1.576 

 

Fig. 12. The dependence of dielectric constant of Li-doped ZnO films with 
various doping ratios and frequency at room temperature. 
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thermal energy. The relationship between dielectric loss and the 
electric field frequency range of 102–106 Hz. Figure 13 shows thin 
Li–ZnO films at ambient temperature that thin out as the applied 
electric-field frequency increases. Reduced space charge polariza-
tion’s contribution is what causes this. 

3.3.3. The Electrical Conductivity of A.C. 

As the electric-field frequency increases, the A.C. conductivity in-
creases noticeably. This relationship between the A.C. electrical 
conductivity and the electric-field frequency range of 102–106 Hz 

 

Fig. 13. Li-doped ZnO films’ dependence on dielectric loss with various 
doping ratios and frequency at RT. 

 

Fig. 14. Variation of A.C. electrical conductivity of Li-doped ZnO films 
with various doping ratios and frequency at room temperature. 
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and both the ZnO and Li doping at room temperature is shown in 
Fig. 14 for all Li–ZnO thin film samples. This is caused by the hop-
ping motion of charge carriers and space charge polarization, both 
of which occur at low frequencies. Moreover, as the percentage of 
Li doping rises, conductivity rises as well. Due to the regular dis-
tribution of charge carriers in the Li–ZnO thin films, the increase 
in space charge as a result of this behaviour is caused by the in-
crease in carriers of charge. 

4. CONCLUSION 

In this work, we examine the impacts of Li doping concentration on 
the electrical and optical characteristics of Li-doped ZnO films with 
concentrations 3, 6, and 9 at.%. RF magnetron sputtering was used 
to create Li-doped ZnO films. The optical characteristics for thin 
films of (ZnO/Li) revealed that the absorbance, absorption coeffi-
cient, and optical conductivity increase as Li concentrations in-
crease, whereas the transmittance and energy band gap decreased as 
Li concentrations increase. The Li-doped ZnO films’ D.C. conductiv-
ity at low temperatures was compared to their A.C. electrical char-
acteristics. It is shown that, for all various weight percentages of 
Li, the dielectric constant and dielectric loss decrease as the electric 
field frequency rises. All films have single activation energy, ac-
cording to the electrical characteristics for D.C. measurements, and 
its value rises with an increase in the percentage of addition. 
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The thermal conductivity of the composite materials based on the com-
mercial ZnO micropowder with reduced graphene oxide (1 vol.%) powder 
dispersed in the polymethylsiloxane (silicone oil) is measured using the 
radial heat-flow method. The thermal conductivity of the composite mate-
rial based on the commercial ZnO micropowder with an average particle 
size of 50 μm and reduced graphene oxide is found to be 9.4 W/(m∙K). At 
room temperature, the values of the dielectric permittivity at the measur-
ing electric-field frequencies of 50 Hz and 1 MHz and the specific volume 
electrical resistance for the composite are obtained. An increase in the 
values of both the coefficient of thermal conductivity and the dielectric 
constant as well as a decrease in the specific volume electrical resistance 
due to a change in the volume fraction of reduced graphene oxide in the 
composite from 0.5 vol.% up to 1 vol.% are recorded. 

Ìåòîäîì ðàä³ÿëüíîãî òåïëîâîãî ïîòîêó âèì³ðþâàëè òåïëîïðîâ³äí³ñòü 
êîìïîçèö³éíèõ ìàòåð³ÿë³â íà îñíîâ³ êîìåðö³éíîãî ì³êðîïîðîøêó ZnO ç 
â³äíîâëåíèì ïîðîøêîì îêñèäó ãðàôåíó (1 îá.%), äèñïåð´îâàíîãî ó ïî-
ë³ìåòèëñèëîêñàí³ (ñèë³êîíîâà îë³ÿ). Âñòàíîâëåíî, ùî òåïëîïðîâ³äí³ñòü 
êîìïîçèö³éíîãî ìàòåð³ÿëó íà îñíîâ³ êîìåðö³éíîãî ì³êðîïîðîøêó ZnO 
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³ç ñåðåäí³ì ðîçì³ðîì ÷àñòèíîê ó 50 ìêì ³ â³äíîâëåíîãî îêñèäó ãðàôåíó 
ñòàíîâèòü 9,4 Âò/(ì Ê). Çà ê³ìíàòíî¿ òåìïåðàòóðè îäåðæàíî çíà÷åííÿ 
ä³åëåêòðè÷íî¿ ïðîíèêíîñòè íà ÷àñòîòàõ âèì³ðþâàëüíîãî åëåêòðè÷íîãî 
ïîëÿ ó 50 Ãö òà 1 ÌÃö ³ ïèòîìîãî îá’ºìíîãî åëåêòðè÷íîãî îïîðó äëÿ 
êîìïîçèòó. Áóëî çàô³êñîâàíî çá³ëüøåííÿ çíà÷åíü êîåô³ö³ºíòà òåïëîï-
ðîâ³äíîñòè é ä³åëåêòðè÷íî¿ ïðîíèêíîñòè òà çìåíøåííÿ ïèòîìîãî 
îá’ºìíîãî åëåêòðîîïîðó çà ðàõóíîê çì³íè îá’ºìíî¿ ÷àñòêè â³äíîâëåíîãî 
îêñèäó ãðàôåíó â êîìïîçèò³ â³ä 0,5 îá.% äî 1 îá.%. 

Key words: reduced graphene oxide, zinc oxide, composites, thermal con-
ductivity, dielectric constant, specific volume electrical resistance. 

Êëþ÷îâ³ ñëîâà: â³äíîâëåíèé îêñèä ãðàôåíó, îêñèä Öèíêó, êîìïîçèòè, 
òåïëîïðîâ³äí³ñòü, ä³åëåêòðè÷íà ïðîíèêí³ñòü, ïèòîìèé îá’ºìíèé åëåêò-
ðè÷íèé îï³ð. 
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1. INTRODUCTION 

There is a problem with effective heat removal from heat-
generating working elements of electronic devices, in particular 
processors, chipsets, computer video accelerators, high-power LEDs 
and lasers. If heat is not removed, this can lead not only to a signif-
icant deterioration in the performance of devices, but also to their 
failure [1]. To remove heat from the heat-generating working ele-
ments of electronic devices, thermal greases are widely used, which 
consist of a substance in a liquid state (for example, silicone oil, 
polyol, etc.) and a wide variety of fillers-thickeners (for example, 
Ag, SiO2, ZnO, BN, AlN, Al2O3, graphite, graphene, carbon nano-
tubes, diamonds, etc.) [2]. 
 Graphene has a record value of the coefficient of thermal conduc-
tivity among all known materials [3]; that is why it has attracted 
considerable scientific interest for its application in thermal man-
agement [1–7]. Graphene-containing commercial thermal greases are 
already available. For example, ‘Baircool’, ‘Scythe Thermal Elixer 
G’ and ‘Hi-G Thermal Grease’. The thermal conductivity coeffi-
cients of the above thermal greases are in the range from 4 to 11 
W/(m K), and their composition is a trade secret. On the other 
hand, reduced graphene oxide (rGO) is more stable than graphene 
[8]. The thermal conductivity of the rGO can reach 2600 W/(m∙K) 
and depends on the concentration of oxygen atoms in rGO [9]. In 
addition, according to [10], silicone thermal greases with rGO and 
hBN (hexagonal boron nitride) are promising. 
 In this work, in the continuation of our previous studies [3], we 
investigated the effect of increasing the volume fraction of reduced 
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graphene oxide from 0.5 vol.% to 1 vol.% on the specific volume 
resistance, dielectric permittivity, and thermal conductivity of the 
composite material based on ZnO, rGO, and polymethylsiloxane. 

2. EXPERIMENT 

The composite materials were produced by dispersing of ZnO mi-
cropowder with an average particle size of 50 μm (99.7%, 
UKRZINC, Kyiv, Ukraine) with rGO powder (0.5 vol.% or 1 vol.%, 
purchased from Sigma-Aldrich, Saint Louis, USA) in the polyme-
thylsiloxane PMS 1000 (silicone oil, purchased from Sfera Sim, 
Lviv, Ukraine). The silicone oil and the fillers were taken in a vol-
ume ratio of 3:7. According to the certificate of analysis obtained 
from Sigma-Aldrich, the rGO contained 83% of carbon and 4% of 
nitrogen by mass. 
 Determination of the thermal conductivity of the composites was 
carried out by radial heat flow method [3, 11]. 
 The values of dielectric permittivity and specific volume electri-
cal resistance at room temperature and different frequencies of 
measuring electric field were obtained by LCR Meter IM3536-01 
(HIOKI E. E. Corporation, Nagano, Japan). 
 The free software ‘RealTemp’ and ‘CPU Burn-in v1.0’ were used 
for testing of the thermally conductive composites. ‘RealTemp’ is a 
program for monitoring the temperature of computer processor 
cores. It was designed for Intel Single Core, Dual Core, Quad Core, 
and Core i7 processors. Each core in these processors has a digital 
thermal sensor. ‘CPU Burn-in v1.0’ is a program that ‘heats’ any 
processor with ‘x86’ architecture to the maximum possible operat-
ing temperature, accessible using a conventional software. 

3. RESULT AND DISCUSSION 

Figure 1 and Figure 2 presents the time dependences of the proces-
sor operating temperature. They were measured starting from the 
moment of turning on (Fig. 1)/off (Fig. 2) the stable load of the 
computer, using different layers of composite material between the 
surfaces of the processor and the copper heatsink used for heat dis-
sipation. It has been found that heat was removed much better 
when using a composite with higher rGO concentration. 
 At room temperature, the obtained values of the dielectric per-
mittivity  at the frequencies of electric measuring field 50 Hz 
or 1 MHz and specific volume electrical resistance  ( 50 Hz) 
for the two composites are given in Table. 
 The thermal-conductivity coefficient  [W/(m K)] of the compo-
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sites is calculated on the basis of the following relation [3, 11]: 

 1 2

1 2

ln /

2

r r
K UI

l T T
, (1) 

 

Fig. 1. The time dependences of the processor operating temperature, 
measured starting from the moment of turning on the stable load of the 
computer, using different layers of composite material between the surfac-
es of the processor and the copper heatsink used for heat dissipation: 1—
composite based on ZnO, rGO (0.5 vol.%) and polymethylsiloxane; 2—
composite based on ZnO, rGO (1 vol.%) and polymethylsiloxane. 

 

Fig. 2. The time dependences of the processor operating temperature, 
measured starting from the moment of turning off the stable load of the 
computer, using different layers of composite material between the surfac-
es of the processor and the copper heatsink used for heat dissipation: 1—
composite based on ZnO, rGO (0.5 vol.%) and polymethylsiloxane; 2—
composite based on ZnO, rGO (1 vol.%) and polymethylsiloxane. 
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where K is the factor of the axial heat loss through the plugs of the 
measuring cell (depends on the plug material and is calculated by 
reference to a sample with known thermal conductivity); r1 and r2—
the inner and outer radii of the cylindrical composite layer; T1 and 
T2—the temperatures of the internal and external surfaces of the 
composite layers; l—the length of the cylindrical composite layer; 
U—the voltage on the heater; I—the current in a heater. 
 The value of the thermal conductivity of the composite materials 
based on ZnO powders with a grain size of 50 μm with rGO (1 
vol.%), calculated according to Eq. (1), was found to be equal to 9.4 
W/(m K). The relative measurement error did not exceed 10%. 
 An increase in the values of the coefficient of thermal conductiv-
ity and dielectric constant and a decrease in the specific volume re-
sistance due to a change in the volume fraction of reduced graphene 
oxide in the composite from 0.5 vol.% up to 1 vol.% are associated 
with the physical properties of rGO ( 2600 W/(m K), 1130 
( 50 Hz), 1.4 10 2 Ohm cm), the Maxwell–Wagnare–Sillars in-
terfacial polarization and more formation of the microcapacitor 
structures [3]. 

4. CONCLUSIONS 

In summary, the coefficients of thermal conductivity of the compo-
site material based on the ZnO with rGO (1 vol.%) powders dis-
persed in the polymethylsiloxane were determined by radial heat 
flow method. It was found to be equal to 9.4 W/(m K). The differ-
ences in the electrophysical properties of rGO (0.5 vol.%)–ZnO–
polymethylsiloxane and rGO (1 vol.%)–ZnO–polymethylsiloxane 
composites are explained by an increase in the Maxwell–Wagnare–
Sillars interfacial polarization, the concentration of microcapacitor 

TABLE. Room-temperature electrophysical parameters of the studied ma-
terials. 

Parameter 
Composite based on ZnO 

and rGO (0.5 vol.%) 
powders [3] 

Composite based on 
ZnO and rGO (1 vol.%) 

powders 
Specific volume electrical 
resistance at frequency 
of 50 Hz, Ohm cm 

8·109 2.5·109 

Dielectric constant at 
frequency of: 
50 Hz 
1 MHz 

 
 

60 
43 

 
 

71 
54 
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structures and reduced graphene oxide. The high performance of 
rGO–ZnO composite synthesized by a simple and facile process in 
this work shows promising potential in thermal control of the elec-
tronic devices. 
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This work aims to design the new polyvinyl alcohol (PVA)/zinc oxide 
(ZnO)/tin oxide (SnO2) nanostructures as potential nanomaterials to utilize 
in numerous nanoelectronics devices. The optimization, structural and 
electronic properties of designed nanostructures are investigated. The re-
sults show that the electronic properties of PVA are enhanced by adding 
ZnO/SnO2 nanostructures. The energy gap is reduced from 5.147 eV for 
PVA to 2.893 eV with adding ZnO/SnO2 nanostructures. Finally, obtained 
results on electronic properties show that the PVA/ZnO/SnO2 nanocompo-
sites manifest excellent electronic properties, which made them as promis-
ing nanomaterials for nanoelectronics applications. 

Öþ ðîáîòó ñïðÿìîâàíî íà ðîçðîáêó íîâèõ íàíîñòðóêòóð ïîë³â³í³ëîâîãî 
ñïèðòó (ÏÂÑ)/îêñèäó Öèíêó (ZnO)/îêñèäó Ñòàíóìó (SnO2) ÿê ïîòåíö³é-
íèõ íàíîìàòåð³ÿë³â äëÿ âèêîðèñòàííÿ ó áàãàòüîõ ïðèñòðîÿõ íàíîåëåêò-
ðîí³êè. Äîñë³äæåíî îïòèì³çàö³éí³, ñòðóêòóðí³ é åëåêòðîíí³ âëàñòèâîñò³ 
ðîçðîáëåíèõ íàíîñòðóêòóð. Ðåçóëüòàòè ïîêàçàëè, ùî åëåêòðîíí³ âëàñ-
òèâîñò³ ÏÂÑ ïîë³ïøóþòüñÿ çàâäÿêè äîäàâàííþ íàíîñòðóêòóð ZnO/SnO2. 
Åíåðãåòè÷íà ù³ëèíà çìåíøóºòüñÿ â³ä 5,147 åÂ äëÿ ÏÂÑ äî 2,893 åÂ ç 
äîäàâàííÿì íàíîñòðóêòóð ZnO/SnO2. Íàðåøò³, îäåðæàí³ ðåçóëüòàòè 
ñòîñîâíî åëåêòðîííèõ âëàñòèâîñòåé ïîêàçàëè, ùî íàíîêîìïîçèòè 
ÏÂÑ/ZnO/SnO2 ìàþòü ÷óäîâ³ åëåêòðîíí³ âëàñòèâîñò³, ùî ðîáèòü ¿õ ïåð-
ñïåêòèâíèìè íàíîìàòåð³ÿëàìè äëÿ çàñòîñóâàííÿ â íàíîåëåêòðîí³ö³. 

Key words: PVA, SnO2, ZnO, nanocomposite, energy gap, nanoelectronics. 
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òè÷íà ù³ëèíà, íàíîåëåêòðîí³êà. 

(Received 18 August, 2023) 
  

1. INTRODUCTION 

Recent years have seen a rise in the use of nanocomposite materials 
in scientific research, with the promotion of physical properties and 
changes in energy storage technologies as essential components for 
practical applications. The current applications of nanocomposites 
include high-energy batteries, fuel cells, microwave absorbers, opto-
electronics, gas sensors, and UV filters [1]. Polyvinyl alcohol (PVA) 
is an atactic, semi-crystalline polymeric material that possesses ex-
cellent biodegradability, biocompatibility, useful mechanical proper-
ties, excellent optical properties, and non-toxicity, hence its wide 
range of applications. Other excellent properties of polyvinyl alco-
hol include thermal stability, water solubility, excellent optical 
transmission, and non-corrosiveness. These features, especially its 
optical properties such as the refractive index and energy gap, pro-
mote its industrial and technological uses as an optoelectronic ma-
terial, a coating material, a solar cell component, a super capacitor 
component, and a component of several kinds of sensors [2]. 
 Because of its large exciton binding energy (60 meV) and direct 
band gap energy (3.37 eV), the applications of heterostructure based 
on zinc oxide attracted great interest [3]. ZnO is an interesting sem-
iconductor for development of many advanced technologies because 
of its direct wide band gap and optical transparency, which lead to 
good optical and electronic properties. They are promising candi-
dates in flat panel displays to see through front faced electrodes, 
light-emitting devices, solar cell and gas sensors [4]. 
 Tin oxide (SnO2) is an n-type semiconductor that possesses a high 
optical gap (3.6–4.0 eV) and has a variety of applications. Some of 
these applications include secondary lithium batteries, solar cells, 
gas sensors, and glass electrodes. It has a structure known as te-
tragonal rutile, and the inherent oxygen vacancies in this structure 
operate as an n-type dopant [5]. 
 There many studies on metal oxides doped polymers to apply in 
various electronics and optical fields [6–10]. This work aims to de-
sign of PVA/ZnO/SnO2 nanocomposites as potential nanomaterials 
to use in many nanoelectronics fields. 

2. COMPUTATIONAL DETAIL 

In this work, all the geometric structures are optimized and consid-
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ered by density functional theory (DFT) with B3LYP [11] functional 
and the 6-31G (d) basis set, which applied in Gaussian 09 software 
[12]. This chemical model has been extensively used to relax the ge-
ometry and calculate the optoelectronic properties, such as total en-
ergies (ET), Fermi level energy (EFl), orbital distributions (HOMO, 
LUMO), energy gap (Eg), and electronic-transition energies. These 
methods are not only encouraging more profound understanding of 
the association between the optoelectronic properties and chemical 
structures of the molecule structures but also may be used to design 
new molecule structures. To evaluate the reactivity and the stability 
of the composites, DFT-based descriptors were calculated [12, 13]: 
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with IP, EA, , , S, and —the ionization potential, electron affin-
ity, chemical potential, chemical hardness, chemical softness, and 
electrophilicity, respectively, while E, N and V(r) are the total elec-
tron energy, number of electrons, and external potential, respec-
tively. There are two different methods to calculate the above the 
global quantities. The first is a finite difference approximation, 
which based on the differences of total electronic energies, when an 
electron is removed or added in accordance with the neutral mole-
cule. 
 The second is Koopmans’ theorem, which based on the differences 
between the HOMO and LUMO energies for the neutral molecule 
[12]. Using a finite difference approximation, the global quantities 
can be given by [14–16] as follow: 

 HOMOPI E , LUMOAE E , 
2 

P AI E
. (5) 

Then, using Koopmans’ theorem, the above equations can be given 
as follow: 
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3. RESULTS AND DISCUSSION 

The molecules studied are represented in Figs. 1, 2. Computational 
analyses were performed using the Gaussian 09 suite of programs 
[11, 15] and the density functional theory (DFT) methods. 
 Figures 2 and 3 display the geometrical optimization of the sug-
gested structures investigated in this research after relaxing. These 
structures include polyvinyl alcohol (PVA), and PVA–ZnO–SnO2. 
The studied-geometry optimization yielded results, which agree well 
with experimental data, particularly, in terms of the composites’ 
structural properties. The relaxed structures under examination ex-
hibited carbon–carbon-bond lengths within the ranges of C–C: 1.534 
Å, C=C: 1.361 Å, C C: 1.422 Å, C–H: 1.092 Å, C–O: 1.23 Å, O–H: 
0.978 Å, Zn–O: 1.98 Å and Sn–O: 2.012 Å, as shown in Figs. 2 and 

 
One monomer 

 

Fig. 1. Structure of PVA before relaxing. 

 

Fig. 2. Structure of PVA after relaxing. 
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3. These findings are consistent with the bond lengths observed in 
aromatic rings [12, 13]. 
 The atoms bonded to carbon and oxygen can vary in type, size, 
and electronic effects, and the presence of different atoms (Zn, Sn) 
adjacent to carbon and oxygen can lead to changes in the chemical 
environment and consequently affect the bond length. Oxidation of 
carbon or oxygen in the molecule can also influence the chemical 
environment and, consequently, the bond length. For example, the 
carbon in the C=O bond in ketones may have a different oxidation 
state compared to the carbon in the C–O bond in alcohols. Addition-
ally, interactions between adjacent molecules and electrostatic forc-
es between them can also affect the bond length. The presence of 
positive or negative electrostatic charges in neighbouring molecules 
can influence electron transfer, and factors such as transition-state 
effects, hydrogen-bonding interactions, and bond polarization can 
influence the bond length too. All of these factors contribute to de-
termining the bond length between carbon and oxygen in organic 
molecules [13–15]. 
The Geometrical Optimization of Polymeric Composites, PVA and 
PVA–ZnO–SnO2. It possesses structural properties, which agree 
well with the experimental data in terms of bond length and bond 
strength, and this indicates that these materials show interactions 
and properties that are well compatible with each other from the 
physical and chemical points of view as shown in Fig. 3. This means 

 

Fig. 3. Structure of PVA–ZnO–SnO2 composites. 
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that they are able to interact with each other effectively and form 
new compounds or compounds in a consistent and homogeneous 
manner. This compatibility indicates that the said materials may be 
suitable for use in joint applications or in forming composite com-
positions that benefit from their combined interactions [11, 12, 16]. 
 Table shows the ground state calculations of the polymeric com-
posites in this work at the minimum energy. These calculations are 
included the total energy in a.u., IP and EA in [eV] calculated due to 
Koopmans’ theorem, forbidden energy gap Eg in [eV], S in [eV 1],  
in [eV],  in [eV], and  in [eV]. In addition, the calculations are 
included the density of states (DOS), HOMO energies (EHOMO) and 
LUMO energies (ELUMO). 
 The total energy ET of polymeric composites under study is very 
small; this result is a reflection of the binding energy of each struc-
ture. Thus, polymeric composites with lower total energy may have 
limited energy storage capabilities. This is due to the specific mate-
rial selection or composition of the composites that is desirable in 
some applications where lightweight materials are required [11, 17]. 
 In addition, both the IP and the EA differ in value, where IP and 
EA for PVA–ZnO–SnO2 are higher than for PVA. A higher value in-
dicates that the material has a stronger tendency to retain its elec-
trons (higher ionization potential) or to attract additional electrons 
(higher electron affinity). These differences in electronic properties 
can arise from variations in the chemical composition, structure, or 
bonding characteristics of the polymeric composites. Factors such as 
the presence of different functional groups, molecular weight, or 
the arrangement of atoms within the composite can influence these 
electronic properties [13, 18]. 
 The above results are corresponding to S,  and  of the struc-
tures PVA and PVA–ZnO–SnO2; the results showed that the poly-
meric composites has large value of  and . This indicates a great-
er energy requirement meaning that the system is relatively more 
stable and less reactive towards electron transfer, while small value 
of S, whereas shown in Table. But, for PVA and PVA–ZnO–SnO2, 
the value of chemical hardness and electrophilicity decreases, while 
the chemical softness increases, and this is due to the compatibility 
and good distribution of materials within the polymer, where you 
indicate higher values of chemical softness indicating a lower ener-
gy requirement for electron transfer, implying higher reactivity, 
and a greater tendency to undergo electronic changes [14, 19]. 
 The results indicate a decrease in the Eg values, when adding 
ZnO–SnO2 to PVA. This is an indication of the closeness of the 
HOMO and LUMO values to each other and, thus, the possibility of 
an electronic transition between the valence band and the conduc-
tivity one. 
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 In addition, when these materials are added to the polymer, they 
interact and interfere with the existing polymer structures. This 
reaction leads to the formation of new energy states within the pol-
ymer, and these states are less energetic than the original states 
that results in a decrease in the value of the energy gap [12, 14]. 
 Through Figs. 4 and 5, one can see that the HOMO and LUMO 
for the PVA–ZnO–SnO2 are more stable in comparison with PVA. 
There is a clear difference in the electronic distribution of ship-
ments due to the withdrawal of shipments. HOMO (Highest Occu-
pied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular 
Orbital) are commonly used in the field of molecular orbital theory 

 
HOMO 

 
LUMO 

Fig. 4. The shapes of HOMO and LUMO for PVA. 
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to describe the energy levels of electrons within the molecule. These 
energy levels play a significant role in determining the chemical 
and physical properties of the molecule [14, 20, 21]. 
 The HOMO represents the highest energy level occupied by electrons 

in a molecule in its ground state; it corresponds to the valence elec-
trons, which are involved in bonding and determining the reactivity of 

the molecule. The energy of the HOMO is an indicator of the molecule 

ability to donate electrons during chemical reactions. Figures 4 and 5 

show the shapes of HOMO and LUMO for these structures drawn by 

Gaussian View 5.0.8 using B3LYP/6-31G (d) method. 

 
HOMO 

 
LUMO 

Fig. 5. The shapes of HOMO and LUMO for PVA–ZnO–SnO2 composites. 
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Fig. 6. Density of states (DOS) for PVA. 

 

Fig. 7. Density of states (DOS) for PVA–ZnO–SnO2 composites. 
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 The DOS provides valuable insights into the electronic structure 
and properties of materials. It helps determine various properties, 
such as electrical conductivity, thermal conductivity, and optical 
properties. By analysing the DOS, one can study phenomena like 
band gaps, energy bands, and Fermi energy, which are essential for 
understanding the behaviour of electrons in solids. 
 The DOS is typically represented as a function of energy, denoted 
as g(E), where E represents the energy level. It describes the num-
ber of states per unit volume per unit energy range at a particular 
energy level. Mathematically, the DOS can be expressed by [12, 15] 
as follows: 

g(E) (1/V)dN(E)/dE, 

where V is the volume of the material and dN(E)/dE represents the 
change in the number of states with respect to energy. 
 Through the density diagram of the polymeric compounds and, as 
shown in Figs. 6 and 7, there is a clear energy gap between the va-
lence band (the highest occupied energy band) and the conduction 
band (the lowest unoccupied energy band). In DOS, this results in a 
region of zero or a very low density of states within the band gap. 
The DOS is relatively high in the valence and conduction bands, in-
dicating the availability of occupied or excited electronic states. 

4. CONCLUSION 

The current study includes design of PVA/ZnO/SnO2 nanocompo-
sites as new nanomaterials to utilize in numerous nanoelectronics 
devices. The optimization of structural and electronic characteris-
tics of PVA/ZnO/SnO2 nanocomposites is studied. The results 
demonstrated that the electronic characteristics of PVA were en-
hanced with adding ZnO/SnO2 nanostructures. The energy gap re-
duced from 5.147 eV for PVA to 2.893 eV with adding ZnO/SnO2 
nanostructures. The final results indicate that the PVA/ZnO/SnO2 
nanocomposites have excellent electronic characteristics, which 
made them as promising nanomaterials for nanoelectronics fields. 
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Fabrication and Enhanced Dielectric Properties of PVA–
Cr2O3–Sb2O3 Nanocomposites for Electrical and Electronics 
Applications 
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Hillah, Iraq 

In present work, nanocomposites films have been prepared from Cr2O3–
Sb2O3-nanoparticles-doped PVA to exploit in different electrical and elec-
tronics applications. The dielectric properties of PVA–Cr2O3–Sb2O3 nano-
composites were tested at frequency ranged from 100 Hz to 5 MHz. The 
experimental results confirmed that both the dielectric constant and the 
dielectric loss of PVA–Cr2O3–Sb2O3 nanocomposites were reduced, whereas 
the electrical conductivity was increased with raising the frequency. The 
dielectric constant, dielectric loss, and A.C. electrical conductivity of PVA 
were increased with raising the Cr2O3–Sb2O3-nanoparticles’ concentration. 
The results illustrated that the PVA–Cr2O3–Sb2O3 nanocomposites can be 
suitable in different electrical and electronics applications. 

Ó ö³é ðîáîò³ íàíîêîìïîçèòí³ ïë³âêè áóëî âèãîòîâëåíî ç ïîë³â³í³ëîâîãî 
ñïèðòó (ÏÂÑ), ëå´îâàíîãî íàíî÷àñòèíêàìè Cr2O3–Sb2O3, äëÿ âèêîðèñ-
òàííÿ â ð³çíèõ åëåêòðè÷íèõ òà åëåêòðîííèõ çàñòîñóâàííÿõ. Ä³åëåêòðè-
÷í³ âëàñòèâîñò³ íàíîêîìïîçèò³â ÏÂÑ–Cr2O3–Sb2O3 ïåðåâ³ðÿëè â ä³ÿïàçî-
í³ ÷àñòîò â³ä 100 Ãö äî 5 ÌÃö. Åêñïåðèìåíòàëüí³ ðåçóëüòàòè ï³äòâåð-
äèëè, ùî ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïî-
çèò³â ÏÂÑ–Cr2O3–Sb2O3 çìåíøóþòüñÿ, òîä³ ÿê åëåêòðîïðîâ³äí³ñòü çðîñ-
òàº ç³ çá³ëüøåííÿì ÷àñòîòè. Ä³åëåêòðè÷íà ïðîíèêí³ñòü, ä³åëåêòðè÷í³ 
âòðàòè é åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó ÏÂÑ çðîñòàëè ç³ çá³ëü-
øåííÿì êîíöåíòðàö³¿ íàíî÷àñòèíîê Cr2O3–Sb2O3. Ê³íöåâ³ ðåçóëüòàòè 
ïîêàçàëè, ùî íàíîêîìïîçèòè ÏÂÑ–Cr2O3–Sb2O3 ìîæóòü áóòè ïðèäàòíè-
ìè äëÿ ð³çíèõ åëåêòðè÷íèõ òà åëåêòðîííèõ çàñòîñóâàíü. 

Key words: Cr2O3, Sb2O3, PVA, nanocomposites, dielectric properties. 
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1. INTRODUCTION 

Today, intercalated polymer nanocomposites (NCs) with nanometal 
oxides are gaining significant interest in both academic and indus-
trial scenarios. It involves the selection of polymers and metal ox-
ides on the nanoscale from various numbers of polymers and nano-
materials available today for the desired properties. Metal oxides 
are well-known materials for sensors, photocatalytic, fuel cells, 
coatings, optoelectronic devices, etc. [1]. The substrate/matrix role 
of organic polymers, where the substantial dispersion of inorganic 
oxides results in the composite formation, finds enormous applica-
bility. The various fields, where these heterostructures involving 
polymeric matrix find their applicability, include optoelectronics, 
automotive and aerospace industries, etc. Polymer composites have 
been found to be effective in dye degradation compared to other 
materials. The properties of these polymeric nanocomposites get af-
fected by various factors like interfacial bonding, the embedding of 
nanoparticles (NPs), and the morphological behaviour of the dis-
persed nanoparticles in the polymeric substrate [2]. 
 Organic–inorganic hybrid optical materials are extremely valua-
ble for a technological perspective. Hybrid compositions with re-
markable properties may emerge once the relationships between the 
properties of inorganic elements and polymer matrices are clarified. 
Polymeric nanocomposites, because of their interesting properties, 
are also a significant class in the field of applied materials science 
technology. Polymer composites display a variety of fascinating op-
tical features, including a high/low refractive index, tailored ab-
sorption/emission spectra, and strong optical nonlinearities. Hy-
brids are eligible for potential optoelectronic applications because 
they possess such rare properties [3]. 
 The new characteristics of PVA-based materials have made them 
appropriate for a range of applications, especially, optoelectronic 
technology. One might modify the behaviour of optoelectronic de-
vices by dispersing one or more nanofiller (such as metal oxide, rare 
earth salt, etc.) inside the PVA matrix [4]. 
 Metal-oxide materials have increasing demand in the scientific 
community due to their eco-friendliness, stability, natural abun-
dance, ease of synthesis, and wider application purposes. Different 
types of metal oxides and their nanomaterials are being used in an 
extensive variety of fields like adsorbents, gas sensors, photovolta-
ics, photoelectronics, and electrochemical, fuel cells, ceramics and 
other biological applications [5]. Antimony trioxide (Sb2O3) is a sem-
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iconducting material and possesses excellent catalytic performance 
in photochemistry and superior chemical stability in flame retarda-
tion. So far, much attention has been focused on the synthesis of 
Sb2O3 films, and the exploration of their novel properties [6]. 
 Nanocomposites materials of polymer as a matrix doped with na-
noparticles have huge applications of optical, electronics and optoe-
lectronics fields [7–33]. The present work deals with preparation 
and dielectric properties of PVA–Cr2O3–Sb2O3-nanocomposites’ films 
to exploit in different electrical and electronics applications. 

2. MATERIALS AND METHODS 

The PVA–Cr2O3–Sb2O3 nanocomposites films were prepared using 
casting process. The PVA film was fabricated by dissolving of 0.5 
gm PVA in 30 ml of distilled water by using magnetic stirrer to 
mix the polymer for 1 hour to obtain more homogeneous solution. 
The Cr2O3 and Sb2O3 nanoparticles were added to PVA with constant 
ratio 1:1, and different contents are 2.2%, 4.4% and 6.6%. The 
dielectric properties of PVA–Cr2O3–Sb2O3-nanocomposites’ films 
were measured at frequency range from 100 Hz to 5 106 Hz using 
LCR-meter type (HIOKI 3532-50 LCR HI TESTER). The dielectric 
constant ( ) is calculated by [34] as follows: 

Cp/C0, (2) 

where Cp is the capacitance of matter and C0 is the capacitance of 
vacuum. 
 Dielectric loss ( ) is determined by [35] as follows: 

D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity is obtained by [36] as follows: 

 A.C. 2 f D 0. (3) 

3. RESULTS AND DISCUSSION 

The performance of dielectric constant and dielectric loss for PVA–
Cr2O3–Sb2O3 nanocomposites with frequency and Cr2O3–Sb2O3-NPs’ 
concentration are demonstrated in Figs. 1–4, respectively. Because 
the values of dielectric constant drop with increasing frequency, the 
dipole is difficult to spin accurately and easily, and its oscillation 
begins to occur after this field. This behaviour is because of the die-
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lectric-constant values decrease. In addition, there was no evidence 
of relaxation peaks, which points to a non-Debye response. 
 These figures show that the motion of ions is recognized as the 
fundamental foundation of nanocomposite dielectric loss at lower 
frequencies, leading to a decrease in dielectric loss as a function of 

 

Fig. 1. Dielectric-constant variation for PVA–Cr2O3–Sb2O3 nanocomposites 
with frequency. 

 

Fig. 2. Dielectric-loss behaviour for PVA–Cr2O3–Sb2O3 nanocomposites with 
frequency. 



FABRICATION AND ENHANCED DIELECTRIC PROPERTIES OF PVA–Cr2O3–Sb2O3 659 

raising frequency. Thus, the high value of the dielectric loss at low 
frequencies indicates the impact of ion jumping. 
 The dielectric constant and dielectric loss of PVA are increased 
with increasing Cr2O3–Sb2O3-NPs’ concentration; this is due to in-
crease in the charge-carriers’ numbers [37–51]. 
 Figures 5 and 6 conform the variation of electrical conductivity 

 

Fig. 3. Dielectric-constant performance of PVA with Cr2O3–Sb2O3-NPs’ 
concentration. 
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Fig. 4. Dielectric-loss behaviour of PVA with Cr2O3–Sb2O3-NPs’ concentra-
tion. 
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for PVA–Cr2O3–Sb2O3 nanocomposites with frequency and Cr2O3–
Sb2O3-NPs’ concentration, respectively. 
 The electrical conductivity rises with increasing concentration 
and frequency. The increase of electrical conductivity, as the Cr2O3–

 

Fig. 5. Variation of electrical conductivity for PVA–Cr2O3–Sb2O3 nanocom-
posites with frequency. 

 

Fig. 6. Behaviour of electrical conductivity for PVA with Cr2O3–Sb2O3-
NPs’ concentration. 
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Sb2O3-NPs’ concentration increases, is attributed to raising in the 
charge-carriers’ numbers. 
 The frequency-dependent conductivity is caused by the hopping of 
electrons in the localized states near the Fermi level and due to the 
excitation of charge carriers to the states in the conduction band 
[52–60]. 

4. CONCLUSIONS 

This study involved preparation of nanocomposites from Cr2O3–
Sb2O3-nanoparticles-doped PVA to utilize them in various electrical 
and electronics fields. The results showed that the dielectric con-
stant and dielectric loss of PVA–Cr2O3–Sb2O3 nanocomposites are 
reduced, whereas the electrical conductivity is increased with rais-
ing frequency. The dielectric constant, dielectric loss, and A.C. 
electrical conductivity of PVA are increased with raising the Cr2O3–
Sb2O3-NPs’ content. Finally, the results demonstrated that the 
PVA–Cr2O3–Sb2O3 nanocomposites may be used in different electri-
cal and electronics applications. 
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The present work goals are to fabricate the PVA–ZrO2–Sb2O3 nanostruc-
tures to use in low-cost nanoelectronics applications. The optical proper-
ties of PVA–ZrO2–Sb2O3 nanostructures are examined at wavelength 
ranged from 200 nm to 800 nm. The results confirm that the absorbance 
and absorption coefficient of PVA are increased with rising in the ZrO2–
Sb2O3-nanoparticles’ content. The transmittance and energy gap are de-
creased with increasing in the ZrO2–Sb2O3-nanoparticles’ content. The re-
sults indicate that the PVA–ZrO2–Sb2O3 nanostructures can be considered 
as a key for various nanoelectronics fields. 

Ìåòîþ äàíî¿ ðîáîòè º âèãîòîâëåííÿ íàíîñòðóêòóð ïîë³â³í³ëîâèé ñïèðò 
(ÏÂÑ)–ZrO2–Sb2O3 äëÿ âèêîðèñòàííÿ â íåäîðîãèõ çàñòîñóâàííÿõ íàíîå-
ëåêòðîí³êè. Äîñë³äæåíî îïòè÷í³ âëàñòèâîñò³ íàíîñòðóêòóð ÏÂÑ–ZrO2–
Sb2O3 â ä³ÿïàçîí³ äîâæèí õâèëü â³ä 200 íì äî 800 íì. Ðåçóëüòàòè ï³äò-
âåðäæóþòü, ùî àáñîðáö³ÿ òà êîåô³ö³ºíò ïîãëèíàííÿ ÏÂÑ çðîñòàþòü ç³ 
çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê (Í×) ZrO2–Sb2O3. Ç³ çá³ëüøåííÿì 
âì³ñòó Í× ZrO2–Sb2O3 êîåô³ö³ºíò ïðîïóñêàííÿ é åíåðãåòè÷íà ù³ëèíà 
çìåíøóþòüñÿ. Ðåçóëüòàòè âêàçóþòü íà òå, ùî íàíîñòðóêòóðè ÏÂÑ–
ZrO2–Sb2O3 ìîæíà ââàæàòè êëþ÷îâèìè äëÿ ð³çíèõ ãàëóçåé íàíîåëåêò-
ðîí³êè. 

Key words: PVA, ZrO2–Sb2O3, nanocomposites, energy gap, optical proper-
ties. 
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1. INTRODUCTION 

Electronics has been undergoing a disruptive evolution, investing in 
lightweight, soft and flexible devices instead of heavy, bulky, and 
rigid devices. Thus, flexible electronics is a fast-growing field that 
promises to develop new commercial products such as displays, solar 
cells, and biomedical sensors. These devices can be incorporated into 
clothing and other everyday items that ensure they revolutionize 
our daily lives. In this way, the electronic industry opens up new 
opportunities, and endless manufacturing advances in thin-film ma-
terials and devices will make flexible electronics ubiquitous [1]. 
Semiconductor materials have yielded valuable information beyond 
the most advanced knowledge in the technological field in recent 
years. These materials have essential widespread applications, in-
cluding–VI semiconductor materials, such as solar cells, light emit-
ting devices [2]. 
 The surface of metal oxides is a key factor for effective interac-
tion with target molecules, however, reducing the size of metal ox-
ide particles to the nanoscale, increases the active surface area and 
induces a new effect due to quantum confinement such as band gap 
widening, UV-absorption, room temperature, and photoluminescence 
[3]. 
 Polyvinyl alcohol (PVA) is a semicrystalline polymer having a 
high dielectric strength, good thermostability, high mechanical 
strength, chemical resistance, excellent film forming properties and 
optical transparency. The existence of the hydroxyl group, (–OH), 
gives PVA special properties due to the strong –OH interaction be-
tween intra and intermolecular polymer chains [4]. 
 Antimony trioxide nanoparticles (NPs; nano-Sb2O3) have been 
widely concerned because of good synergistic fire-retardant effect 
between nano-Sb2O3 and halogen flame-retardants [5]. 
 Nanosize zirconia has attracted much attention due to its specific 
optical and electrical properties as well as other potential applica-
tions in transparent optical devices, electrochemical capacitor elec-
trodes, oxygen sensors, fuel cells, catalysts and advanced ceramics 
[6]. 
 The nanocomposites compose of two or more materials have huge 
applications in various fields like electronics and optoelectronics [7–
21], optical fields [22–31], radiation shielding and bioenvironmental 
[32–37], sensors [38–40], energy storage [41–43] and antibacterial 
[44–50]. This work deals with fabrication and optical properties of 
PVA–ZrO2–Sb2O3 nanostructures to use in nanoelectronics fields. 
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2. MATERIALS AND METHODS 

Films of PVA–ZrO2–Sb2O3 nanostructures were fabricated by using 
casting technique. The 0.5 gm of PVA was dissolved in 30 ml of 
distilled water by using magnetic stirrer to mix the polymer for 1 
hour to obtain more homogeneous solution. Then, ZrO2 and Sb2O3 
nanoparticles were added to PVA solution with constant ratio 1:1 
and contents of 2.2%, 4.4% and 6.6%. The optical properties of 
PVA–ZrO2–Sb2O3-nanostructures’ films were examined using the 
double beam spectrophotometer (Shimadzu, UV-1800Å) at wave-
length ranged from 200 nm to 800 nm. 
 The absorption coefficient ( ) is given by [51] as follows: 

 2.303(A/t), (1) 

where A is the absorbance and t is the thickness of films. 
 The energy gap is determined by means of equation [52] 

 h C(h Eg)
r, (2) 

where C is the constant; h  is the energy of photon; Eg is the ener-
gy gap, and r 2 and 3 for allowed and forbidden indirect transi-
tions. 

3. RESULTS AND DISCUSSION 

Figures 1 and 2 show the performances of absorbance and transmit-
tance of PVA–ZrO2–Sb2O3 nanostructures with wavelength respec-
tively. As shown in these figures, the absorbance is high at low 
wavelength (UV-region) due to the high energy at this region. The 
absorbance reduces and transmittance increases with increasing 
wavelength. The absorption of PVA rises, while the transmittance 
reduces, when the ZrO2–Sb2O3 NPs content rises, which may be due 
to increase in the number of charge carriers. This enhancement in 
the absorption of PVA by doping with ZrO2–Sb2O3 NPs can due to 
improve of other intermolecular bonds between cations and anions 
creating defects over the entire polymer medium. The reduced 
transmittance is due to the rise in scattering processes of the inci-
dent photons by denser NPs’ filling the polymer matrix [53–65]. 
 Figure 3 demonstrates the variation of absorption coefficient for 
PVA–ZrO2–Sb2O3 nanostructures with photon energy. From this 
figure, the values of absorption coefficient are less than 104 cm 1 
that indicates to the indirect transition. 
 Figures 4 and 5 illustrate the energy gap values for the allowed 
and forbidden transitions of PVA–ZrO2–Sb2O3 nanostructures. The 
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energy gap of PVA is reduced with rising ZrO2–Sb2O3 content; this 
behaviour can be due to the creation of new energy levels, which 
create the energy band gap. The reduced energy gap selects that the 
charge transfer complexes presence relate the form of defects in the 
polymer matrix. These defects create the localized levels in the en-
ergy gap [66–72]. 

 

Fig. 1. Performance of absorbance for PVA–ZrO2–Sb2O3 nanostructures 
with wavelength. 

 

Fig. 2. Transmittance variation of PVA–ZrO2–Sb2O3 nanostructures with 
wavelength. 
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4. CONCLUSION 

This paper includes synthesis of PVA–ZrO2–Sb2O3 nanostructures to 
use in low-cost nanoelectronics fields. The experimental results 
showed that the absorbance and absorption coefficient of PVA are 

 

Fig. 3. Variation of absorption coefficient for PVA–ZrO2–Sb2O3 nanostruc-
tures with photon energy. 

 

Fig. 4. Energy gap values for allowed transition for PVA–ZrO2–Sb2O3 
nanostructures. 
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increased with increasing of ZrO2–Sb2O3-NPs’ content. The trans-
mittance and energy gap are decreased with increasing of the ZrO2–
Sb2O3-NPs’ content. Finally, the results demonstrated that the 
PVA–ZrO2–Sb2O3 nanostructures can be considered as promising 
materials for nanoelectronics fields. 
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The PVA–Fe2O3-nanocomposites’ films were made using the casting meth-
od with various weight percentages 0, 2, 4, 6 of nanoparticles. When 
compared to pure PVA–Fe2O3 film, Fourier transform-based infrared 
(FTIR) spectroscopy spectra demonstrate a change in a peak location and, 
moreover, changes in terms of shape and intensity that suggests decou-
pling between the corresponding vibrations of iron-oxide nanoparticles 
(NPs). Images taken with optical microscopy reveal a distinct difference 
between the samples without and with iron-oxide NPs. When concentra-
tion reaches 6% weight, the iron-oxide nanoparticles create a continuous 
network inside the polymer. The dielectric characteristics of nanocompo-
sites demonstrate that, as Fe2O3-NPs’ concentrations rise, the dielectric 
constant, dielectric loss, and alternating-current electrical conductivity of 
PVA–Fe2O3 nanocomposites are increased. Additionally, when the fre-
quency increases, the electrical conductivity of PVA–Fe2O3 nanocompo-
sites increases, while their dielectric constant and dielectric loss fall. 
Based on these findings, nanostructures formed of PVA doped with Fe2O3 
show themselves as promising materials for optoelectronic nanodevices 
due to improvements in structural and A.C. electrical properties. 

Ïë³âêè íàíîêîìïîçèò³â ïîë³â³í³ëîâèé ñïèðò (ÏÂÑ)–Fe2O3 âèãîòîâëÿëè 
ìåòîäîì ëèòòÿ ç ð³çíèì âàãîâèì âì³ñòîì íàíî÷àñòèíîê: 0, 2, 4, 6. Ó 
ïîð³âíÿíí³ ç ÷èñòîþ ïë³âêîþ ÏÂÑ–Fe2O3 ñïåêòðè ³íôðà÷åðâîíî¿ ñïåêò-
ðîñêîï³¿ íà îñíîâ³ Ôóð'º-ïåðåòâîðó äåìîíñòðóþòü çì³íó ðîçòàøóâàííÿ 
ï³êó òà, êð³ì òîãî, çì³íè ôîðìè òà ³íòåíñèâíîñòè, ùî ñâ³ä÷èòü ïðî ðîç-
÷åïëåííÿ ì³æ â³äïîâ³äíèìè êîëèâàííÿìè íàíî÷àñòèíîê îêñèäó Ôåðó-
ìó. Çîáðàæåííÿ, îäåðæàí³ çà äîïîìîãîþ îïòè÷íî¿ ì³êðîñêîï³¿, ïîêàçó-
þòü ÷³òêó ð³æíèöþ ì³æ çðàçêàìè áåç ³ ç íàíî÷àñòèíêàìè îêñèäó Ôå-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
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ðóìó. Êîëè êîíöåíòðàö³ÿ ñÿãàº 6% âàãè, íàíî÷àñòèíêè îêñèäó Ôåðóìó 
ñòâîðþþòü áåçïåðåðâíó ìåðåæó âñåðåäèí³ ïîë³ìåðó. Ä³åëåêòðè÷í³ õàðà-
êòåðèñòèêè íàíîêîìïîçèò³â ïðîäåìîíñòðóâàëè, ùî ç³ çá³ëüøåííÿì 
êîíöåíòðàö³¿ íàíî÷àñòèíîê Fe2O3 çðîñòàþòü ä³åëåêòðè÷íà ïðîíèêí³ñòü, 
ä³åëåêòðè÷í³ âòðàòè é åëåêòðîïðîâ³äí³ñòü çì³ííîãî ñòðóìó íàíîêîìïî-
çèò³â ÏÂÑ–Fe2O3. Êð³ì òîãî, ç³ çá³ëüøåííÿì ÷àñòîòè çá³ëüøóºòüñÿ åëå-
êòðîïðîâ³äí³ñòü íàíîêîìïîçèò³â ÏÂÑ–Fe2O3, à ¿õí³ ä³åëåêòðè÷íà ïðî-
íèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè ïàäàþòü. Âèõîäÿ÷è ç öèõ âèñíîâê³â, 
íàíîñòðóêòóðè, ñôîðìîâàí³ ç ÏÂÑ, ëå´îâàíîãî Fe2O3, º ïåðñïåêòèâíèìè 
ìàòåð³ÿëàìè äëÿ îïòîåëåêòðîííèõ íàíîïðèñòðî¿â çàâäÿêè ïîë³ïøåííþ 
ñòðóêòóðíèõ òà åëåêòðè÷íèõ (äëÿ çì³ííîãî ñòðóìó) âëàñòèâîñòåé. 

Key words: nanocomposites, structural properties, electrical properties, 
electronic applications. 

Êëþ÷îâ³ ñëîâà: íàíîêîìïîçèòè, ñòðóêòóðí³ âëàñòèâîñò³, åëåêòðè÷í³ 
âëàñòèâîñò³, åëåêòðîíí³ çàñòîñóâàííÿ. 
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1. INTRODUCTION 

Investigation of polyvinyl alcohol (PVA) nanomaterials with iron ox-
ide as well as of dispersing polymers with inorganic nanoparticles 

(NPs) has recently increased interest to improve various functional 
qualities; this includes electrical, magnetic, optical, thermal, and me-
chanical skills [1, 2]. Under preparation conditions, the composites’ 

characteristics were impacted. Numerous studies have demonstrated 

the complexity of the creation and characterization of polymer compo-
sites, as well as the relationships between their processing, structural, 
morphological, and functional features [3, 4]. Due to its easy pro-
cessing, high transmittance, and ease of solubilization in water, PVA 

is useful for a variety of polymer engineering technology, pharmaceu-
tical, and biological applications [5, 6]. Because iron oxide nanoparti-
cles are easily made in aqueous medium and are water soluble, the 

preparation is non-toxic. PVA has good qualities including thermal 
stability and chemical resistance, which have been thoroughly demon-
strated by several investigations [7]. Iron-oxide nanoparticles have 

been discovered and become effective magnetic, magnetooptical, and 

electromagnetism platforms for medicinal applications [8, 9]. 
 Researchers were interested in PVA/iron oxide polymer nano-
composites because of their improved properties and inexpensive 
production costs, making them the most attractive candidate among 
the competition after distributing Fe2O3 nanoparticles of PVA band 
gap [10–13]. The experimental findings that are currently accessible 
significantly improve our comprehension of their underlying ideas, 
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ensuring that this class of materials can be used in a wide range of 
applications. The optical characteristics of PVA nanocomposites, 
however, are receiving less attention despite recent advancements 
and developments [14, 15]. 
 The optical properties can be used to provide detailed information 
because they are crucial and closely related to several other quali-
ties. The quantity of iron oxide nanoparticles and the processes 
used to prepare the materials can have an impact on a number of 
significant Iron oxide nanocomposites without PVA optical charac-
teristics, including band gap, reflection index, dielectric value, and 
optical absorption. For instance, varied magnetic properties for the 
same substance [16, 17]. Additionally, distinct magnetic, thermal, 
and electrical properties were discovered as a result of the disper-
sion particle concentration shift [18]. This result also reveals that 
the optical characteristics may be greatly affected by the effect of 
iron oxide concentration. Thus, it should come as no surprise that 
this topic is now undergoing extensive research and is still nascent. 
Therefore, the prospective application these nanocomposites can be 
controlled successfully by evaluating various synthesizing processes 
and analysing the connection between the qualities and the ap-
proach [19, 20]. In this study, nanocomposite films of PVA–Fe2O3 
have not been thoroughly studied, and their properties have been 
investigated to improve their performance in various applications. 

2. EXPERIMENTAL PART 

The PVA–Fe2O3 blend with various Fe2O3 nanoparticle concentra-
tions was used to create the nanocomposites. PVA was dissolved in 
40 ml of distilled water at temperature 70 C, using a magnetic stir-
rer, to achieve more homogeneous solution. Fe2O3 nanoparticles 
were added with concentrations of 0, 2, 4, 6 wt.% by using casting 
method. An optical microscope of the Olympus type Nikon-73346 
with a magnification of 10 and a tiny photographic camera was 
used to test the materials at various concentrations. FTIR spectra 
have been investigated by FTIR. The range of wave numbers 500–
4000 cm 1 (Bruker, of Vertex-70 is of German origin. kind). Dielec-
tric properties comprising dielectric constant, dielectric loss, and 
conductivity of an alternating current for the nanocomposites were 
tested employing the LCR-meter type (HIOKI 3532-50 LCR HI 
TESTER) for a range of frequencies between 100 Hz and 5 MHz. 
 The dielectric constant ( ) is given by [21] as follows: 

 Cp/C0, (1) 

where Cp is capacitance and C0 is a vacuum capacitance. 
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 The dielectric loss ( ) is given by the following equation [22]: 

 D, (2) 

where D is the displacement. 
 A.C. electrical conductivity is determined by [23] as follows: 

 A.C. 0, (3) 

where  is angular frequency. 

3. RESULTS AND DISCUSSION 

In order to study interactions between atoms or ions in nanocompo-
sites of PVA–Fe2O3, changes in the vibrational modes of these in-
teractions can include the nanocomposites. The transmittance spec-
tra of FTIR for PVA–Fe2O3 nanocomposites are shown in Fig. 1, a, 
b, c, and d, reported in the range of 600–4500 cm 1 at standard 
room temperature. It is obvious from the infrared spectra that vari-

  
a      b 

  
c      d 

Fig. 1. FTIR spectra for PVA–Fe2O3 with nanocomposites: (a) PVA; (b) 2 
wt.% Fe2O3 NPs; (c) 4 wt.% Fe2O3 NPs; (d) 6 wt.% Fe2O3 NPs. 
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ations in the ratio of Fe2O3 nanoparticles result in some discernible 
the spectrum of PVA changes. It causes certain new zones of ab-
sorption to form as well as small adjustments to the intensities of 
some existing bands. Similar to flaws caused via means of charge-
transfer interaction in the space between the dopant species and a 
polymer chain, the new absorption bands may be connected. The 
PVA films’ FTIR spectra showed broad and powerful frequencies at 
3750 cm 1, which is attributable to the O–H groups of hydroxyl vi-
brating during the stretch, and at 2921 cm 1, which is attributed to 
the O–H vibration breaking of the hydroxyl molecules, which is at-
tributed to the C–H shaking and stretching. The C=O, C=C elongat-
ing modes are thought to be responsible for peaks at 1558 cm 1 and 
1457 cm 1. FTIR spectra show decrease in the transmittance with 
increasing ratio of nanoparticles [24, 25]. 
 Figure 2 shows images of films made of PVA–Fe2O3 nanocompo-
sites, which were captured at 10 magnification for samples with 
different concentrations. This figure manifests clear differences be-
tween image a and images (b, c, d). When the concentration of iron-

  
a      b 

  
c      d 

Fig. 2. Photomicrographs ( 10) for nanocomposites of PVA–Fe2O3: (a) 
PVA; (b) 2 wt.% Fe2O3 NPs; (c) 4 wt.% Fe2O3 NPs; (d) 6 wt.% Fe2O3 NPs. 
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oxide nanoparticles reaches 6 wt.%, the nanoparticles form a con-
tinuous network inside the polymer. Charge carriers are allowed to 
move along certain channels in this network, which reduces the re-
sistance of the polymeric material (PVA) [26, 27]. 
 Figure 3 depicts the dielectric constant with frequency for PVA–

 

Fig. 3. Variation of the dielectric constant with frequency for PVA–Fe2O3 
nanocomposites. 

 

Fig. 4. Change of the dielectric constant for PVA–Fe2O3 nanocomposites 
with iron-oxide content at 100 Hz. 
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Fe2O3 nanocomposites. The figure demonstrates that, as frequency 
increases, the dielectric constant falls that is due to a reduction in 
space charge polarization [28–30]. Additionally, as shown in Fig. 4, 
we can see that the dielectric constant rises as the concentration of 
iron-oxide nanoparticles raises that is because of an increase in the 
charge carried by the nanoparticles [31–34]. 
 Figure 5 depicts the influence of frequency on the dielectric loss of 

PVA–Fe2O3 nanocomposites at various iron-oxide-nanoparticles’ con-
centrations (see Fig. 6 too). Because there are fewer dipoles in nano-
composites, the dielectric loss lowers as frequency rises [35–38]. 
 As shown in Fig. 7, the polymer-matrix electrical conductivity 
increases with an increase in weight percentage of iron-oxide nano-
particles. This is a result of an increase in the quantity of electrons 
in nanocomposites [39, 40]. A.C. electrical conductivity of PVA–
Fe2O3 nanocomposites is increasing with frequency too (Fig. 8). Due 
to electronic polarization and transporters of charges, which move 
by hopping, the conductivity of alternating current (A.C.) increases 
as frequency rises [41–43]. According to Fig. 8, a rise in iron-oxide 
nanoparticles’ concentration leads to an increase in electrical con-
ductivity of nanocomposites, which is attributable to an increase in 
charge carries [44, 45]. 

4. CONCLUSIONS 

1. The FTIR spectrum shows a difference in peak position and in-

 

Fig. 5. The dielectric loss as a function of frequency for PVA–Fe2O3 nano-
composites. 
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tensity of PVA–Fe2O3 nanostructures. This suggests the disassocia-
tion between the vibrations in the polymer and the iron-oxide nano-
particles. 
2. From optical-microscopy images, the iron-oxide nanoparticles 

 

Fig. 6. The dielectric loss for PVA–Fe2O3 nanocomposites varying with 
iron-oxide nanoparticles’ content at 100 Hz. 

 

Fig. 7. The A.C. electric conductivity of PVA–Fe2O3 nanocomposites vary-
ing with frequency. 
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form a continuous network within the polymer (at concentration 6 
wt.%). 
3. As the frequency rises, the dielectric constant and dielectric loss 
decrease, while A.C. electrical conductivity increases for all PVA–
Fe2O3 nanocomposites. 
4. The dielectric constant, dielectric loss and electrical conductivity 
are increasing with increasing of Fe2O3 nanoparticles. 
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This study aims to prepare of barium titanate (BaTiO3)/copper oxide (CuO)-
nanoparticles-doped polyvinyl alcohol (PVA) as new optical material, which 
can be used in variety optoelectronics applications with a few cost, light-
weight, excellent optical properties, and high efficiency. We investigate the 
impact of the barium titanate and copper oxide nanoparticles with different 
concentrations 0, 2, 4, and 6 wt.% on polyvinyl alcohol. The solution casting 
process is used to fabricate the samples. The optical properties findings show 
that the optical conductivity, complex dielectric constant (with real and im-
aginary parts), extinction coefficient, absorption, absorption coefficient, and 
refractive index increase with increasing of BaTiO3–CuO-nanoparticles’ con-
centration, while the optical energy gap and transmittance decrease. This 
behaviour makes it suitable for several optical nanodevices. In the end, it is 
clear that the PVA–BaTiO3–CuO nanostructures have useful optical charac-
teristics for applications related to optics and electronics. 

Öå äîñë³äæåííÿ ñïðÿìîâàíå íà îäåðæàííÿ ëå´îâàíîãî íàíî÷àñòèíêàìè 
òèòàíàòó Áàð³þ (BaTiO3)/îêñèäó Êóïðóìó (CuO) ïîë³â³í³ëîâîãî ñïèðòó 
(ÏÂÑ), îñê³ëüêè íîâèé îïòè÷íèé ìàòåð³ÿë ìîæå áóòè âèêîðèñòàíèé ó 
ð³çíîìàí³òíèõ îïòîåëåêòðîííèõ çàñòîñóâàííÿõ ³ç íåâåëèêîþ ö³íîþ, ìà-
ëîþ âàãîþ, ÷óäîâèìè îïòè÷íèìè âëàñòèâîñòÿìè òà âèñîêîþ åôåêòèâí³-
ñòþ. Äîñë³äæåíî âïëèâ íàíî÷àñòèíîê òèòàíàòó Áàð³þ é îêñèäó Êóïðó-
ìó ð³çíî¿ êîíöåíòðàö³¿ ó 0, 2, 4 òà 6 ìàñ.% íà ïîë³â³í³ëîâèé ñïèðò. 
Äëÿ âèãîòîâëåííÿ çðàçê³â âèêîðèñòîâóâàâñÿ ïðîöåñ ëèòòÿ ðîç÷èíó. Ðå-
çóëüòàòè ñòîñîâíî îïòè÷íèõ âëàñòèâîñòåé ïîêàçàëè, ùî îïòè÷íà ïðîâ³-
äí³ñòü, ä³åëåêòðè÷íà ïðîíèêí³ñòü ( ÿê ðåàëüíà, òàê ³ óÿâíà), êîåô³ö³ºíò 
åêñòèíêö³¿, ïîãëèíàííÿ, êîåô³ö³ºíò ïîãëèíàííÿ òà ïîêàçíèê çàëîìëåí-
íÿ — âñå öå ï³äâèùóºòüñÿ ç³ çá³ëüøåííÿì êîíöåíòðàö³¿ íàíî÷àñòèíîê 
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Íàäðóêîâàíî â Óêðà¿í³. 
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BaTiO3–CuO, òîä³ ÿê îïòè÷íà åíåðãåòè÷íà ù³ëèíà òà ïðîïóñêíà çäàò-
í³ñòü çìåíøóþòüñÿ. Òàêà ïîâåä³íêà ðîáèòü öå ïðèäàòíèì äëÿ ðÿäó îï-
òè÷íèõ íàíîïðèñòðî¿â. Çðåøòîþ, áóëî çðîçóì³ëî, ùî íàíîñòðóêòóðè 
ÏÂÑ–BaTiO3–CuO ìàþòü êîðèñí³ îïòè÷í³ õàðàêòåðèñòèêè äëÿ çàñòîñó-
âàííÿ â îïòèö³ é åëåêòðîí³ö³. 

Key words: PVA, barium titanate, copper oxide, nanocomposites, optical 
properties. 

Êëþ÷îâ³ ñëîâà: ïîë³â³í³ëîâèé ñïèðò, òèòàíàò Áàð³þ, îêñèä Êóïðóìó, 
íàíîêîìïîçèòè, îïòè÷í³ âëàñòèâîñò³. 

(Received 3 September, 2023) 
  

1. INTRODUCTION 

Recent years have seen a surge in interest in nanocomposites. Sig-
nificant attempts are being made to regulate anon the structures 
using cutting-edge synthetic methods [1]. Nanocomposites’ proper-
ties are influenced not only by those methods, not just by the mor-
phology and interfacial properties of their component parents, but 
also by the composite itself. Unlike the qualities of matter at the 
level of individual particles or molecules, anon. materials have 
unique physical, chemical, and biological characteristics. Nanotech-
nology has made it feasible to modify the melting point, magnetic 
characteristics, charge capacity, and even colour of materials with-
out altering their chemical makeup [2, 3]. 
 Nanotechnology typically involves the creation of materials or 
devices with dimensions between 1 nm and 100 nm in at least one 
dimension. It is possible to approach nanotechnology from either 
the top down, in which case large structures are broken down into 
smaller ones (as in the case of photonic applications in nanoelec-
tronics and nan engineering) or the bottom up, in which case atoms 
and molecules are transformed into nanostructures that are more 
akin to biological systems [4, 5]. Research in nanotechnology is 
massive because of how important it will be to society in the 21st 
century. It is possible that brand-new software will soon be accessi-
ble [6, 7]. 
 Many potential nanotechnology’s uses stem from the fact that 
macroscopic and submicroscopic applications of nanoscale structural 
characteristics exhibit strikingly diverse physical, chemical, and 
biological properties [8]. 
 The polyvinyl alcohol (PVA) is one of the first and most exten-
sively distributed polymers, and it finds extensive usage in semi-
conductor applications today. PVA dissolves quickly in water and in 
organic compounds, which contain hydroxyl groups [9, 10]. PVA is 
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often considered a superior host medium for a variety of nanoparti-
cles. The need to create films with superior transparency and opti-
cal properties is the driving force. Their dielectric characteristics, 
particularly, their flexibility and robustness, have garnered a lot of 
interest. The flexible ceramic powder barium titanate (BaTiO3) is a 
ferroelectric that has attracted a lot of interest as a transducer in 
polymer nanocomposite films due to its high dielectric properties 
[11, 12]. Copper oxide has an important place among the metal ox-
ides. Despite being the most basic copper molecule, CuO has many 
desirable features, including high-temperature superconductivity, 
electronic correlation, and non-toxicity. Crystal structure with a 
tiny band gap gives it promising photovoltaic and photoconductive 
capabilities [13, 14]. This paper deals with the preparation and op-
tical characteristics of PVA–BaTiO3–CuO nanostructures for use in 
different optoelectronic fields. 

2. EXPERIMENTAL WORK 

PVA–BaTiO3–CuO nanocomposites were made of PVA, barium ti-
tanate (BaTiO3) and copper oxide (CuO) by using the solution cast-
ing method. Polyvinyl alcohol (PVA) was dissolvent in 40 ml of dis-
tilled water, to get a more homogenous solution by swirling with a 
magnetic stirrer at 75 C for 45 minutes. Barium titanate (BaTiO3) 
and copper oxide (CuO) nanoparticles have been added to the PVA 
at concentrations of 2, 4, and 6 wt.%. The optical features of PVA–
CuO–BaTiO3 nanostructures were investigated by using a Shimadzu-
UV-1800-spectrophotometer in the wavelength range 200–800 nm. 
 The absorbance A is calculated from equation by [15] as follows: 

 

0

 aIA
I

, 

where I0 is the intensity of incident light, Ia denotes the intensity 
of light that is absorbed by the medium. 
 Transmittance T is calculated using the equation by [16]: 

10 AT . 

 The absorbance coefficients  is calculated using the equation by 
[17]: 

2.303
    

A

t
, 

where t is thickness of sample. 
 Optical energy gap is determined by [18] as follows: 
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. ropt
gB h E h , 

where B is constant; h  indicates the photon energy, and .opt
gE  is the 

optical energy gap when r 3 (for the forbidden indirect transition) 
and r 2 (for the allowed indirect transition). 
 The extinction coefficient k is obtained by [19] with equation: 

 
   

4 
k , 

where the wavelength is . 
 Refractive index n is given by [20] as follows: 

2

2

( 1)
4 –

( 1) ( 1)

k R
n R

R R
, 

where R is reflection. 
 The dielectric constant has real and imaginary parts ( 1, 2). Each 
of these parts may be determined by [21, 22] using the formulae: 

2 2
1   n k , 2 2nk . 

 The optical conductivity  is calculated by [23] using the equa-
tion: 

  
  

4

nc
. 

3. RESULTS AND DISCUSSION 

Figure 1 shows how PVA–BaTiO3–CuO nanocomposites absorb light 
at various wavelengths. As can be seen in this figure, the absorb-
ance is decreased with increasing wavelength and is increased with 
increasing of concentration of nanoparticles. This behaviour can be 
attributed to the interaction of composite materials with atoms, 
which ultimately leads to the transmission of photons. At shorter 
wavelengths, particularly, in proximity to the fundamental absorp-
tion edge, a phenomenon arises, wherein the incident photon and 
material interact, leading to the absorption of the photon. The posi-
tive correlation between the weight percentages of BaTiO3–CuO na-
noparticles and the absorbance values can be attributed to the ab-
sorption of incident light by free electrons [24, 25]. 
 Figure 2 shows how PVA–BaTiO3–CuO nanocomposites’ transmit-
tance varies with wavelength. This graph shows that the transmit-
tance decreases with increasing of BaTiO3–CuO-nanoparticles’ con-
centration. This is because the BaTiO3–CuO nanoparticles add elec-
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tron, which has occupied unoccupied energy band positions after 
being transported to a higher energy level; so, the process does not 
lead to outer-orbital electron emission, where the electrons are vul-
nerable to electromagnetic forces radiation [26]. Pure PVA, on the 
other hand, has a low permeability and a high transmittance, allow-
ing docents to pass through it, while absorbing part of the incident 
light. This is because an electron bond must be broken in order for 
it to transition to the conduction band, requiring a high-energy 
photon [27]. 
 Figure 3 shows variation of absorbance coefficient with photon 
energy for PVA–BaTiO3–CuO nanocomposites. We can observe that, 
since the incoming photon lacks the necessary energy to move the 

 

Fig. 1. Connection between absorption and wavelength for PVA–BaTiO3–
CuO nanocomposites. 

 

Fig. 2. Connection between transmittance and wavelength for PVA–
BaTiO3–CuO nanocomposites. 
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electron from the valence band (V.B) to the conduction band (C.B), 
hence, the absorption coefficient is the smallest at high wavelength 
and low energy. Larger absorption at higher energies is indicative 
of an abundance of possible electron transitions. In order to move 
the electron from the V.B to the C.B, the incoming photon must 
have energy greater than this prohibited energy difference [28, 29]. 
Since a direct transition of an electron is predicted, the nature of 
an electron transmission is affected by the absorption coefficient, 
which is substantial (  104 cm 1) at high energies, when the energy 
and moment are maintained by the (electrons and photons). In a 
phonon-mediated indirect transition, the electronic momentum of an 
electron is likely to be retained [30, 31], since absorption coeffi-
cients are (of 104 cm 1) at low energies. 
 Absorbance data for PVA–BaTiO3–CuO nanocomposites reveal 

 

Fig. 3. Connection between absorption coefficient and photon energy for 
PVA–BaTiO3–CuO nanocomposites. 

 

Fig. 4. Connection between absorption edge ( h )1/2 and photon energy for 
PVA–BaiTO3–CuO nanocomposites. 
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that the electron transition occurs at wavelengths of less than 104 
cm 1. 
 Figure 4 shows the relationship between 1/2( )h  and photon en-
ergy for PVA–BaTiO3–CuO nanocomposites. Drawing a straight line 
from the curve highest point to the axis (x) at the position, when 

1/2( ) 0h  (allowable), we get an indirect energy-gap transition. 
From this figure, the optical energy gap decreases by increasing of 
BaTiO3–CuO-nanoparticles’ concentration. This is can be attributed 
to the density of localized state increased with increasing concen-
tration of BaTiO3–CuO nanoparticles due to the heterogeneous na-
ture of nanocomposites (i.e., electronic conduction depends on the 
added concentration) [32, 33]. 
 Figure 5 depicts the relation between 1/3( )h  and photon energy 
for PVA–BaTiO3–CuO nanocomposites. A similar approach takes 
into account the prohibited transition for the indirect energy gap. 
 Figure 6 shows the relationship between refractive index of 
PVA–BaTiO3–CuO nanocomposites and wavelength. From this fig-
ure, we can see that the refractive index of PVA–BaTiO3–CuO 
nanocomposites increases with increasing concentration of BaTiO3–
CuO nanoparticles. Upon exposure to incident light, a sample exhib-
iting high refractivity in the UV region will demonstrate a propor-
tional elevation in its refractive-index values [34, 35]. 
 Figure 7 shows the connection between extinction coefficient and 
wavelength for PVA–BaTiO3–CuO nanocomposites. The extinction 
coefficient increases with increasing BaTiO3–CuO-nanoparticles’ 
concentration, as seen in this figure. It is because of the higher ab-
sorption coefficient. This occurs because the absorption coefficient 
increases with increasing concentrations of the barium titanate and 
copper oxide nanoparticles. This result suggests that the structure 

 

Fig. 5. Connection between ( h )1/3 (cm 1 eV)1/3 and photon energy for 
PVA–BaTiO3–CuO. 
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of the polymer will be affected by the presence of BaTiO3–CuO na-
noparticles [36, 37]. 
 Figure 8 presents variation of the real part of dielectric constant 
with wavelength for PVA/BaTiO3/CuO nanocomposites. This figure 
manifests the real dielectric constant increased with increasing con-
centrations of BaTiO3–CuO nanoparticles. Because of the smaller 
value of n2, this figure demonstrates that 1 is highly dependent on 
k2 [38, 39]. 
 The relation between wavelength and imaginary part of dielectric 
constant for PVA/BaTiO3/CuO nanocomposites is displayed in Fig. 

 

Fig. 6. Connection between refractive index with wavelength for PVA–
BaTiO3–CuO nanocomposites. 

 

Fig. 7. Connection between extinction coefficient and wavelength for 
PVA–BaTiO3–CuO nanocomposites. 
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9. We can see the imaginary part values, which vary due to the ab-
sorption coefficient dependent on k because of their relationship be-
tween 2 and k. On the other hand, imaginary part of dielectric con-
stant increases with increasing concentration of nanoparticles. Be-
cause of the heightened electric polarization induced by the nano-
particles, the rise in electric polarization results in a higher density 
of dipoles, which, in turn, leads to an increase in the dielectric con-
stant [40, 41]. 
 Figure 10 shows the dependence of optical conductivity of PVA–
BaTiO3–CuO nanocomposites on wavelength. Increasing the BaTiO3–
CuO proportion in the PVA was shown to increase the optical con-
ductivity. Because the introduction of additional band gap levels 
facilitates electron transport from the valence band to the conduc-

 

Fig. 8. Connection between real part of the dielectric constant and wave-
length for PVA–BaTiO3–CuO nanocomposites. 

 

Fig. 9. Connection between imaginary part of dielectric constant and wave-
length for PVA–BaTiO3–CuO nanocomposites. 
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tion band through localized levels, the band gap closes and the con-
ductivity increases as a consequence of this one [42, 43]. 

4. CONCLUSION 

In this paper, the solution casting technique was used to fabricate 
PVA–BaTiO3–CuO-nanocomposites’ films. The optical properties of 
PVA–BaTiO3–CuO nanostructures have been studied. The optical 
characteristics showed that the absorption, absorption coefficient, 
extinction coefficient, refractive index, real and imaginary dielec-
tric-constant parts, and optical conductivity increase with increas-
ing concentration of BaTiO3–CuO nanoparticles. On the other hand, 
transmittance and optical energy gap decrease as the concentration 
of BaTiO3–CuO nanoparticles increases. According to how light in-
teracts with them, nanostructures made of PVA–BaTiO3–CuO are 
attractive candidates for use in optical and photonic nanodevices. 
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The present work aims to design the new PVA–PEO–Ba–Si3N4 structures 
to use them in various optoelectronics nanodevices. The structural, ther-
mal, optical and electronic characteristics of PVA–PEO–Ba–Si3N4 struc-
tures are studied. The structure of PVA–PEO–Ba–Si3N4 is analysed by 
GaussView 5.0.8 and relaxed using the Gaussian 09 package of programs 
employing the density functional theory (DFT) with the B3LYP/LanL2DZ 
level. The studied characteristics of PVA–PEO–Ba–Si3N4 structures in-
clude the energy, ionization potentials, energy gap, and electron affinity. 
The PVA–PEO–Ba-Si3N4 structures are optimized successfully with the 
Gaussian 09 package. The results show that the PVA–PEO–Ba–Si3N4 
structures have good optical and electronic properties. In addition, the 
PVA–PEO–Ba–Si3N4 nanostructures have wide absorption spectrum that 
makes the PVA–PEO–Ba–Si3N4 structures suitable in various electronics 
devices like transistors, photovoltaic cell, sensors and other devices. 

Öþ ðîáîòó ñïðÿìîâàíî íà ðîçðîáêó íîâèõ ñòðóêòóð ïîë³â³í³ëîâèé ñïèðò 
(ÏÂÑ)–ïîë³îêñèåòèëåí (ÏÎÅ)–Ba–Si3N4 äëÿ âèêîðèñòàííÿ â ð³çíèõ íà-
íîïðèñòðîÿõ îïòîåëåêòðîí³êè. Äîñë³äæåíî ñòðóêòóðó, òåïëîâ³, îïòè÷í³ 
é åëåêòðîíí³ õàðàêòåðèñòèêè ñòðóêòóð ÏÂÑ–ÏÎÅ–Ba–Si3N4. Ñòðóêòóðó 
ÏÂÑ–ÏÎÅ–Ba–Si3N4 áóëî ïðîàíàë³çîâàíî çà äîïîìîãîþ GaussView 5.0.8 
³ çðåëàêñîâàíî çà äîïîìîãîþ ïàêåòà ïðîãðàì Gaussian 09, ùî âèêîðèñ-
òîâóº òåîð³þ ôóíêö³îíàëó ãóñòèíè (DFT) íà ð³âí³ B3LYP/LanL2DZ. Äî-
ñë³äæóâàí³ õàðàêòåðèñòèêè ñòðóêòóð ÏÂÑ–ÏÎÅ–Ba–Si3N4 âêëþ÷àëè 
åíåðã³þ, ïîòåíö³ÿëè éîí³çàö³¿, åíåðãåòè÷íó ù³ëèíó òà ñïîð³äíåí³ñòü äî 
åëåêòðîíà. Ñòðóêòóðè ÏÂÑ–ÏÎÅ–Ba–Si3N4 áóëè óñï³øíî îïòèì³çîâàí³ 
çà äîïîìîãîþ ïàêåòà Gaussian 09. Ðåçóëüòàòè ïîêàçàëè, ùî ñòðóêòóðè 
ÏÂÑ–ÏÎÅ–Ba–Si3N4 ìàþòü õîðîø³ îïòè÷í³ é åëåêòðîíí³ âëàñòèâîñò³. 
Êð³ì òîãî, íàíîñòðóêòóðè ÏÂÑ–ÏÎÅ–Ba–Si3N4 ìàþòü øèðîêèé ñïåêòåð 
ïîãëèíàííÿ, ùî ðîáèòü ñòðóêòóðè ÏÂÑ–ÏÎÅ–Ba–Si3N4 ïðèäàòíèìè äëÿ 
ð³çíèõ åëåêòðîííèõ ïðèñòðî¿â, òàêèõ ÿê òðàíçèñòîðè, ôîòîåëåêòðè÷í³ 
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åëåìåíòè, äàâà÷³ é ³íø³ ïðèñòðî¿. 

Key words: polymer blend, Si3N4, optical properties, Gaussian 09, elec-
tronics devices. 
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1. INTRODUCTION 

Polymers are considered as organic materials, which have conjugat-
ed chains and show high electrical conduction; this one relates to 
their characteristics such charges’ carriers as p-electrons, which 
cause the mobility of charge alongside the polymers’ chain backbone 
as well, inorganic materials like metal oxides and metals. Polymers’ 
characteristics are as good as with inorganic materials although 
polymers have some pros and cons, like flexibility, low cost, pro-
cessability, lightweight, and resistance to corrosion. The inorganic 
materials as well have important characteristics like good mechani-
cal strength and high thermal stability. Thus, polymer/inorganic 
systems have different applications in various fields [1]. The im-
provement of practical organic materials is a quickly increasing of 
science area, which possibly may replace the conventionally em-
ployed materials with low cost and improved performing novel ones 
in the future and carry out several novel applications [2, 3]. The 
Si3N4 material has large chemical stability, resistance to heat and 
mechanical characteristics [4]. Gaussian 03 program (computer 
software is to make the calculation, which is capable of predicting 
various characteristics of reactions and molecules, including the 
structures and molecular energy [5]. There are numerous studies on 
composites and nanocomposites to utilize in a variety of fields like 
antibacterial defence [6–12], electronics and optoelectronics [13, 
30], energy storage [31–33], radiation shielding and bioenvironmen-
tal technology [34–39], optical fields [40–51] and sensors [52, 53]. 
The present work aims to design of novel PVA–PEO–Ba–Si3N4 
structures for flexible optoelectronics devices. The PVA/PEO blend 
doped with barium and Si3N4 have promising materials in the flexi-
ble and low-cost applications for different modern industrial fields. 

2. THEORETICAL PART 

Energy gap (Eg) is the difference between the energies of (HOMO) 
and (LUMO) [5]: 
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 gap LUMO HOMOE E E . (1) 

 The ionization energy is expressed (in [eV]) by [54] as follows: 

 E HOMOI E . (2) 

 Electron affinity can be defined by [5] as follows: 

  A LUMOE E . (3) 

 The chemical potential ( ) is determined by [55] as follows: 

  

1 1
 
2 2HOMO LUMO E AE E I E . (4) 

 Chemical hardness (H) is given by [56] as follows: 

 
2

E AI E
H , (5) 

 Chemical softness (S) is the inverse of hardness by [57] as below: 

 
1

2
S

H
, (6) 

 Electrophilicity ( ) can be defined by [58] as follows: 

 
2

2H
. (7) 

 The electronegativity (EN) is given by [59] as follows: 

 
1

2N E AE I E . (8) 

 The electric dipole polarizability represents a second order varia-
tion in energy [60]. The polarizability is given by [61] as follows: 

 
1

3 xx yy zz . (9) 

4. RESULTS AND DISCUSSION 

The structure of PVA–PEO–Ba–Si3N4 was designed by GaussView 
5.0.8 and relaxed using the Gaussian 09 package of programs by 
employing the DFT with the B3LYP/LanL2DZ level. Figure 1 shows 
the optimized relaxed PVA–PEO–Ba–Si3N4 structure. Table 1 repre-
sents the standard orientation of all atoms in the molecule. The 
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bonds’ values in present work are agreed with Refs. [4, 62, 63]. 
 Figure 2 shows the IR spectrum of PVA–PEO–Ba–Si3N4 structure 
calculated using DFT. As found, the strong peak observed at 3300 
cm 1 is attributed to the O–H groups. 
 In the Raman spectra, a variation is observed in the molecules’ 
polarization; that is, the ultraviolet or visible photons interact with 
the vibrating bonds of molecules losing or gaining parts of their en-
ergy, thereby, creating the spectra [64]. Figure 3 represents the 
Raman spectra of PVA–PEO–Ba–Si3N4 structure. Intensities of 
Raman spectra depend on the probability that photon with particu-
lar wavelength will be absorbed. As seen in figure, the active IR 

 

Fig. 1. Optimization of PVA–PEO–Ba–Si3N4 structure. 

TABLE 1. Average lengths of bond in [Å] and the angles in [degrees]. 

Values The optimization parameters Measurements 
1.532 C–C 

Bonds, Å 

1.481 C–O 
1.099 C–H 
0.993 O–H 
1.755 Si=N 
1.411 N–N 
3.271 Ba–Si 

113.201 C–C–C 

Angles, deg. 
106.959 C–O–H 
121.899 N–Si–N 
152.830 Ba–N–Si 
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region is similar with less activity in Raman intensities. The peak 
intensities in Raman spectrum depend on the probability that a par-
ticular wavelength photon will be absorbed. These probabilities can 
be computed from the wave function by computing the transition 
dipole moments. This gives relative peak intensities, since the cal-
culation does not include the density of the substance. 
 The time dependence of electron absorption spectra of PVA–
PEO–Ba–Si3N4 was performed using TD-SCF at B3LYP/DFT level of 

 

Fig. 2. IR spectra of PVA–PEO–Ba–Si3N4 structure. 

 

Fig. 3. Raman intensities of PVA–PEO–Ba–Si3N4 structure with vibration 
frequency. 
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calculations. 
 Figure 4 show the visible and ultraviolet spectra. The UV-Vis-
calculations of PVA–PEO–Ba–Si3N4 composites carried out by 
means of the B3LYP-TD/6-31G method included the excitation en-
ergy, wavelength, oscillator strength and electronic transition. The 
spectrum lies within the UV-Vis limits, because the spectrum in 
theoretical study taking into account concentrations will be calcu-
lated at the highest concentration, where the sample will be com-
pletely opaque only seen in the visible area of the spectrum, and, at 
the lower concentration, it will be seen in the ultraviolet area of the 
spectrum. 
 The NMR data of PVA–PEO–Ba–Si3N4 composites are given in 

 

Fig. 4. UV-Vis spectrum for PVA–PEO–Ba–Si3N4 structures. 

 

Fig. 5. Nuclear magnetic resonance of PVA–PEO–Ba–Si3N4 structures. 
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Fig. 5. 1H-NMR reveals several types of protons in high shielding. 
The high shielding of H may be resonated to the H-bond formation 
with N and O atoms in ammine and hydroxyl ligands. 
 Table 2 gives the values of EHOMO, ELUMO and Eg in [eV] for PVA–
PEO–Ba–Si3N4 structure. The ELUMO is larger than the EHOMO with 
big separation between the two molecular orbitals (Eg 5.75 eV). 
This behaviour is in a good agreement with Refs. [4, 65] and refers 
that PVA–PEO–Ba–Si3N4 structure requests high energy to accept-
ing or donating an electron. Concerning DOS spectra, the charge 
density is small in occupied orbital and elevated in virtual orbital 
for pure, O- and H-substituted Si3N4 structures. This mentions the 
localization of charges along the virtual orbitals rather than in oc-
cupied orbitals. 
 Figure 6 shows the LUMO and HOMO distributions for PVA–
PEO–Ba–Si3N4 structures. 
 Figure 7 represents the electrostatic potential (ESP) distribution 

TABLE 2. Energy gap values in [eV] for structures. 

PVA–PEO–Ba–Si3N4 structures 

EHOMO, eV ELUMO, eV Eg, eV 

9.01 3.26 5.75 

 

Fig. 6. The distribution of HOMO(up) and LUMO(down) for PVA–PEO–Ba–
Si3N4 structures. 
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for PVA–PEO–Ba–Si3N4 structures from the total self-consistent 
field (SCF) approximation. ESP distributions for PVA–PEO–Ba–
Si3N4 structures are created by repulsive forces or attracting re-
gions around each structure. In commonly, the ESP surfaces for 
PVA–PEO–Ba–Si3N4 structures are dragged toward the positions of 
negative charges in each molecule based on the high electronegativi-
ty oxygen atoms (3.5 eV). 

   

Fig. 7. Electrostatic-potential distribution surface for PVA–PEO–Ba–Si3N4. 

TABLE 3. Electronic-characteristics values in [eV] for the structures. 

Property PVA–PEO–Ba–Si3N4 composites 
Total energy 1428.997 (a.u.) 

Ionization potential 9.01 
Electron affinity 3.26 
Electronegativity 6.135 
Chemical hardness 2.875 
Chemical softness 0.173 
Chemical potential 6.135 

Electrophilicity 6.545 
Dipole moment [Debye] 27.149 

TABLE 4. The calculated average  and its components for PVA–PEO–
Ba–Si3N4 composites. 

Polarizability, a.u. 

xx, a.u. yy, a.u. zz, a.u. , a.u. 

409.985 402.077 234.338 348.8 
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 Table 3 represents the ground state energy (ET) results in [a.u.]. 
These characteristics include IE, EA, EN, H and  [66]. 
 Table 4 shows the average polarizability  and its components in 
[a.u.] for PVA–PEO–Ba–Si3N4 structures. 
 The density of states (DOS) for PVA–PEO–Ba–Si3N4 structures as 
a function of energy levels was calculated by the DFT-
B3LYP/LanL2DZ level of theory. Figure 8 shows the degenerated 
states as a function of energy levels for the structure; this degener-
acy is caused by the existence of the new types of atoms that leads 
to varying the bond lengths and angles or changing the geometry of 
the structure. 
 Table 5 represents the Eth, Cv and Sth values of thermal character-
istics for PVA–PEO–Ba–Si3N4 structures. These characteristics in-
clude all the electronic, translational, rotational, vibrational and 
total thermal degrees of freedom. 

 

Fig. 8. DOS for PVA–PEO–Ba–Si3N4 structure. 

TABLE 5. Eth, Cv and Sth of PVA–PEO–Ba–Si3N4 structure. 

Thermal corrections, Hartree/partical scheme 
Eth, kcal/mol Cv, cal/(mol·K) Sth, cal/(mol·K) 

Electronic 0.000 0.000 1.377 
Translational 0.889 2.981 45.147 
Rotational 0.889 2.981 38.177 
Vibrational 351.958 135.902 176.463 

Total 353.736 141.864 261.165 
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5. CONCLUSIONS 

This work included exploring the structure, thermal, optical and 
electronic characteristics for electronics and optics devices. By us-
ing the DFT method, a good relaxation of the PVA–PEO–Ba–Si3N4 
structures was determined. The ionization potential is greater than 
the electron affinity; so, the studied structure needs high energy to 
become cation. According to the high of the electrophilicity, the 
PVA–PEO–Ba–Si3N4 structures are more reactive. The results 
showed that the PVA–PEO–Ba–Si3N4 structures have good optical 
and electronic properties. In addition, the designed nanostructures 
have wide absorption spectrum that makes the PVA–PEO–Ba–Si3N4 
structures as suitable in various electronics devices like transistors, 
photovoltaic cell, sensors and other devices. 
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The present work comprises design of new polystyrene (PS)/MnO2/NiO 

nanosystem to exploit it in many optics and electronics nanodevices. The op-
timization, structural and electronic characteristics of PS/MnO2/NiO 

nanosystem are studied. The results indicate that the electronics characteris-
tics of PS are improved, when the MnO2/NiO nanostructures are added. The 

energy gap of PS is decreased from 5.773 eV to 3.814 eV with adding of 

MnO2/NiO nanostructures. The results show that the PS/MnO2/NiO nanosys-
tem has excellent electronic characteristics, which make the PS/MnO2/NiO 

nanosystem suitable for different optics and electronics fields. 

Öÿ ðîáîòà âêëþ÷àº ïðîºêòóâàííÿ íîâî¿ íàíîñèñòåìè ïîë³ñòèðîë 

(ÏÑ)/MnO2/NiO äëÿ âèêîðèñòàííÿ â áàãàòüîõ îïòè÷íèõ ³ åëåêòðîííèõ íà-
íîïðèñòðîÿõ. Äîñë³äæåíî îïòèì³çàö³þ, ñòðóêòóðó é åëåêòðîíí³ õàðàêòå-
ðèñòèêè íàíîñèñòåìè ÏÑ/MnO2/NiO. Ðåçóëüòàòè ïîêàçàëè, ùî åëåêòðîíí³ 
õàðàêòåðèñòèêè ïîë³ñòèðîëó áóëî ïîë³ïøåíî ³ç äîäàâàííÿì íàíîñòðóêòóð 

MnO2/NiO. Åíåðãåòè÷íà çàáîðîíåíà çîíà ÏÑ çìåíøèëàñÿ â³ä 5,773 åÂ äî 

3,814 åÂ ÷åðåç äîäàâàííÿ íàíîñòðóêòóð MnO2/NiO. Îñòàòî÷í³ ðåçóëüòàòè 

ïîêàçàëè, ùî íàíîñèñòåìà ÏÑ/MnO2/NiO ìàº â³äì³íí³ åëåêòðîíí³ õàðàê-
òåðèñòèêè, ÿê³ ðîáëÿòü íàíîñèñòåìó ÏÑ/MnO2/NiO ïðèäàòíîþ äëÿ ð³çíèõ 

îáëàñòåé îïòèêè é åëåêòðîí³êè. 

Key words: polystyrene, MnO2/NiO, nanosystem, electronic characteris-
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tics, energy gap. 
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1. INTRODUCTION 

Composite materials have a wide variety of applications in electrical 
devices, mobile communication systems, etc. Therefore, composite tai-
loring was initiated to suit the specific needs for different usage. In 

the past decade, there have been several researches carried out with 

different metal oxides due to their application in various electronic 

devices such as smart window, optical detector, cathode coating in 

high-capacity lithium batteries, high performance capacitor, thermis-
tor and others. Transition elements have mixed valence ions; hence, 
those compounds have unique properties and are very useful in various 

fields [1]. Nanostructured manganese dioxide (MnO2) is a promising 

transition metal oxide for its admirable chemical stability, transpar-
ency, low toxicity, low cost, functional biocompatibility, excellent ad-
sorption capacity, catalytic properties, and widespread availability [2]. 
 Nickel oxide (NiO) is the most investigated metal oxide and it has 

attracted considerable attention because of its low cost material, and 

also for its application sin several fields such as a catalyst, transparent 

conducting oxide, photodetectors, electrochromic, gas sensors, photo-
voltaic devices, electrochemical supercapacitors, heat reflectors, pho-
toelectrochemical cell, solar cells and many optoelectronic devices. NiO 

is an IV group and it can be used as a transparent p-type semiconductor 

layers, it has a band gap energy ranging from 3.45 eV to 3.85 eV. Band 

gap energy is significant to adjust the energy level state of NiO [3]. 
Polystyrene (PS) is a commercial thermoplastic polymer. It is rather 

brittle, clear and has good mechanical properties and a low cost price. 
Thus, PS has a wide range of applications as construction materials, 

packaging, disposable cups, consumer electronics, cassette boxes, 
compact disks and medical uses [4]. There are several studies on the 

electronic, optical and electrical properties of polystyrene nanocompo-
sites [5–11]. The current study includes design of PS/MnO2/NiO 

nanostructures and investigating the electronic properties to employ 

in various optoelectronics nanodevices. 

2. COMPUTATIONAL DETAIL 

In this work, all the geometric structures are optimized and consid-
ered by time-dependent density-functional theory (TDDFT) with 
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B3LYP [12, 13] functional and the 6-31G (d, p) basis set, which ap-
plied in Gaussian 09 software [14]. TDDFT methods provide a pow-
erful approach for studying the electronic structure and properties 
of molecules. They offer several advantages that contribute to en-
hancing the accuracy and reliability of computational results in 
comparison to other methods. TDDFT allows for the investigation of 
excited electronic states, which are crucial for understanding phe-
nomena such as absorption spectra, fluorescence, and photochemical 
reactions. By including the description of excited states, TDDFT 
can provide a more comprehensive understanding of molecular be-
haviour. In addition, TDDFT is computationally more efficient com-
pared to methods based on wave function theory, such as traditional 
ab initio methods. TDDFT calculations scale linearly with system 
size, making it feasible to study larger systems and perform more 
extensive sampling of potential energy surfaces. One of the most 
important reasons for choosing a method TDDFT is applicable to a 
wide range of molecular systems, including organic molecules, inor-
ganic complexes, and materials, especially polymers. It can be used 
to investigate various properties, such as electronic spectra, re-
sponse properties, and excited-state dynamics. This chemical model 
has been extensively used to relax the geometry and calculate the 
optoelectronic properties, such as total energies (ET), Fermi energy 
(EF), HOMO (Highest Occupied Molecular Orbital) and LUMO (Low-
est Unoccupied Molecular Orbital), energy gap (Eg) and electronic 
transition energies. These methods are not only encouraging more 
profound understanding of the association between the optoelec-
tronic properties and chemical structures of the molecule structures 
but also may be used to design new molecule structures. To evaluate 
the reactivity and the stability of the composites, TDDFT-based de-
scriptors were calculated [15, 16]: 
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where IP, EA, , , S, and  are the ionization potential, electron 
affinity, chemical potential, chemical hardness, chemical softness, 
and electrophilicity, respectively, while E, N and V(r) are the total 
electron energy, number of electrons, and external potential, re-
spectively. There are two different methods to calculate the above 
the global quantities, the first is a finite difference approximation 
which based on the differences of total electronic energies when an 
electron is removed or added in accordance with the neutral mole-
cule [17]. The second is Koopmans’ theorem, which based on the 
differences between the HOMO and LUMO energies for the neutral 
molecule [13]. Using a finite difference approximation, the global 
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quantities can be given by [18–20] as follow: 
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 Then, using Koopmans’ theorem, the above equations can be giv-
en as follow: 
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3. RESULTS AND DISCUSSION 

In this research study, computational analyses were conducted us-
ing the Gaussian 09 suite of programs and the TDDFT methods to 
investigate certain molecules, as shown in Fig. 1. The focus was on 
the geometrical optimization of polystyrene (PS) and PS–MnO2–NiO 
structures. The relaxation process aimed to find the most stable 
configurations for these structures based on the computational 
analyses. In the research study, computational analyses were con-
ducted using Gaussian 09, a widely recognized software package for 
computational chemistry [17, 21, 22]. To improve the accuracy and 
reliability of the results, the study employed Time-Dependent Den-
sity Functional Theory (TDDFT) methods. 
 Specifically, the carbon-carbon bond lengths fell within the rang-
es for C–C: 1.511 Å, C=C: 1.401 Å, and C–H: 1.057 Å. Additional-
ly, the bond lengths for Mn–O and Ni–O were determined to be 1.83 
Å and 1.748 Å, respectively. These values are consistent with the 
typical bond lengths observed in aromatic rings [18, 23, 24]. The 

 
One monomer 

 

Fig. 1. Structural of PS before relaxing. 
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bond length between carbon and hydrogen in organic molecules can 
be influenced by electrostatic forces between molecules, influenced 
by positive or negative charges, can influence electron transfer and 
impact the bond length. In addition, hydrogen bonding interactions 
and other intermolecular forces can also influence the bond length 
between carbon and hydrogen. Hydrogen bonding can lead to elon-
gation or contraction of the bond length, depending on the strength 
and directionality of the hydrogen bond. As well, molecules can go 
through transition states where bond lengths may deviate from 
their equilibrium values. Factors such as reaction pathways, activa-
tion energies, and intermediate states can temporarily affect the 
bond length between carbon and hydrogen [24–26]. 
 The research focused on the geometrical optimization of polymer-
ic composites, specifically PS and PS–MnO2–NiO. The obtained 
structural properties were found to be in good agreement with ex-
perimental data, both in terms of bond length and bond strength. 
This agreement suggests that these materials exhibit interactions 
and properties that are highly compatible with each other from both 
physical and chemical perspectives, as illustrated in Figs. 2 and 3. 
 The compatibility observed between PS and the MnO2–NiO com-
posite implies that they can effectively interact with each other, 

 

Fig. 2. Structure of PS after relaxing. 

 

Fig. 3. Structure of PS–MnO2–NiO composites. 
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leading to the formation of new compounds or compounds in a con-
sistent and homogeneous manner. The presence of MnO2 and NiO in 
the composite can create a favourable environment for chemical re-
actions with PS. These metal oxides can act as catalysts or initia-
tors, facilitating chemical reactions with the polymer. This compat-
ibility opens up possibilities for joint applications or the creation of 
composite compositions that can benefit from the combined interac-
tions of these materials. 
 With the observation of Fig. 3 after relaxation, we notice the 
significant change in the shape of the polymer chain, so that PS 
and the MnO2–NiO compound participate in intermolecular interac-
tions, such as hydrogen bonding, van der Waals forces, or stacking 
interactions. Thus, these interactions promote the alignment and 
aggregation of the polymer chains with the composite, leading to 
the formation of new structures or phases within the composite ma-
terial [17, 27]. 
 Table presents the ground state calculations of polymeric compo-
sites in this study, specifically focusing on the minimum energy 
configurations. The calculations include the following parameters: 
total energy (in atomic units, [a.u.]), IP and EA  (measured in [eV]) 
calculated using Koopmans’ theorem, Eg in [eV], S in [(eV) 1],  in 
[eV],  in [eV], density of states (DOS) and the energies of the 
HOMO and LUMO. ET of the polymeric composites in this study is 
observed to be very small. This indicates that the binding energy 
within each structure is also low. Consequently, polymeric compo-
sites with lower total energy tend to have limited energy storage 
capabilities. However, this characteristic can be advantageous in 
certain applications that prioritize lightweight materials. The spe-
cific selection or composition of the composites plays a crucial role 
in achieving these properties [18, 22, 27]. 
 Where lightweight materials play a crucial role in renewable en-
ergy technologies? For instance, in wind energy, lightweight com-
posite materials are used for turbine blades to enable efficient ener-
gy conversion. Similarly, in solar energy, lightweight materials are 
utilized for constructing solar panels and supporting structures. In 
addition, lightweight materials are integral to portable electronic 
devices such as smartphones, laptops, and tablets. Materials like 
aluminium, magnesium alloys, and polymers are used to reduce 
weight and enhance portability without compromising durability 
[18, 19, 28]. 
 Indeed, the IP and EA values can vary between different materials 
or composite systems. In the case of PS–MnO2–NiO, both the IP and 
EA values are higher compared to PS. A higher IP indicates that the 
material has a stronger tendency to retain its electrons, while a 
higher EA suggests a greater ability to attract additional electrons. 
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 These differences in electronic properties between composites can 
be attributed to several factors, including variations in chemical 
composition, structure, or bonding characteristics, where the incor-
poration of MnO2 and NiO into the PS matrix can introduce addi-
tional electron-donating or electron-accepting groups, altering the 
overall electronic behaviour of the composite. Changes in the com-
posite’s chemical environment, such as the presence of transition 
metal ions or different bonding configurations, can also influence 
the IP and EA values. Understanding these electronic property dif-
ferences is crucial for tailoring the behaviour and functionality of 
polymeric composites for specific applications, such as energy stor-
age, catalysis, or electronic devices [14, 16, 29]. 
 The results obtained for the parameters S, , and  in the struc-
tures PS and PS–MnO2–NiO indicate important characteristics of 
the polymeric composites. A large value of  and  suggests a high-
er energy requirement, indicating that the system is relatively more 
stable and less reactive towards electron transfer, whereas shown in 
Table. This one indicates that the polymeric composites have a 
greater energy threshold for electron transfer processes, making 
them less prone to electronic changes or reactivity. On the other 
hand, a small value of S suggests a lower energy requirement for 
electron transfer, implying higher reactivity and a greater tendency 
to undergo electronic changes. This can be attributed to the compat-
ibility and good distribution of materials within the polymer ma-
trix, which facilitates electron transfer processes and enhances re-
activity [19]. Additionally, it is observed that the chemical hardness 
decreases and the chemical softness increases in both PS and PS–
MnO2–NiO structures. Higher values of chemical softness indicate a 
lower energy requirement for electron transfer, implying greater 
reactivity and a higher propensity for electronic changes. The com-
patibility and good distribution of the materials within the polymer 
matrix contribute to these changes in chemical hardness, softness, 
and electrophilicity. The specific arrangement and distribution of 
the MnO2 and NiO components within the polymer matrix enhance 
the reactivity and electronic changes in the composite [30, 31]. 
 The concepts of chemical hardness, softness, and electrophilicity 
are relevant in understanding the reactivity and stability of poly-
meric composites. A decrease in chemical hardness and an increase 
in chemical softness indicate a lower energy requirement for elec-
tron transfer, implying higher reactivity and a greater tendency to 
undergo electronic changes. This is attributed to the compatibility 
and good distribution of materials within the polymer matrix. 
Changes in these properties can have implications for the design 
and application of polymeric composites in areas such as catalysis, 
energy storage, and electronic devices [14]. 
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 Through the Table, the information suggests that the addition of 
MnO2–NiO to the polymer PS leads to a decrease in the Eg values, 
indicating a decrease in the energy gap between the HOMO and 
LUMO levels. This suggests the possibility of an electronic transi-
tion between the valence band and conductivity. When MnO2–NiO is 
added to the polymer, it interacts with the existing polymer struc-
tures through various mechanisms, such as chemical bonding, elec-
trostatic interactions, and intermolecular forces. These interactions 
can result in changes in the electronic structure of the polymer and 
the formation of new energy states within the polymer. One possible 
mechanism is the formation of chemical bonds between the MnO2–
NiO particles and the polymer chains. This can occur through cova-
lent bonding or coordination bonding, depending on the nature of 
the materials and the specific conditions. The formation of chemical 
bonds introduces new energy levels within the polymer electronic 
structure. Additionally, the presence of MnO2–NiO particles can in-
duce changes in the local electric field and electronic environment 
around the polymer chains. This can lead to polarization effects and 
redistribution of electron density within the polymer. As a result, 
new energy states may emerge within the polymer’s electronic band 
structure [15, 21, 31]. 
 Figures 4 and 5 depict the HOMO and LUMO energy levels for 

 
HOMO 

 
LUMO 

Fig. 4. The shapes of HOMO and LUMO for PS. 
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the PS–MnO2–NiO structure, showing a more stable electronic dis-
tribution compared to PS alone. This stability is likely due to the 
withdrawal of electrons by the MnO2–NiO materials. This enhanced 
stability can be attributed to the withdrawal of electrons by the 
MnO2–NiO materials. MnO2–NiO, being transition metal oxide ma-
terials, can have a higher electron affinity compared to the polymer 
PS. This means that they have a stronger tendency to attract and 
accept electrons. When MnO2–NiO is incorporated into the PS ma-
trix, it can act as an electron acceptor, causing a redistribution of 
electron density within the system. As MnO2–NiO withdraws elec-
trons from the surrounding PS molecules, it can induce a more bal-
anced distribution of electron density throughout the structure. 
This redistribution of electrons helps stabilize the electronic system 
by reducing any localized charge imbalances or electron-rich regions 
within the polymer [14, 29, 30]. 
 The provided information highlights the significance of the den-
sity of states (DOS) in understanding the electronic structure and 
properties of materials. The DOS provides valuable insights into 
various material properties, including electrical conductivity, ther-
mal conductivity, and optical properties. The DOS is a function of 
energy, denoted as g(E), where E represents the energy level. It de-
scribes the number of states per unit volume per unit energy range 
at a specific energy level. Mathematically, the DOS can be expressed 
as follows: 

 
HOMO 

 
LUMO 

Fig. 5. The shapes of HOMO and LUMO for PS–MnO2–NiO composites. 



DESIGN AND EXPLORING THE STRUCTURE AND ELECTRONIC CHARACTERISTICS 723 

g(E) V 1dN(E)/dE, 

where V represents the volume of the material, and dN(E)/dE rep-
resents the change in the number of states with respect to energy. 
 In the context of polymeric compounds, the density diagram or 
DOS plot (as shown in Figs. 6 and 7) reveals the presence of an en-

 

Fig. 6. Density of states (DOS) for PS. 

 

Fig. 7. Density of states (DOS) for PS–MnO2–NiO composites. 
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ergy gap between the valence band (the highest occupied energy 
band) and the conduction band (the lowest unoccupied energy band) 
[17, 28]. 
 Within the band gap, the DOS exhibits a region of either zero or 
very low density of states. This indicates a lack of available elec-
tronic states in that energy range. On the other hand, the DOS is 
relatively high in the valence and conduction bands, indicating the 
presence of occupied or excited electronic states. The presence of a 
distinct energy gap between the valence and conduction bands is a 
characteristic feature of semiconductors and insulators as in poly-
mers. By analysing the DOS, researchers can study phenomena such 
as energy bands, and the EF energy, which is a key concept in solid-
state physics and is related to DOS. It represents the highest energy 
level that electrons occupy at a temperature of absolute zero. More-
over, as shown in Table, while the EF increases when MnO2–NiO is 
added, this confirms that the EF exists within the band gap in the 
polymers, which is the energy band where no electronic states are 
allowed. The DOS near the EF in this region is low, reflecting the 
lack of available occupancy electronic states. This energy gap pre-
vents large electron mobility and leads to poor electrical conductivi-
ty. However, in PS–MnO2–NiO composites, the band gap is relative-
ly small compared to insulators, which allows some thermal excita-
tion of electrons across the gap, leading to their partial conduction 
[25, 31]. 

4. CONCLUSIONS 

This work involved design and investigating the optimization, 
structure and electronic characteristics of PS/MnO2/NiO nanosys-
tem as a new nanostructure to utilize in a lot of optics and electron-
ics applications. The obtained results illustrated that the electronics 
characteristics of polystyrene were improved, when the MnO2/NiO 
nanostructures added. The energy gap of PS decreased from 5.773 
eV to 3.814 eV among adding of MnO2/NiO nanostructures. The fi-
nal results indicated to the PS/MnO2/NiO nanosystem have excel-
lent electronic characteristics, which make the PS/MnO2/NiO 
nanosystem appropriate for different optics and electronics applica-
tions. 
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Creating polymer nanocomposite specimens is carried out using the solu-
tion-casting technique. The specimens are comprised of a host matrix of 
polyvinyl alcohol (PVA), in which varying concentrations of zirconium 
oxide (ZrO2) and copper oxide (CuO) nanoparticles are incorporated, span-
ning a range from 0 to 6 wt.%. The nanostructures composed of PVA–
ZrO2–CuO exhibit notable attributes, such as low expenses, enhanced re-
sistance to corrosion, favourable optical properties, and a relatively light-
weight nature compared to alternative nanosystems. The optical properties 
are measured within the wavelength range ( ) from 200 nm to 840 nm. 
Optical properties show that the absorption coefficient, refractive index, 
and dielectric-constant real and imaginary parts for PVA–ZrO2–CuO 
nanocomposite increase with increasing concentrations of the ZrO2–CuO 
nanoparticles; so, the optical parameters at wavelength 400 nm: ab-
sorption coefficient ( ), refractive index (n), extinction coefficient (k), 
real ( 1) and imaginary ( 2) parts of dielectric constants, and optical con-
ductivity ( op) for PVA are enhanced by about 1540%, 100%, 2216%, 
302%, 1116%, and 3025%, respectively, with adding of 6 wt.% ZrO2–
CuO nanoparticles. The performance of the PVA–ZrO2–CuO nanocompo-
sites suggests that they possess favourable characteristics as optical na-
nomaterials in the domains of electronics and optics. 

Ñòâîðåííÿ çðàçê³â ïîë³ìåðíèõ íàíîêîìïîçèò³â ïðîâîäèëè ìåòîäîì ëèò-
òÿ ç ðîç÷èíó. Çðàçêè âêëþ÷àëè ãîëîâíó ìàòðèöþ ç ïîë³â³í³ëîâîãî 
ñïèðòó (ÏÂÑ), â ÿêó áóëî âò³ëåíî ð³çí³ êîíöåíòðàö³¿ íàíî÷àñòèíêè îê-
ñèäó Öèðêîí³þ (ZrO2) é îêñèäó Êóïðóìó (CuO), ùî îõîïëþâàëè ä³ÿïà-
çîí â³ä 0 äî 6 ìàñîâèõ â³äñîòê³â. Íàíîñòðóêòóðè, ùî ñêëàäàþòüñÿ ç 
ÏÂÑ–ZrO2–CuO, äåìîíñòðóþòü ïîì³òí³ õàðàêòåðèñòèêè, òàê³ ÿê íèçüêó 
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Íàäðóêîâàíî â Óêðà¿í³. 
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âàðò³ñòü, ï³äâèùåíó ñò³éê³ñòü äî êîðîç³¿, ñïðèÿòëèâ³ îïòè÷í³ âëàñòèâî-
ñò³ òà â³äíîñíî ëåãêó ïðèðîäó ïîð³âíÿíî ç àëüòåðíàòèâíèìè íàíîñèñòå-
ìàìè. Îïòè÷í³ âëàñòèâîñò³ ì³ðÿëè â ä³ÿïàçîí³ äîâæèí õâèëü  â³ä 200 
íì äî 840 íì. Îïòè÷í³ âëàñòèâîñò³ ïîêàçàëè, ùî êîåô³ö³ºíò ïîãëèíàí-
íÿ, ïîêàçíèê çàëîìëåííÿ òà ä³éñíà é óÿâíà ÷àñòèíè ä³åëåêòðè÷íî¿ ïðî-
íèêíîñòè äëÿ íàíîêîìïîçèòó ÏÂÑ–ZrO2–CuO çðîñòàþòü ç³ çá³ëüøåííÿì 
êîíöåíòðàö³¿ íàíî÷àñòèíîê ZrO2–CuO; òàê, îïòè÷í³ ïàðàìåòðè íà äîâ-
æèí³ õâèë³ 400 íì: êîåô³ö³ºíò ïîãëèíàííÿ ( ), ïîêàçíèê çàëîìëåí-
íÿ (n), êîåô³ö³ºíò åêñòèíêö³¿ (k), ä³éñíà ( 1) é óÿâíà ( 2) ÷àñòèíè ä³åëå-
êòðè÷íî¿ ïðîíèêíîñòè òà îïòè÷íà ïðîâ³äí³ñòü ( op) äëÿ ÏÂÑ çá³ëüøó-
þòüñÿ ïðèáëèçíî íà 1540%, 100%, 2216%, 302%, 1116% ³ 3025% â³ä-
ïîâ³äíî ç äîäàâàííÿì íàíî÷àñòèíîê ZrO2–CuO (6 ìàñ.%). Åêñïëóàòà-
ö³éí³ ïîêàçíèêè íàíîêîìïîçèò³â ÏÂÑ–ZrO2–CuO íàâîäÿòü íà äóìêó, 
ùî âîíè ìàþòü ñïðèÿòëèâ³ õàðàêòåðèñòèêè ÿê îïòè÷í³ íàíîìàòåð³ÿëè â 
îáëàñòÿõ åëåêòðîí³êè é îïòèêè. 

Key words: PVA, ZrO2, CuO, nanocomposites, optical properties. 
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1. INTRODUCTION 

Since immemorial, polymers have been integral to the fabric of ex-
istence, constituting all life forms’ fundamental constituents. Be-
fore the mid-twentieth century, humans had an incomplete under-
standing regarding polymers’ fundamental characteristics and prop-
erties. Polymers have permeated various facets of human existence. 
Contemplating contemporary society devoid of synthetic polymeric 
materials and their myriad opulent and convenient attributes proves 
challenging. In recent years, realizing a fully customized polymer 
has been made possible due to advancements in comprehending the 
interrelationships between polymer structure and properties, emerg-
ing ground-breaking polymerization techniques, and the accessibil-
ity of innovative and cost-effective monomers [1, 2]. Polymers with 
corrosion resistance, low weight, and strong hardness make various 
products, including homemade plastics, automobile internal and ex-
ternal components, biomedical equipment, and satellite applications 
[3, 4]. 
 A polymer blend refers to the amalgamation of two or more pol-
ymers, forming a novel material exhibiting distinct physical charac-
teristics. Polymer mixtures, known as heat mixes, are a specific 
category within the broader classification of polymer mixtures. The 
phenomenon of heat mixing and the characteristics of thermoplastic 
heat mixtures have been extensively investigated in previous re-
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search [5, 6]. In contemporary times, polymers are commonly em-
ployed in electrical and electronic applications. The utilization of 
polymers as insulators has been attributed to their remarkable re-
sistivity and dielectric properties. Electrical equipment utilizes pol-
ymer-based insulators to isolate electrical conductors, thereby inhib-
iting electric current flow efficiently. Polymer insulators are uti-
lized in diverse fields, encompassing the manufacturing of printed 
circuit boards, cable sheathing materials, corrosion-resistant elec-
tronics, and wire encapsulation. Polymers offer many advantages, 
such as their inherent processability, exceptional flexibility, notable 
strength and mechanical properties, and cost-effectiveness [7, 8]. 
 Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer. The 
substance exhibits a notable lack of toxicity and possesses notable 
attributes in terms of its application as a wound dressing and as a 
material for bioreactors. The semi-crystalline nature of polyvinyl 
alcohol is a notable attribute, as the presence of both amorphous 
and crystalline regions characterizes it. This structural arrange-
ment gives rise to interfacial effects that enhance the physical 
properties of the material [9, 10]. Polyvinyl alcohol exhibits dis-
tinct characteristics, including biodegradability, favourable chemi-
cal stability, environmental friendliness, notable charge storage ca-
pacity, high resistance to abrasion, thermal stability, tensile 
strength, flexibility, elongation, ease of film processing, and cost-
effectiveness in manufacturing [11, 12]. The rapid decomposition of 
the substance occurs at elevated temperatures. Various additives, 
including polymers, salts, nanocomposites, and ions, are commonly 
incorporated into polyvinyl alcohol (PVA) to enhance and alter its 
properties [13, 14]. PVA exhibits sub-optimal electrical insulation 
properties, yet it transforms conductivity, when doped with specific 
inorganic fillers [15]. 
 Zirconium oxide (ZrO2), commonly called zirconia, is widely rec-
ognized for its exceptional chemical and physical characteristics. 
Consequently, it finds extensive utility in various fields, including 
fuel cells, gas sensors, optoelectronics, catalysts, and corrosion-
resistant materials. Zirconium dioxide (ZrO2) has a band gap exceed-
ing 5 eV, making it a significant luminescent material characterized 
by favourable optical transparency. Moreover, its considerable sur-
face area and abundance of oxygen vacancies establish it as a prom-
ising contender for applications in photocatalysis [16, 17]. Zirconi-
um dioxide (ZrO2) nanoparticles exhibit notably low thermal conduc-
tivity and a high thermal expansion coefficient. Additionally, the 
materials above possess numerous engineering applications due to 
their exceptional strength, durability, thermal shock resistance, ri-
gidity, and enhanced wear resistance [18, 19]. 
 Copper oxide is a type of material that exhibits semiconductor 
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behaviour and possesses distinctive optical, electrical, and magnetic 
characteristics. It has found diverse applications in supercapacitor 
development, near-infrared filtering, magnetic storage media, sen-
sor technology, catalysis, and semiconductor devices [20, 21]. Cop-
per oxide nanoparticles (CuO NPs) have been employed to enhance 
polymer films derived from petrochemical-based or bio-based poly-
mers. The characteristics mentioned above are attributable to the 
remarkable surface-to-volume ratio, thermal stability, comparative-
ly diminished toxicity, and capacity to enhance the mechanical 
properties of polymers [22]. 
 This work used ZrO2–CuO nanoparticles to improve the nanocom-
posite’s optical properties PVA–ZrO2–CuO. The results of this study 
showed a significant improvement in these characteristics. 

2. MATERIALS AND METHODS 

Nanocomposite films were fabricated using the casting technique, 
incorporating polyvinyl alcohol (PVA), zirconium oxide (ZrO2), and 
copper oxide (CuO) nanoparticles. The experimental procedure in-
volved dissolving pure polyvinyl alcohol (PVA) in 35 ml of distilled 
water for 35 minutes. The solution was stirred using a magnetic 
stirrer at a temperature of 50 C to attain a higher level of homoge-
neity. The polymer underwent the introduction of zirconium oxide 
(ZrO2) and copper oxide (CuO) nanoparticles at different weight per-
centages 0%, 2%, 4%, and 6%. Following three days of air-drying 
the solution at room temperature, the observed outcome entailed 
the development of polymer nanocomposites. The nanocomposites 
consisting of PVA–ZrO2–CuO were retrieved from the Petri dish 
and employed for measurement purposes. The optical properties of 
nanocomposites comprising PVA, ZrO2, and CuO were examined us-
ing a Shimadzu U.V./1800 spectrophotometer over a wavelength 
range of 200–800 nm. 
 The evaluation of the absorption coefficient ( ) of the current 
materials is heavily reliant on the optical transmission, reflection, 
and thickness of the film, as determined by the following equation 
[23]: 2.303A/d, where d is the sample thickness, and A is the 
absorption of the material. 
 The extinction coefficient (k) was calculated using the following 
equation [24, 25]: 

4
k , 

where  is the wavelength. The refractive index (n) is calculated by 
[26] from equation: 
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4 –

( 1) ( 1)

k R
n R

R R
, 

where R is the reflectance. The dielectric constant real and imagi-
nary parts are calculated by [27, 28] as follow: 1 n2 k2, 2 2nk. 
The optical conductivity ( op) is obtained by using the relation [29]: 

op nc/4 , where c is the velocity of light. 

3. RESULTS AND DISCUSSION 

3.1. The Optical Properties of PVA–ZrO2–CuO Nanocomposites 

Figure 1 illustrates the correlation between the absorption coeffi-
cient of nanocomposites composed of polyvinyl alcohol (PVA), zir-
conium dioxide (ZrO2), and copper oxide (CuO) and the varying pro-
portions of ZrO2–CuO nanoparticles (NPs). The absorption coeffi-
cient increases as the ratios of ZrO2–CuO NPs increase. This phe-
nomenon can be attributed to the augmentation of charge carriers 
within the nanocomposite films. The absorption coefficient ( ) for 
all the prepared nanocomposites exhibited the lowest values at lower 
energies, which can be attributed to the limited likelihood of elec-
tron transitions. 

 

Fig. 1. Absorption coefficient for PVA–ZrO2–CuO nanocomposites as a 
function of photon energy. 
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 The probability of electron transition is high, when the energy of 
the incident photon increases, indicating that the energy of the 
photon is adequate for atom interaction. Based on the observed  

 

Fig. 2. Difference of extinction coefficient for PVA–ZrO2–CuO nanocompo-
sites with wavelength. 

 

Fig. 3. The refractive index for PVA–ZrO2–CuO nanocomposites as a func-
tion of wavelength. 
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values for the prepared films, which are less than 104 cm 1, it can 
be inferred that indirect electron transitions are highly probable 
[30, 31]. 
 Figure 2 illustrates the variation in the extinction coefficient 
concerning the wavelength. The figure observations suggest a posi-
tive correlation between the concentration of ZrO2–CuO nanoparti-
cles and the extinction coefficient. This relationship can be at-
tributed to the amplified optical absorption and enhanced dispersion 
of photons within the polymer matrix. The extinction coefficient is 
contingent upon the absorption coefficient, with the former exhibit-
ing elevated values within the UV region. Moreover, the extinction 
coefficient demonstrates an upward trend as the wavelength in-
creases within the visible spectrum, extending into the near-
infrared spectrum [32, 33]. 
 The refractive index for nanocomposites consisting of PVA–
ZrO2–CuO is depicted in Fig. 3, illustrating its variation for wave-
length. The figure demonstrates a positive correlation between the 
weight percentages of ZrO2–CuO nanoparticles in the PVA and the 
corresponding refractive index; this can be attributed to the in-
creased density of the nanocomposites. High refractive index values 
are observed in the ultraviolet region due to the restricted trans-
mittance within this specific spectral range. On the other hand, the 
visible region exhibits low refractive index values due to increased 
transmittance within this specific range of wavelengths. The find-
ings obtained by the researcher align with these results [34, 35]. 
 The real dielectric constant ( 1) indicates the extent to which the 
speed of light is reduced within a material, indicating the materi-
al’s polarity. On the other hand, the imaginary dielectric constant 
( 2) signifies the ability of the dielectric to absorb energy from the 
electric field through dipole motion. Figures 4 and 5 depict the 
fluctuations in the real component ( 1) and the imaginary compo-
nent ( 2) of the dielectric constant for both pure polymer films and 
nanocomposite films, as influenced by varying ratios of ZrO2–CuO 
nanoparticles. These variations are observed across different photon 
energy levels. There is a rise in the values of 1 at lower photonic 
energies, which is subsequently followed by a distinct decline at 
higher energies across all nanocomposite films [36]. The dielectric 
constant of polymers demonstrates an increase corresponding to a 
fractional amplification of charges within the polymer materials. 
 The relationship between the real component of the dielectric 
constant and the refractive index can be attributed to the minimal 
value of the extinction coefficient. The empirical evidence indicates 
a positive correlation between the concentrations of ZrO2–CuO na-
noparticles and the observed increase in the real dielectric constant. 
The behaviour of the hypothetical dielectric constant before and af-
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ter inclusion of nanoparticles demonstrates resemblances to that of 
the actual dielectric constant [37, 38]. 
 However, it is important to note that the value of the imaginary 
dielectric constant is lower, as depicted in Fig. 5. The correlation 

 

Fig. 4. The real dielectric constant ( 1) as a function of incident wave-
length for PVA–ZrO2–CuO nanocomposites. 

 

Fig. 5. The imaginary dielectric constant ( 2) as a function of wavelength 
for PVA–ZrO2–CuO nanocomposites. 



 EFFECT OF ZrO2–CuO NANOFILLER ON THE OPTICAL CONSTANTS 735 

between the imaginary component of the dielectric constant and the 
extinction coefficient is of significant significance, particularly 
within the visible and near-infrared spectra. In the context of this 
specific regime, it is evident that the refractive index exhibits a 
consistent and unchanging value. On the contrary, the extinction 
coefficient exhibits an increasing trend with the rise in wavelength 
[39, 40]. 
 Figure 6 demonstrates a decrease in the optical conductivity of 
the composite samples as the wavelength increases. The observed 
phenomenon exhibits a significant reliance on the wavelength of the 
incoming radiation on the composite samples and can be clarified by 
considering the concept of optical conductivity. The observed rise in 
optical conductivity at shorter photon wavelengths can be ascribed 
to the heightened absorbance exhibited by all composite samples 
within this particular range of the electromagnetic spectrum. Con-
sequently, this phenomenon leads to an augmentation in charge 
transfer excitations [41, 42]. The optical conductivity spectra indi-
cate that the examined samples possess the ability to propagate 
light within the visible and near-infrared regions. 
 Furthermore, incorporating ZrO2–CuO nanoparticles leads to an 
observed enhancement in the optical conductivity of composites. 
The observed phenomenon can be ascribed to the formation of local-
ized states within the energy gap. More precisely, an increased con-
centration of ZrO2–CuO nanoparticles results in a higher density of 
these localized states within the band structure. Consequently, the 

 

Fig. 6. Difference of optical conductivity of PVA–ZrO2–CuO nanocompo-
sites with wavelength. 
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augmentation of the absorption coefficient results in a subsequent 
elevation in the optical conductivity of nanocomposites comprising 
polyvinyl alcohol–zirconium oxide–copper oxide (PVA–ZrO2–CuO) 
[43]. 

4. CONCLUSION 

The current study involves the production of nanostructured films 
composed of a combination of polyvinyl alcohol (PVA), zirconium 
dioxide (ZrO2), and copper oxide (CuO) through the solution casting 
method. A comprehensive investigation has been conducted on the 
optical characteristics of nanostructures composed of polyvinyl al-
cohol (PVA), zirconium dioxide (ZrO2), and copper oxide (CuO). The 
analysis of optical properties revealed that the absorption coeffi-
cient, refractive index, and dielectric constant (both real and imag-
inary components) of the PVA–ZrO2–CuO nanocomposite exhibit a 
positive correlation with the concentrations of ZrO2–CuO nanoparti-
cles. These findings indicate significant improvements in the optical 
properties of the nanocomposite. The extinction coefficient exhibits 
elevated values within the UV-range, demonstrating a positive cor-
relation with increasing wavelength within the visible spectrum, 
extending into the near-infrared spectrum. Moreover, composites’ 
optical conductivity increases, when ZrO2–CuO nanoparticles are 
incorporated. The findings of this study indicate that the material 
exhibits potential suitability for various optoelectronic applications. 
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on Polypyrrole/SDS Counter Electrode 
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In this study, titanium dioxide/multiwall carbon nanotube and silver na-
noparticles (TiO2/MWCNTs/Ag) nanocomposite is employed as photoanode 
incorporated with polypyrrole/sodium dodecyl sulphate (PPy SDS) coun-
ter electrode 1 (C1) and polypyrrole/sodium dodecyl sulphate/multiwall 
carbon nanotube (PPy SDS MWCNT) counter electrode 2 (C2) as low-
cost counter electrodes compared with a platinum counter electrode to 
construct dye-sensitized solar cells (DSSCs) using Ru-based dyes Z907, 
pomegranate dye, arugula dye, and hibiscus dye as a photosensitized one. 
The working electrode composite is deposited on a transparent-conducting 
F:SnO2 (FTO) glass substrate by a thermal chemical spraying technique 
and, then, anchored with dyes, while the counter electrodes are prepared 
by the electropolymerization method. The structural and optical properties 
and interconnectivity of the materials within the composite are investi-
gated thoroughly through various characterization techniques x-ray dif-
fraction (XRD), Raman scattering, field-emission scanning electron mi-
croscopy (FESEM), and atomic force microscopy (AFM). Finally, the pho-
tovoltaic performances of the assembled DSSCs are tested under pho-
toirradiation (100 mW/cm2). The measured current–voltage (I–V) curve 
shows that the efficiency of DSSCs in the case of Z907 dye with C1 and C2 
is of 2.537% and 2.453%, respectively, compared with the reference cell 
based on the Pt counter electrode, which has an efficiency of 3.57%, that 
indicates a good efficiency of the low-cost prepared DSSCs. The natural 
dyes exhibit a moderate efficiency ranging from 1.44–0.53%. 

Ó öüîìó äîñë³äæåíí³ íàíîêîìïîçèò ä³îêñèä Òèòàíó/áàãàòîøàðîâ³ âóã-
ëåöåâ³ íàíîòðóáêè òà íàíî÷àñòèíêè ñð³áëà (TiO2/MWCNTs/Ag) âèêîðè-
ñòîâóâàëè ÿê ôîòîàíîäó, îá’ºäíàíó ç ïðîòèåëåêòðîäîþ 1 (C1) ïîë³ï³-
ðîë/äîäåöèëñóëüôàò íàòð³þ (PPy SDS) òà ïðîòèåëåêòðîäîþ 2 (C2) ïî-
ë³ï³ðîë/äîäåöèëñóëüôàò íàòð³þ/áàãàòîñò³íí³ âóãëåöåâ³ íàíîòðóáêè 
(PPy SDS MWCNT) ÿê íåäîðîãèìè ïðîòèåëåêòðîäàìè ïîð³âíÿíî ç 
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Nanosistemi, Nanomateriali, Nanotehnologii 
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Íàäðóêîâàíî â Óêðà¿í³. 
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ïëàòèíîâîþ ïðîòèåëåêòðîäîþ äëÿ ñòâîðåííÿ ñåíñèá³ë³çîâàíèõ äî áàðâ-
íèêà ñîíÿ÷íèõ åëåìåíò³â (DSSCs) ç âèêîðèñòàííÿì áàðâíèêà Z907 íà 
îñíîâ³ Ru, ´ðàíàòîâîãî áàðâíèêà, áàðâíèêà-ðóêîëè, áàðâíèêà-ã³á³ñêóñó 
ÿê ôîòîñåíñèá³ë³çàòîð³â. Ðîáî÷èé åëåêòðîäíèé êîìïîçèò áóâ íàíåñåíèé 
íà ïðîçîðó ïðîâ³äíó ñêëÿíó ï³äêëàäèíêó ç F:SnO2 (FTO) ìåòîäîì òåðì³-
÷íîãî õåì³÷íîãî íàïîðîøåííÿ, à ïîò³ì çàêð³ïëåíèé áàðâíèêàìè, òîä³ 
ÿê ïðîòèåëåêòðîäè áóëè ï³äãîòîâëåí³ ìåòîäîì åëåêòðîïîë³ìåðèçàö³¿. 
Ñòðóêòóðí³ é îïòè÷í³ âëàñòèâîñò³ òà âçàºìîçâ’ÿçîê ìàòåð³ÿë³â ó ñêëàä³ 
êîìïîçèòó ðåòåëüíî äîñë³äæåíî çà äîïîìîãîþ ð³çíèõ ìåòîä³â âèçíà÷åí-
íÿ õàðàêòåðèñòèê ðåíò´åí³âñüêî¿ äèôðàêö³¿ (XRD), êîìá³íàö³éíîãî ðîç-
ñ³ÿííÿ, ïîëüîâî¿ åì³ñ³éíî¿ ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ 
(FESEM) òà àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿ (AFM). Íàðåøò³, ôîòîåëåêòðè÷-
í³ õàðàêòåðèñòèêè ç³áðàíèõ DSSCs áóëî ïåðåâ³ðåíî ï³ä ä³ºþ ôîòîîïðî-
ì³íåííÿ (100 ìÂò/ñì2). Âèì³ðÿíà âîëüò-àìïåðíà êðèâà (I–V) ïîêàçóº, 
ùî åôåêòèâí³ñòü DSSCs ó âèïàäêó áàðâíèêà Z907 ç C1 ³ C2 ñòàíîâèëà 
2,537% ³ 2,453% â³äïîâ³äíî ïîð³âíÿíî ç åòàëîííîþ êîì³ðêîþ íà îñíîâ³ 
Pt-ïðîòèåëåêòðîäè, ÿêà ìàº åôåêòèâí³ñòü ó 3,57%, à öå ñâ³ä÷èòü ïðî 
õîðîøó åôåêòèâí³ñòü íåäîðîãèõ âèãîòîâëåíèõ DSSCs. Íàòóðàëüí³ áàðâ-
íèêè ïîêàçàëè ïîì³ðíó åôåêòèâí³ñòü ó ìåæàõ 1,44–0,53%. 

Key words: TiO2, silver nanoparticles, MWCNT, Z907, SDS, PPy, dye-
sensitized solar cell. 

Êëþ÷îâ³ ñëîâà: TiO2, íàíî÷àñòèíêè ñð³áëà, MWCNT, Z907, SDS, PPy, 
ñåíñèá³ë³çîâàíèé äî áàðâíèêà ñîíÿ÷íèé åëåìåíò. 
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1. INTRODUCTION 

Due to its low cost, simple manufacturing process, and greener de-
sign, dye-sensitized solar cells (DSSCs) have undergone extensive 
research as a substitute energy source. A DSSC is made up of a 
glass substrate covered with a transparent conducting oxide layer, 
an electron-transporting mesoporous metal oxide layer, dye, electro-
lyte, and a counter electrode. Generally, the spectral sensitization 
of wide bandgap semiconductors like TiO2 is used in DSSCs to con-
vert visible light into electricity,TiO2 continues to be the most 
promising semiconductor discovered so far for DSSCs [1]. Natural 
dyes employed in DSSC as sensitizers are less expensive than syn-
thetic dyes, although their stated efficiencies are fairly poor [2]. 
Tennakone et al. first proposed the idea of a dye-sensitized solid-
state solar cell in 1988, and later O’Regan and Grätzel reported an 
efficiency of 7.1% and a current density greater than 12 mA cm2 
for DSSC in which I 3/I  redox couple and TiO2 were used as liquid 
electrolytes, respectively. 
 Nazeeruddin et al. later reported the maximum efficiency of 
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11.1% [3]. 
 The performance of DSSCs is nonetheless hampered by the relax-
ation of oxidized dye and recombination processes linked to the 
charge carriers. Utilizing a doped TiO2 electrode is one of the alter-
nate methods to lessen the aforementioned issue in DSSCs. It is ob-
vious that dopant materials affect features such as conduction band 
energy, charge transit, recombination, and collection of charge car-
riers by narrowing the bandgap and increasing the charge traps of 
TiO2. While many different dopants, including transition metals, 
alkali earth metals, non-metals, and rare earth elements, have been 
used, the incorporation of transition metals into TiO2 results in the 
formation of a wide variety of new energy levels because the par-
tially filled d-orbitals of transition metals close to the conduction 
band (CB) are responsible transition metal Ag have been used as do-
pant in TiO2 [4]. 
 H. Hwang et al. [5] developed the efficiency of TiO2 Photoanode 
using the surface plasmonic effect of silver nanoparticles (NPs) and 
the high electron mobility of CNTs with Pt counter electrode. The 
TiO2/CNT composite working electrode with 0.5 wt.% CNTs had 
increased efficiency over that of the conventional pure TiO2 work-
ing electrode. Finally, a two-fold higher efficiency than the conven-
tional working electrode was achieved by using a TiO2/Ag/CNT 
composite working electrode. This greater efficiency may be caused 
by the synergism between the surface plasmonic effect of the silver 
nanoparticles and the high electron mobility of the MWCNT net-
work. This cell was use as reference cell in the current study. 
 As alternative cost-efficient materials, various counter electrode 
(CE) materials including carbon-based materials, conducting poly-
mers, sulphides, nitrides, and carbides have been integrated into 
DSSCs. 
 Polypyrrole (PPy) has attracted much research attention due to 
its high conductivity, low cost, large electrochemical surface area, 
and good electrocatalytic activity for I3-reduction enabling applica-
tion in electronics, catalysis, energy storage, and sensing [6, 7]. Wu 
et al. [8] have prepared PPy nanoparticles and applied as CE cata-
lyst in DSSC sand got remarkable power conversion efficiency. 
 The combination of surfactant with polypyrrole tends to be im-
proved the counter electrode properties. Sodium dodecyl sulphate 

(SDS) surfactant and MWCNT are expecting to achieve better catalytic 

activity and device performance. Introduction of SDS surfactant addi-
tive significantly enhances the photovoltaic performance [9]. 
 At present study and as alternative cost-efficient DSSCs, we at-
tempted to study the effect of merge both Pt/Ag/MWCNT as work-
ing electrode and PPy/SDS as counter electrode with different types 
of dye. 
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2. MATERIALS AND METHODS 

2.1. Materials 

All materials and solvents used were obtained from commercial 
sources: titanium dioxide TiO2 (97%, PanReac), silver nanoparticles 
Ag ( 99.9%, QSI, Nano), multiwall carbon nanotube MWCNT 
(98.9%, Sigma Aldirch), ethanol ( 99.8%, Honeywell), pyrrole 
(99%, Sigma Aldirch), Perchloric acid (99.9%, THOMAS BAKER), 
sodium dodecyl sulphate SDS ( 99%, Sigma Aldrich), Iodide ( 94%, 
Sigma Aldirch), potassium iodide (99%, Sigma Aldirch), ethylene 
glycol (97%, BrcelonaEspan), ruthenium complex dye Z907 (95%, 
Ossila), tert-butanole (99%, Sigma Aldirch), acetonitrile (99.8%, 
Sigma Aldrich). 

2.2. Methods 

2.2.1. Preparation of TiO2 /Ag 2.0 wt.%/MWCNT 0.5 wt.% 

The purified MWCNTs were dispersed in ethanol (  99.9% purity) 
using a sonicator for 30 min, and the well-dispersed MWCNTs were 
then separated from the solution by centrifugation for 3 min. Silver 
nanoparticles (QSI-Nano;  99.9% purity, 20–40 nm in diameter) 
and TiO2 were added to the prepared MWCNTs solution via ultra-
sonication. 
 Photoanode was fabricated using the prepared TiO2/Ag/MWCNT 
composite solution with 140 ml ethanol. Firstly, the prepared 
TiO2/Ag/CNT composite solution was spray on a fluorine-doped tin 
oxide FTO glass substrate using the thermal chemical spraying 
method then thermally sintered at 500 C for 2 hours, modified [5]. 

2.2.2. Preparation of Counter Electrodes 

Electrochemical polymerization of PPy1 onto FTO glass was carried 
out in a deionized (DI) water containing 4 drops of perchloric acid 
(HClO4), 0.1 M pyrrole monomer, 0.1 M sodium dodecyl sulphate 
(SDS) as an anionic surfactant and by using the potentiostatic 
method by applying a potential value of 0.8 V for 30 sec. 
 In the case of PPy1/MWCNT CEs, we used 0.01 g of MWCNT in 
addition to the previous mixture. Prior to the film deposition, the 
solution was stirred for 3 h in an ice bath and then purged with ni-
trogen. A three-electrode system was used with FTO glass as work-
ing electrode, Pt sheet as counter electrode, and Ag/AgCl as refer-
ence electrode for electrochemical polymerization, modified [9]. 
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2.2.3. Preparation of Pomegranate Dye 

In this research, pomegranate extract was used as a dye. This raw 
material was collected from the local market and washed to reduce 
the dust particles. The pure juice was extracted by hand grinding 
method was applied on pomegranate. The extracted dye was filtered 
through the net and then filter paper to obtain clear dye [10]. 

2.2.4. Preparation of Hibiscus Leaf Extract Dye Solution 

10 g of hibiscus leaves was mixed with 160 ml of deionized water 
and leave it for a 6hours , Then 10 ml of ethanol and 10 ml of di-
lute acetic acid were added to the mixture, stirred for an hour at 
room temperature after which it was filtered [11]. 

2.2.5. Preparation of the Chlorophyll Dye by Arugula Leaves 
(Fresh) 

60 g of Arugula is crushing using mortar into small size 100 ml of 
ethanol is added into the Arugula and is placed into the ultrasonic 
for 30 minutes with the frequency of 37 Hz using Degas mode for 
extracting chlorophyll process. After that, enter the solvents into a 
centrifuge for 25 minutes with 5000 rpm [12]. 

2.2.6. Preparation of Z907 Dye 

0.3 mM of Z907 dye was prepared in 1:1 mixture of acetonitrile 
tert-butanol, where the electrodes are immersed for 20 hours [13]. 

2.2.7. Preparation of Electrolyte 

The iodide solution is prepared by dissolving 0.127 g iodine (I2) in 
10 mL of ethylene glycol to which 0.83 g potassium iodide (KI) is 
added, stirred and stored in a dark container [14]. 

2.3. Fabrication of DSSCs 

The fluorine-doped tin oxide (FTO) coated conducting glass was 
used as the current collector. It was cleaned initially with soap wa-
ter and subsequently with distilled water and ethanol using an ul-
trasonic bath. Then, the synthesized TiO2 nanomaterial was made 
into solution by mixing with silver nanoparticles, multiwall carbon 
nanotube and ethanol and coated on FTO by the thermal chemical 
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spraying technique. Then, the coated glasses were soaked in 0.3 mM 
solution of Z907 dye in acetonitrile/tert-butyl alcohol for 24 h. The 
dye-coated Ru-doped TiO2 electrode and Pt counter electrode were 
used to assemble the cell and I 3/I  electrolyte was used as redox 
electrolyte. 

2.4. Characterization 

The structural properties of the synthesized nanomaterials were 
studied by the x-ray diffraction method. A Raman spectroscopic 
study was carried out using a laser confocal Raman microscope. The 
optical absorbance spectra were recorded using DRS spectrophotom-
eter. The elemental composition of the synthesized nanomaterials 
was analysed by the energy-dispersive x-ray spectroscopy technique. 
Current–voltage (I–V) characteristics in the illumination were 
measured as well as surface pours by FESEM. The effective area of 
the photoelectrode was 0.25 cm2. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out on the DSSCs using 
MetrohmAutolabpotentiostat. 

3. RESULTS AND DISCUSSION 

3.1. XRD of Films 

X-ray diffraction spectroscopy is used to determine some structural 
properties such as crystalline phase and crystalline size. The crystal 
size can be calculated by the Debye equation: 

 / cosD k , (1) 

D is crystal size rate; K—the form factor, whose value is usually 
0.9; —the wavelength of x-rays, which has a value of 0.154056; 
—the total width is half of the greatest height; —deviation angle. 

 Crystal layers are also calculated by Bragg’s law: 

 / cosd n , (2) 

d is the spacing between the crystal planes; n represents an integer 
(1, 2, 3, …). 
 The x-ray diffraction (XRD) pattern of anode (TiO2, MWCNT and 
Ag) revealed that the highest peak of MWCNT appeared at 27.33 . 
Based on the results, it can be concluded that surface functionaliza-
tion has little effect on the average d-spacing [15]. The strongest 
diffraction peaks, located at 38.14 , corresponded to anatase TiO2. 
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The anatase structure also accounted for the peak at 51.73 , while 
the peak at 55.44  was attributed to the rutile structure. These re-
sults indicate that the primary crystal phase of the TiO2 nanoparti-
cles was anatase with trace amounts of rutile phases present in the 
sample. The broad peaks in the XRD pattern indicated that the par-
ticles were in the nanometer se range and did not contain any con-
taminants. The TiO2 NPs were found to have a tetragonal anatase 
structure with trigonal planar and octahedral geometry, which is 
consistent with previous studies in the literature survey [16, 17]. 
 The XRD pattern also shows a prominent peak at 62.02 , indicat-
ing the presence of green-synthesized Ag NPs with a face centred 

 

Fig. 1. XRD patterns of photoanode. 

 

Fig. 2. XRD patterns of Cathode 1. 



746 Nuhad SAAD and Oraas ADNAN 

cubic structure (f.c.c. structure). The average crystalline size of the 
silver nanoparticles was estimated using the Debye equation [18]. 
 For Cathode 1, the x-ray diffraction patterns revealed the pres-
ence of multiple distinct peaks, indicating the presence of SDS as 
crystalline materials. These peaks were found to have characteristic 
diffraction angles of 4.5  and 8.9  [19]. On the other hand, the 
XRD pattern of the PPy exhibited a broad peak at 29.8 , suggesting 
that it was amorphous in nature [20]. 
 To determine the structural properties of Cathode 2, x-ray dif-
fraction (XRD) analysis was conducted. The XRD pattern showed 
two peaks at 25  and 45  corresponding to MWCNT a broad peak 
centred at a characteristic angle, indicating the presence of amor-
phous carbon material. The most prominent diffraction peak in the 

 

Fig. 3. XRD patterns of Cathode 2. 

TABLE 1. X-ray diffraction variables for electrodes. 

Compound 2 , degree d, Å FWHM D, nm Intensity I/I, % 

Anode 1 
(TiO2, MWCNT, Ag) 

27.3397 3.25947 0.1596 17.9 36 

38.1484 2.35715 0.2112 44 76 
51.7375 2.16237 0.3168 26.3 105 
55.4402 2.03216 0.4224 19 199 
62.0249 1.49508 0.3168 28.9 52 

Cathode 1 
(PPy, SDS) 

29.8069 2.99505 0.1732 57.5 3532 

Cathode 2 
(PPy, SDS, MWCNT) 

35.3015 2.54045 0.2598 37.3 797 
50.6211 1.80177 0.2598 39.3 1628 
32.2251 2.77560 0.1732 57.9 778 
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XRD pattern of PPy is usually observed around 2 20 . This peak 
corresponds to the interplanar spacing between the polymer chains 
and is indicative of the degree of ordering in the material. Thus, it 
can be concluded that the amorphous character of carbon dominates 
in the MWCNTs/PPy1 nanocomposite. Moreover, the shift in the 
position of the XRD peaks of the fabricated nanocomposite indi-
cates the successful formation of the MWCNTs/PPy1 nanocompo-
site [21]. The x-ray diffraction patterns revealed also the presence 
of multiple distinct peaks, indicating the presence of SDS as crys-
talline materials. These peaks were found to have characteristic dif-
fraction angles of 4.5  and 8.9  [19]. 

3.2. Field-Emission Scanning Electron Microscopy (FESEM) 

The displayed images in Fig. 4 are FESEM pictures. Raw MWCNTs 
tend to collect together like bundles due to the van der Waals forces 
between the tubes. The FESEM pictures of the MWCNTs/TiO2 and 
Ag nanocomposites show that the CNTs were linked to semi-spheres 
of TiO2/Ag NPs with varying diameters. Chemical oxidation using 
powerful oxidizing agents led to severe etching of the graphitic sur-
face of the tubes, resulting in a significant number of disordered 
sites. However, the MWCNTs’ structure remained intact even after 
being coated with TiO2/Ag NPs, as evidenced by the aforementioned 
findings. The FESEM pictures at different magnifications revealed 
the presence of uniformly distributed, spherical nanoparticles of 
TiO2/Ag NPs [22]. 
 The typical structure of aggregates is evident on the surface fac-
ing the opposing electrode, as depicted in Fig. 5. Despite undergo-
ing several scans, the surface has developed numerous fissures, re-
sulting in an increase in electroactivity due to the increased surface 
area resulting from the fractures. The polymer surface has degrad-

  

Fig. 4. FESEM images of photoanode. 
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ed, and the extended potential scan has caused the loss of multiple 
active spots [23]. 
 To investigate further, the surface carbon and oxygen levels of 
the PPy/SDS–CNT electrodes were measured using FESEM. The 
cross-sectional FESEM images demonstrate a smoothed-out surface, 
with a reduced thickness of the PPy/SDS–CNT electrode. Rather 
than forming a uniform plane enclosing the SDS–CNT micelles, a 
cauliflower-like structure was formed [24]. 

3.3. Raman Spectroscopy 

Figure 7 displays MWCNTs with complex spectra that can be un-
derstood by examining individual components and any potential in-
teractions within the composite. Unmodified MWCNT samples ex-
hibit two distinct peaks at approximately 1451 and 4023 cm 1, with 

   

Fig. 5. FESEM images of Cathode 1. 

  

Fig. 6. FESEM images of Cathode 2. 
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additional peaks at 1185 cm 1 attributed to poorly structured graph-
ite or the D-band [25]. The Raman spectrum of TiO2 is well-known, 
with the rutile tetragonal phase containing four Raman active 
modes (A1g B1g B2g Eg) and the anatase phase having six Raman 
active modes (A1g 2B1g 3Eg) [23]. 
 Figure 9 demonstrates two distinct anatase phase peaks at 111 
(B1g) and 592 (B1g) Eg in TiO2 nanoparticle samples, with no rutile 
phase Raman peaks observed. Vibrational modes in nanoparticle 

 

Fig. 7. Raman spectrum of photoanode. 

 

Fig. 8. Raman spectrum of Cathode 1. 
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composites coated with Ag nanoparticles are influenced by the con-
nections between components resulting from chemical or physical 
interactions. The phonon confinement effect may explain the wave-
number shift and/or widening of Raman peaks observed [26, 27]. 
Due to the high refraction index of TiO2, the surface band of Ag–
TiO2 supported on CNT nanoparticles is red-shifted and widened. 
The D-band and G-band of AgTiO2–CNT nanoparticle composites 
display blue shifts, which can be attributed to adhesion between 
Ag–TiO2 nanoparticles and CNTs, as well as strain effects at the 
Ag–TiO2–CNT interface [28]. 
 The Raman spectra indicate significant dissimilarities in the 
chemical arrangement of PPy_SDS. Enhanced charge carrier pro-
portion in PPy_SDS is manifested by intensified bands, which are 
typically linked to the dictation species at 288, 1448, 4030, and 
3256 cm 1 [29]. Additionally, the extent of conjugation in PPy can 
be estimated by the intensity ratio of vibrations within the 1680–
2948 cm 1 range. Based on this, the conjugation length in the 
PPy_SDS film is considerably extensive [30]. 
 The Raman spectra of the PPy/SDS–MWCNT electrode were ex-
amined using a wavelength of 514 nm. A significant modification 
near 1000–1500 cm 1 was observed, indicating that functional 
groups were attached to the surface [31]. In the Raman spectra of 
the PPy–MWCNT composite films, the characteristic peak of pure 
MWCNT at 1693 cm 1 is associated with the E2g mode of the graph-
ite wall [32]. It has been theoretically predicted that a single-
cylinder nanotube would exhibit an E2g mode at 1930 cm 1 [33]. The 
Raman spectra of the composite films displayed bands correspond-

 

Fig. 9. Raman spectrum of Cathode 2. 
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ing to both pure PPy and MWCNT. Additionally, the intensity of 
the band located at 1451 cm 1 escalated with the increase of the 
MWCNT to pyrrole feeding mass ratio, indicating an increase in 
MWCNT content within the composite film [34]. 

3.4. Atomic Force Microscopy (AFM) 

3.4.1. Atomic Force Microscopy (AFM) of Photoanode 

TiO2 nanoparticles influence surface roughness and height metrics 
including root mean square height (Rq) and total height (Rt). TiO2 
nanoparticles may provide a somewhat rough surface with large 
height variations. TiO2 nanoparticles can also have an impact on 
spatial characteristics like autocorrelation length (Ral) and dominant 
spatial wavelength (Rsw). TiO2 nanoparticle size and distribution 
may introduce periodic patterns and influence the overall surface 
structure. The TiO2 coating could have an effect on the material ra-
tio characteristics (Rmr and Rmc). 

  
a      b 

  
c      d 

Fig. 10. AFM images of photoanode: (a) surface topography; (b) 3D view of 
the surface; (c) particle analysis; (d) histogram. 
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 A uniform and evenly distributed TiO2 layer would result in a 

TABLE 2. AFM parameters of photoanode. 

Height parameter 
Root mean square height  nm 13.67 Rq 
Skewness   2.861 Rsk 
Kurtosis   11.45 Rku 
Total height  nm 75.99 Rt 

Maximum hill height Max of values on: 
All λc (1) 

nm 59.19 Rpt 

Mean hill height 
Average of values on: 

All λc (1) nm 59.19 Rp 

Maximum dale depth 
Max of values on: 

All λc (1) nm 16.80 Rvt 

Mean dale depth Average of values on: 
All λc (1) nm 16.80 Rv 

Maximum height Max of values on: 
All λc (1) nm 75.99 Rzx 

Mean height Average of values on: 
All λc (1) nm 75.99 Rz 

Arithmetic mean absolute height  nm 8.312 Ra 
 

Spatial parameters 
Autocorrelation length  s 0.2 nm 492.6 Ral 
Dominant spatial wavelength  nm 3012 Rsw 

Hybrid parameters 
Root mean square gradient    3.850 Rdq 
Arithmetic mean absolute gradient    1.968 Rda 
Maximum absolute gradient   23.30 Rdt 
Developed length  nm 14031 Rdl 
Developed length ratio  % 0.2231 Rdr 

Material ratio parameters 

Material ratio c 1000 nm 
below highest peak % 100.0 Rmr 

Inverse material ratio p 20% nm 55.09 Rmc 
Profile section height difference  p 20%, q 80% nm 12.53 Rdc 

Feature parameters (element) 
Mean width of the profile elements   nm 1410 Rsm 
Maximum profile element width  nm 3174 Rsmx 
Standard deviation of profile element 
width  nm 845.9 Rsmq 

Mean height of the profile elements  nm 21.00 Rc 
Maximum height profile elements  nm 68.67 Rcx 
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greater material ratio and more even TiO2 distribution across the 
surface [35]. 
 On the other hand, MWCNTs may affect the height parameters 
(Rq, Rt) by introducing extra surface characteristics such as nano-
tube bundles or agglomerates. These characteristics may lead to 
overall roughness and height differences. 
 MWCNTs can also have an effect on hybrid parameters like root 
mean square gradient (Rdq) and maximum absolute gradient (Rdt). 
The presence of MWCNTs with their distinctive cylindrical archi-
tecture may cause variations in surface slope and greater gradient 
values. 
 By introducing elongated and tubular structures to the surface, 
MWCNTs may alter the feature parameters (Rsm, Rsmx, Rsmq), result-
ing in wider and more diversified feature sizes [36]. 
 Furthermore, Ag nanoparticles on the surface may contribute to 
the height parameters (Rq, Rt) by producing localized agglomera-
tions or clusters. These agglomerations can cause height fluctua-
tions and enhance roughness overall. 
 By incorporating Ag nanoparticles, the material ratio character-
istics (Rmr, Rmc) may be influenced by introducing areas with in-
creased Ag concentration. This can cause localized differences in 
material distribution and have an impact on the overall material 
ratio. 
 By introducing extra nanoscale features or clusters, Ag nanopar-
ticles can also alter the feature parameters (Rsm, Rsmx, Rsmq). These 
characteristics can contribute to larger feature sizes and greater 
feature width variability [37]. 

3.4.2. Atomic Force Microscopy (AFM) of Cathode 1 

The aforementioned AFM results can be related to polypyrrole abil-
ity to generate a rough and porous structure, which can lead to an 
enhanced roughness parameter such as Rq [34]. Polypyrrole rough 
surface shape provides for a higher surface area, which promotes 
dye adsorption and facilitates charge transfer inside the cathode 
[38]. 
 Sodium dodecyl sulphate (SDS), on the other hand, is a surfac-
tant that is frequently used to change the surface characteristics of 
materials. The addition of SDS surfactant to the DSSC cathode can 
impact surface shape and improve film formation [39]. 
 Surfactant molecules can improve wetting qualities and assist the 
creation of a smoother, more uniform layer. This might result in 
reduced surface roughness (lower Rq) and smoother surface charac-
teristics, as shown by smaller changes in height metrics like Rpt and 
Rp [40]. 



754 Nuhad SAAD and Oraas ADNAN 

3.4.3. Atomic Force Microscopy (AFM) of Cathode 2 

The root mean square height (Rq) and total height (Rt) measures 
show that PPy contributes to the overall roughness of the cathode 
surface. Because of its naturally textured and irregular structure, 
the presence of PPy promotes surface roughness. 
 The spatial parameters autocorrelation length (Ral) and dominant 
spatial wavelength (Rsw) are likewise influenced by PPy. These met-
rics show the presence of periodic structures or recurring patterns 
that can be caused by the arrangement and alignment of PPy chains 
inside the cathode [41]. 
 The material ratio parameter (Rmr) indicates that PPy distributes 
uniformly throughout the surface features. It means that PPy helps 
to generate the surface roughness, elevations, and depressions seen 
in the AFM studies. 
 The profile section height difference (Rdc) parameter, which re-
flects the height difference between preset portions of the surface 

  
a      b 

  
c      d 

Fig. 11. AFM images of Cathode 1: (a) surface topography; (b) 3D view of 
the surface; (c) particle analysis; (d) histogram. 
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profile, may also be affected by PPy. 

TABLE 3. AFM parameters of Cathode 1. 

Height parameter 
Root mean square height  nm 51.46 Rq 
Skewness   0.001505 Rsk 
Kurtosis   2.018 Rku 
Total height  nm 213.7 Rt 

Maximum hill height Max of values on: 
All λc (1) 

nm 116.9 Rpt 

Mean hill height Average of values on: 
All λc (1) nm 116.9 Rp 

Maximum dale depth Max of values on: 
All λc (1) nm 89.70 Rvt 

Mean dale depth Average of values on: 
All λc (1) nm 89.70 Rv 

Maximum height Max of values on: 
All λc (1) nm 206.6 Rzx 

Mean height Average of values on: 
All λc (1) nm 206.6 Rz 

Arithmetic mean absolute height  nm 44.00 Ra 
 

Spatial parameters 
Autocorrelation length  s 0.2 nm 1736 Ral 
Dominant spatial wavelength  nm 9882 Rsw 

Hybrid parameters 
Root mean square gradient    3.359 Rdq 
Arithmetic mean absolute gradient    2.381 Rda 
Maximum absolute gradient   13.55 Rdt 
Developed length  nm 19025 Rdl 
Developed length ratio  % 0.1721 Rdr 

Material ratio parameters 

Material ratio c 1000 nm 
below highest peak % 100.0 Rmr 

Inverse material ratio p 20% nm 77.86 Rmc 
Profile section height difference  p 20%, q 80% nm 100.4 Rdc 

Feature parameters (element) 
Mean width of the profile elements   nm 11506 Rsm 
Maximum profile element width  nm 11891 Rsmx 
Standard deviation of profile ele-
ment width  nm 11519 Rsmq 

Mean height of the profile elements  nm 145.7 Rc 
Maximum height profile elements  nm 152.6 Rcx 
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 Because of its organization and distribution inside the cathode, 
PPy presence may cause changes in height across various portions 
[42]. 
 Moreover MWCNTs contribute significantly to the roughness and 
texture of the cathode surface. They contribute to the parameters 
of root mean square height (Rq), total height (Rt), and maximum 
height (Rzx), resulting in a rough surface morphology. 
 MWCNTs have an effect on slope variations, as evidenced by the 
root mean square gradient (Rdq) and arithmetic mean absolute gra-
dient (Rda) parameters. MWCNTs create linked networks or clusters 
on the surface, introducing different slope angles. 
 MWCNTs can also have an effect on the developed length (Rdl) 
parameter, which measures the length of the surface features that 
have been produced. MWCNTs can cause prolonged features or 
structures that contribute to the total developed length [43]. 
 The material ratio parameter (Rmr) demonstrates that MWCNTs 
are uniformly distributed across the surface characteristics, empha-
sizing their contribution to the roughness and elevations reported 

  
a      b 

  
c      d 

Fig. 12. AFM images of Cathode 2: (a) surface topography; (b) 3D view of 
the surface; (c) particle analysis; (d) histogram. 
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in the AFM data. 

TABLE 4. AFM parameters of Cathode 2. 

Height parameter 
Root mean square height  nm 24.55 Rq 

Skewness   1.028 Rsk 
Kurtosis   3.861 Rku 

Total height  nm 104.1 Rt 

Maximum hill height 
Max of values on: 

All c (1) 
nm 67.26 Rpt 

Mean hill height 
Average of values on: 

All c (1) 
nm 67.26 Rp 

Maximum dale depth 
Max of values on: 

All c (1) 
nm 36.88 Rvt 

Mean dale depth 
Average of values on: 

All c (1) 
nm 36.88 Rv 

Maximum height 
Max of values on: 

All c (1) 
nm 104.1 Rzx 

Mean height 
Average of values on: 

All c (1) 
nm 104.1 Rz 

Arithmetic mean absolute height  nm 18.76 Ra 
 

Spatial parameters 
Autocorrelation length  s 0.2 nm 1386 Ral 
Dominant spatial wavelength  nm 12047 Rsw 

Hybrid parameters 
Root mean square gradient   1.826 Rdq 
Arithmetic mean absolute gradient   1.153 Rda 
Maximum absolute gradient  8.645 Rdt 
Developed length  nm 19021 Rdl 
Developed length ratio  % 0.05095 Rdr 

Material ratio parameters 

Material ratio 
c 1000 nm below 

highest peak 
% 100.0 Rmr 

Inverse material ratio p 20% nm 56.73 Rmc 
Profile section height difference  p 20%, q 80% nm 31.45 Rdc 

Feature parameters (element) 
Mean width of the profile elements   nm 7555 Rsm 
Maximum profile element width  nm 7555 Rsmx 
Standard deviation of profile ele-
ment width 

 nm ***** Rsmq 

Mean height of the profile elements  nm 93.60 Rc 
Maximum height profile elements  nm 93.60 Rcx 
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 The metrics mean width of profile elements (Rsm) and maximum 
width of profile elements (Rsmx) show the existence of broad surface 
features, which can be linked to the presence of MWCNTs [44]. 
 SDS surfactant is often used to improve the dispersion and stabil-
ity of carbon nanotubes in solution, such as MWCNTs. It aids in the 
uniform dispersion of MWCNTs and inhibits agglomeration during 
the production process. The presence of SDS surfactant may have 
an indirect effect on surface roughness and texture by influencing 
the dispersion and arrangement of MWCNTs within the cathode 
[45]. From AFM results, it is clearly observed that C1 has a higher 
roughness (Rq) and total height (Rt) than C2, indicating a rougher 
surface with larger height variability. MWCNTs in C1 may aid in 
the creation of higher structures and deeper troughs, resulting in 
greater surface roughness. Also, C2 has a lower autocorrelation 
length (Ral) than C1, indicating a distinct periodicity or spatial ar-
rangement of surface features. Furthermore, the dominating spatial 
wavelength (Rsw) in C2 is much higher, indicating the presence of 
unique and larger-scale surface patterns. 
 The surface properties of cathodes revealed by AFM can have an 
impact on their performance. A rougher surface (as seen in C1) may 
provide more active areas for catalytic processes while also increas-
ing light absorption. Excessive roughness, on the other hand, can 
result in higher charge recombination and decreased efficiency. The 
smoother surface of C2, on the other hand, may offer superior 
charge transport capabilities and lower surface-related losses. 

3.5. The Photovoltaic Performance of Prepared DSSCs 

The anode material (PHOTOANODE), namely, TiO2–MWCNT–Ag 
nanoparticles, plays a crucial role in enhancing the efficiency of 
DSSCs. TiO2 component acts as the main electron acceptor and pro-
vides a large surface area for dye adsorption provides a high sur-
face area for dye adsorption and plasmonic effects. The presence of 
MWCNTs improves electron transport, while the incorporation of 
Ag nanoparticles and these factors contribute to efficient charge 
generation, transport, and collection, resulting in higher overall de-
vice efficiency. However, the specific impact of the anode material 
may vary depending on the choice of dye and cathode materials 
used in the configuration [46]. The efficiency of DSSCs can be in-
fluenced by various factors, including the choice of dye, cathode 
material, and the resulting interactions between the dye, pho-
toanode, and cathode. The use of Z907 dye generally leads to higher 
efficiencies compared to plant extracts. However, the choice of 
cathode material can also play a significant role in enhancing the 
performance of DSSCs, as demonstrated by the improved efficien-
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cies observed in configurations using C2 except in the case of 
PHOTOANODE C1 Z907 DSSCs which me be attributed to syner-
gistic Interaction where the combination of C1 (polypyrrole and SDS 
surfactant) with Z907 dye may result in a more favourable and effi-
cient interaction between the dye molecules and the photoanode 
(PHOTOANODE). This synergistic interaction can enhance the light 
absorption, charge separation, and transport processes within the 
DSSC, leading to improved performance and higher efficiency [47]. 
Moreover, the energy levels of the components in C1, including the 
poly pyrrole and SDS surfactant, may be better aligned with the en-
ergy levels of Z907 dye and the photoanode material (TiO2–
MWCNT–Ag). This alignment can facilitate efficient electron injec-
tion from the excited dye molecules into the conduction band of the 
photoanode, minimizing energy losses and improving overall device 
performance [48]. Also, composition of C1 may provide better 
charge transport properties, allowing for efficient extraction and 
collection of photo-generated electrons from the photoanode. This 
improved charge transport can minimize electron recombination and 
ensure a high current output, resulting in higher short-circuit cur-
rent (Isc) and overall efficiency [49]. Eventually, the characteristics 
of C1 may promote better dye adsorption and coverage on the pho-
toanode surface, ensuring a higher dye loading and maximizing 
light harvesting. This optimized dye adsorption can enhance the 
utilization of incident photons and increase the photocurrent, con-
tributing to higher efficiency. 
 In contrast, while C2 (polypyrrole, SDS, and MWCNT) may pro-
vide certain advantages for specific dyes (Hab., Pom., Aru.) in 
terms of charge transport or energy level alignment, it may not be 
as suitable for the Z907 dye. The specific interaction between C2 
and Z907 may be less favourable, resulting in lower efficiency com-
pared to the C1 configuration [50]. 

TABLE 5. Photovoltaic properties of DSSCs with different counter elec-
trodes and different dyes. 

, % FF Imax Vmax Isc Voc Compounds 
2.537 0.833 14.1 0.72 15.1 0.807 A1 C1 Z907 
1.102 0.865 9 0.49 9.8 0.52 A1 C1 Hab. 
1.04 0.946 17.5 0.24 17.6 0.252 A1 C1 Pom. 
0.535 0.86 6.5 0.3 7.6 0.326 A1 C1 Aru. 
2.453 0.807 21.8 0.45 24.5 0.496 A1 C2 Z907 
1.44 0.874 8.6 0.67 8.8 0.749 A1 C2 Aru. 
1.24 0.898 11.5 0.43 12.9 0.435 A1 C2 Hab. 
1.16 0.946 12.5 0.39 13.9 0.463 A1 C2 Pom. 
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3.6. The Work Principle of DSSCs 

The working principle of DSSC can be explained with the help of 
Figs. 13–15. 
 Photosensitize absorbs electrons when light is incident on it: 

 *
907 907Z h Z . (1) 

 After that, the excitation sensitizer Z907* introduces an electron 
into the semiconductor conduction band: 

 

Fig. 13. Current density–voltage (I–V) curves for DSSCs for counter elec-
trode C1 employing different dyes. 

 

Fig. 14. Current density–voltage (I–V) curves for DSSCs for counter elec-
trode C2 employing different dyes. 
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 *
907 907 (injected)  Z Z e . (2) 

 Now, these electrons are transferred into the upper bands, called 
the conduction band of TiO2. The liquid electrolyte 3/I I  couple 
helps the electrons to return to the dye through external load: 

 3 (counter electrode)2 3 I e I , (3) 

 907 907 3

3 1
   

2 2
Z I Z I , (4) 

 
2907 TiO 907   Z e Z , (5) 

 
2 2TiO 3 (TiO /Ag/MWCNT)2  3 .e I I  (6) 

 This movement of electrons creates a current [51]. 
 In general, the composition of the photocathodes can have a sig-
nificant impact on their performance and efficiency, Cathode 1 
Composition: polypyrrole, SDS surfactant, and MWCNT [52]. 
 Polypyrrole (PPy) is a polymer with strong electrical conductivity 
and electrocatalytic characteristics. It can improve charge transfer 
efficiency and provide a pathway for electron transport in the pho-
tocathode [53]. 
 SDS (sodium dodecyl sulphate) is a surfactant that is often used 
to improve the dispersion and stability of nanoparticles. SDS might 
help in the dispersion of MWCNT (Multi-Walled Carbon Nanotubes) 
within the polypyrrole matrix in the context of PC1 [54]. 
 MWCNTs are multilayered carbon nanotubes. They have high 
electrical conductivity and can improve the photocathode’s charge 
transport capabilities. MWCNTs can also provide more surface area 
for catalytic processes, potentially increasing the efficiency of the 
photocathode [55]. 
 C2 is a simpler structure than C1 since it lacks the incorporation 

 

Fig. 15. Dye-sensitized solar-cells’ scheme. 
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of MWCNTs in its composition. Polypyrrole (PPy) continues to be 
the most important conducting polymer in C2, contributing to 
charge transfer and electron transport mechanisms. SDS surfactant 
is once again present in C2 to aid in polypyrrole dispersion and sta-
bility [56]. 
 Because carbon nanotubes have good conductive qualities, the in-
sertion of MWCNTs in C1 may improve the total conductivity of the 
photocathode. This increased conductivity may allow for more effec-
tive charge transport and extraction, perhaps leading to higher ef-
ficiency than C2 [57]. 
 The presence of MWCNTs in C1 may provide additional catalytic 
sites for electrochemical processes, thus, boosting the catalytic ac-
tivity, and performance of the photocathode also may influence sur-
face morphology, potentially resulting in a rougher surface with a 
larger surface area. This expanded surface area can improve light 
absorption and charge generation efficiency. MWCNTs in C1 may 
affect photocathode stability due to interactions between the carbon 
nanotubes and the surrounding components. However, the particu-
lar implications on stability would be dependent on the fabrication 
method and component compatibility [58]. 

3.7. The Effect of Dyes 

The choice of dyes in dye-sensitized solar cells (DSSCs) plays a cru-
cial role in determining the efficiency of the solar cell. Different 
dyes exhibit variations in light absorption properties, energy levels, 
and electron injection efficiencies, which directly impact the overall 
performance of the DSSCs [59]. 
 This can be explained accordingly. Z907 is a specific dye used in 
DSSCs. The impact of Z907 on DSSC efficiency is as follows. 
 a. Light Absorption: Z907 dye has a broad absorption spectrum, 
allowing it to capture a wide range of sunlight wavelengths. This 
broad absorption capability increases the overall light harvesting 
efficiency of the solar cell, enhancing its performance. 
 b. Energy Level Alignment: The energy levels of the Z907 dye are 
optimized to facilitate efficient electron injection from the excited 
dye molecule to the semiconductor electrode (e.g., TiO2). This effi-
cient electron injection minimizes charge recombination and en-
hances the overall efficiency of the solar cell [60]. 
 1. Pomegranate Juice: Pomegranate juice contains natural pig-
ments, such as anthocyanins, which can serve as sensitizers in 
DSSCs. The impact of pomegranate juice as a dye in DSSCs can be 
as follows. 
 a. Light Absorption: Pomegranate juice contains anthocyanins 
that can absorb a broad range of visible light wavelengths. This 
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broad absorption spectrum allows for efficient harvesting of solar 
radiation, leading to improved light absorption and higher efficien-
cy of DSSCs. 
 b. Charge Injection Efficiency: Anthocyanins in pomegranate 
juice can effectively inject electrons into the conduction band of the 
semiconductor (e.g., TiO2). This efficient charge injection minimizes 
charge recombination, thus enhancing the overall performance and 
efficiency of the DSSC. 
 c. Stability: The stability of pomegranate juice-based dyes in 
DSSCs is a crucial factor. Anthocyanins can be susceptible to degra-
dation under prolonged exposure to light and environmental condi-
tions. Therefore, strategies to enhance the stability of pomegranate 
juice dyes, such as encapsulation or chemical modification, may be 
necessary to improve the long-term performance of DSSCs [61]. 
 2. Spinach Leaf Extract: Spinach leaf extract contains chloro-

 

Fig. 16. Scheme for evaluating the efficiency of dyes on PHOTOANODE. 

 

Fig. 17. Scheme for evaluating the efficiency of dyes on PA2. 
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phyll pigments that can be utilized as sensitizers in DSSCs. The im-
pact of spinach leaf extract as a dye in DSSCs can be as follows: 
 a. Light Absorption: Chlorophyll pigments in spinach leaves have 
strong absorption in the blue and red regions of the visible spec-
trum. This absorption profile allows for efficient light harvesting 
and enhances the overall light absorption capability of DSSCs. 
 b. Electron Injection Efficiency: Chlorophyll pigments possess 
suitable energy levels for efficient electron injection into the con-
duction band of the semiconductor. This efficient electron injection 
process reduces charge recombination, leading to improved device 
performance and higher DSSC efficiency. 
 c. Sensitizer Loading and Stability: Optimizing the loading con-
centration of spinach leaf extract in DSSCs is crucial to achieve an 
appropriate balance between light absorption and charge injection. 
Additionally, the stability of chlorophyll-based dyes under light ex-
posure and environmental factors should be considered to ensure 
long-term device performance [62]. 
 3. Hibiscus (Roselle) Flower Extract: Hibiscus (Roselle) flower 
extract contains various pigments, including anthocyanins, which 
can be used as sensitizers in DSSCs. The impact of hibiscus flower 
extract as a dye in DSSCs can be as follows: 
 a. Light Absorption: Anthocyanin pigments present in hibiscus 
flowers exhibit strong absorption in the visible light region, partic-
ularly in the blue and red wavelengths. This characteristic enables 
efficient light harvesting, contributing to enhanced light absorption 
and improved DSSC efficiency. 
 b. Electron Injection Efficiency: Hibiscus flower extract dyes can 
facilitate efficient electron injection into the semiconductor, pro-
moting efficient charge separation and reducing recombination. 
This attribute positively influences the overall performance and ef-
ficiency of the DSSC. 
 c. pH Sensitivity: Anthocyanin pigments in hibiscus flower ex-
tract can exhibit pH-dependent properties. It is important to con-
sider the pH conditions during the extraction process and optimize 
the pH of the electrolyte to maintain stable dye performance and 
maximize the efficiency of the DSSCs [63]. 

4. CONCLUSION 

In conclusion, the anode material, cathode composition, and dye se-
lection all have an impact on the efficiency of dye-sensitized solar 
cells (DSSCs). The anode material (TiO2–MWCNT–Ag nanoparticles) 
improves efficiency by increasing dye adsorption surface area and 
boosting electron transport. The dye used, such as Z907, is critical 
in achieving effective light absorption and energy level alignment 



 LOW-COST TiO2/MWCNT/Ag DYE-SENSITIZED SOLAR CELL 765 

for electron injection. Because of increased charge transfer, extrac-
tion of photo-generated electrons, and optimal dye adsorption, the 
cathode composition C1 (polypyrrole, SDS surfactant, and MWCNT) 
performs better with Z907 dye. Other colours, including as pome-
granate juice, spinach leaf extract, and hibiscus flower extract, 
have an effect on DSSC efficiency due to their light absorption and 
electron injection efficiencies. Understanding these interactions is 
critical for developing high-efficiency DSSCs and moving renewable 
energy technologies forward. 
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«ÏËÀÒÍÈÊ»:                       
                          
Ï²ÄÑÒÀÂÀ: ïåðåäîïëàòà 100%  
¹ Íàçâà Îä. âèì. Ê³ëüê³ñòü Ö³íà Ñóìà 
1 çá³ðíèê «Íàíîñèñòåìè, íàíîìàòåð³àëè, 

íàíîòåõíîëîã³¿» (âêëþ÷àþ÷è äîñòàâêó ïîøòîþ) 
ïðèì. 4 40 US$ 160 US$ 

 Ñóìà äî ñïëàòè    160 US$ 
 






