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HH®OPMAIIUA OJII ABTOPOB

CoopHuk HayuyHsIX TpyAoB « Hanocucmemu, nanomamepianu, nanomexnonozii» (HHH) ny6nukyer emé
HeomyOJIMKOBaHHbIE U HE HAXOAAIIMECS Ha PACCMOTPEHUN AJISA ONyOINKOBAHUSA B MHBIX U3NAHUSAX HAyU-
Hble 0030PBI ¥ OPUTHHAIbHBIE CTATHU, COJEPIKAIIe U XapaKTePHU3YIOIe Pe3yabTaThl dKCIePIMEHTAb-
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06pabOTKY U AUATHOCTUKY HAHOPA3MEPHBIX CUCTEM M HAHOMACIITA0OHBIX MATEPUAJIOB: KJIACTEPOB, HAHOUA-
CTHII, HAHOTPYOOK, HAHOKPUCTAJIJIOB ¥ HAHOCTPYKTYP (2IaTUTONOROGHBIX 1 Ap. GrocucTeM, aMOPMHBIX U
KOJIJIOUHBIX HAHOPAa3MEePHBIX CHCTEM, HAHOCTPYKTYPHBIX IJIEHOK U TOKPHITU, HAHOIIOPOIIIKOB M T.x.).

Coopuuk HHH He myOuauKyeT: craThby IIOJI€MUYECKHeE, KJIACCU(PUKAIIMOHHBIE M Y3KOCIeIHAJIbHEIE,
coJepoKalliie peleHns CTaHfapPTHHIX 3a/{a4d; CTAThU OIIMCATEIbHbIE I METOAUYECKYe (€CJIN METO/, He sIBJIA-
eTCs MPUHIUINAIBHO HOBBIM); CTaThb!, B KOTOPHIX M3JIATAl0TCA OTHEJIbHbIE ITAIIbl CCIELOBAHUSA N Ma-
Tepuall, pasAeJEéHHbINA Ha HECKOJIBKO IOCIeL0BATEIbHBIX IyOINKAIUNA; CTATHU O PSAAOBBIX UCCJIEJOBAHUMX,
He IIPeACTaBIAIINX 06IIero HHTepeca 1 He COAEPIKAIINX 3HAUNMBIX BBIBOZOB.

CraThu IyOINKYIOTCA Ha OTHOM U3 ABYX A3BIKOB: aHIVIMHCKOM MM YKPAUHCKOM.

CraTbu, B 0)OPMJIEHUHU KOTOPBIX HE COOJIONEeHBI caeayoliue npasuia aid myoaukamnuu 8 HHH, Bos-
BpaIIaloTcs aBTopaM 0e3 paccCMOTPeHus 1o cyiecTBy. (aToil mocTyIieHus: cYuTaeTcs AeHb IOBTOPHOTO
PEeJCTABJIEHNS CTATHY IIOCJIe COOIIOAEHI YKA3aHHbIX HUYKE IIPABUIIL.)
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JaHHBIX TA0JINI], PUCYHKOB U ITOANNCEH K HUM. AHHOTAIlUA U pasges « BUCHOBKH» TOJIKHBI He Jy0aupo-
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CJIOBA, 3ar0JIOBKU TAaGJIUI ¥ MOAINCH K PUCYHKAM HA aHIJIMICKOM sA3bIKe. Kpome TOro, comep:Kkanus aH-
HOTAUUH HA YKPAWHCKOM M HTVIMHACKOM S3BIKAX JOJIKHBI ObITh UJeHTUIHBIMUY II0 CMBICJLY .

7. PucyHku (uBeTHbIe, YePHO-0esIbIe MM IOJYTOHOBBIE C IPajaleil ceporo) TOJIKHBI OBIThH IIPei-
CcTaBJIeHBI B BUJE OTHEJbHBLIX (DailnoB (mpeamoututenbHo B rpaduuyeckunx dopmarax TIFF, EPS unn
JPEG) c HasBaHUAMMU, COCTOAIMMU U3 (QaMUIUM [EPBOTO aBTOpa (JaTUHUIEH) M HOMepa PHUCYHKA,
Hanpumep, Smirnov_fig2a.tiff. KauecTBo miumrocrpanuii (B TOM Ynciie IOJYTOHOBHIX ) ZOJIXKHO 00ecIieyn-
BaTh ux BocupoussejeHue ¢ pasperreanem 300—-600 Touex Ha groiiM. [JONOJHUTENBHO PUCYHKHU MIPELO-
cTaBJAIOTCS B hopMaTe IPOrpaMMbl, B KOTOPOI OHY CO3/IaBaJIUCh.

8. Hagnucn Ha pucyHKax (0COOEHHO ITOJIyTOHOBBIX) HAZO II0 BO3MOYKHOCTY 3aMEHHUTH OYKBEHHBIMU
o6o3HaueHNAMY (HaOpaHHBIMU HA KOHTPACTHOM (DOHE), a KpUBbIe 0603HAUNTD U(pPaAMU NI PA3IUIHOTO
THUIIA JIMHUSAMYI/MapKepaMu, PasbsICHAEeMbIMY B IOANNCAX K PUCYHKaM uiau B Tekcre. Ha rpadukax Bce
JIMHUAY/MapKEPHI LOJHKHBI GBITH YEPHOIO I[BeTa W JOCTATOYHBIX TOJIIIVH/Pa3MepOB JJIsi Ka4eCTBEHHOI'O
BOCIIPDOUBBEJIEHUA B YMEHbIIIeHHOM B 2—3 pasa Buze (peKoMeHAyeMas IINpUHA pucyHkKa — 12,7 cm).
CHUMKH JOJI’KHBI ObITh YETKUMU U KOHTPACTHBIMU, a HaJIuCU U 0003HAUEHUS [OJIKHBI HE 3aKPBIBATH
CYII[eCTBEHHBIE AeTaiu ([JIs U4ero MOYKHO MCIOJBb30BAaTh CTpPEIKu). BMecTo ykasaHus B IOATEKCTOBKE
YBEJIMUEHUs [IPU CHEMKE JKeJIaTeJbHO MPOCTaBUThH MacuiTab (Ha KOHTPACTHOM (DOHE) Ha OJHOM U3 UJEH-
TUYHBIX CHUMKOB. Ha rpadukax moamucy K ocsaM, BHINOJHEHHbIE HA S3bIKe CTATHH, JOJIKHBI COLEPIKATh
o6o3HaueHus (M1 HAaNMEHOBAHN ) OTKJIaAbIBAEMbIX BeJINYNH U Yepe3 3alATYIO UX eSUHUIILI NU3MEPeHUsI.

9. ®opmyasl B TEKCT HEOOXO[UMO BCTABJATH C IOMOIIbI0 pegakropa popmysn MathType, mosHOCTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. PucyHku, a TakKe TaOJIULBI U IOACTPOYHbIE MPUMEYAHUA (CHOCKH) JO/DKHBI UMETH CILJIOUIHYIO
HyMepaIuo II0 BCeil craThbe.

11. CcpLnKu Ha JUTEpPATYPHBIE UCTOYHUKY CJIELYeT AaBaTh B BUJe IMOPSAAKOBOTO HOMepa, HaleyaTaH-
HOT'O B CTPOKY B KBaAPAaTHLIX CKOOKax. CIMCOK JINTEepaTypPhl COCTABISAETCSA B IOPSAAKE IePBOr0 YIOMIHA-
HUA UCTOUHUKA. [IpuMepsl 0(DOPMIIEHUS CCHLIOK IPUBEAEHbI HUKE; IPOCUM 06GpaTUTh BHUMAaHUE Ha II0-
PAIOK CJIeJOBAHWUA UHUIIAAJIOB U (DAMUINI aBTOPOB, 6uGInorpaduuecKuX CBeJeHUN U HA Pa3/eIuTelb-
Hble 3HAKHU, a TaK)Ke Ha HEeOOXOJMMOCTh YKas3aHUs BCeX COABTOPOB LIMTUPOBAHHON pabOThHI U (B KOHIE
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THHU C caiita cbopuuKa: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.

XII ISSN 1816-5230. Hanocucremu, HaHOMaTepianiu, HaHoTexHoJorii. 2024



TH®OPMAIIA OJIA IIEPENIIJIATHNUKIB I ABTOPIB

INFORMATION FOR CONTRIBUTORS

Submission of Manuscripts: Papers should be sent to the Executive Managing Editor, Editorial Office,
Institute for Metal Physics, N.A.S.U., 36 Academician Vernadsky Boulevard, UA-03142 Kyiv,
Ukraine. Manuscripts may also be submitted to a member of the Editorial Advisory Board or to the ap-
propriate Editorial Board Member who is familiar with the research presented.

Submission of a paper to ‘Nanosistemi, Nanomateriali, Nanotehnologii’ (i.e., ‘Nanosystems, Nano-

materials, Nanotechnologies’) will be taken to imply that it represents original work not previously
published, it is not being considered for publication elsewhere, and if accepted for publication, it will
not be published in the same language without the consent of the Editors and Publisher. It is a condition
of acceptance by the Editor of a typescript for publication that the Publishers acquire automatically the
copyright in the typescript throughout the world.
Scope of the Collected Scientific Transactions: ‘Nanosistemi, Nanomateriali, Nanotehnologii’ (i.e.,
‘Nanosystems, Nanomaterials, Nanotechnologies’—NNN) is the quarterly multidisciplinary peer-
reviewed collected scientific transactions, which publish high-quality work on all aspects of nanoscience
and nanotechnology. Currently, transactions stand alone in serving the ‘nano’ community in providing
up-to-date information on all developments and progresses being made in nanoscience and nanotechnol-
ogy and the future predictions for this extraordinary technology. The topics covered by the transactions
relate to all ‘nano’ related areas of the latest research and recent development works including nano-
materials, characterization tools, fabrication methods, numerical simulation, and theory as well as
discussions in the field of nanoscience and technology ranging from basic aspects of the science of na-
noscale systems and materials to practical applications of such systems and materials ranging from civil
engineering to advanced molecular electronics so promising to transform our everyday technology as
well as basic economics. The subjects covered include the following: 1. physical sciences; 2. chemical
sciences; 3. life sciences; 4. theoretical and computational science and engineering.

The Transactions does not publish: articles, which are polemical and classifying, have a restricted
meaning, or contain the solutions of standard problems; descriptive and methodical articles (if the
method is not basically new); articles presenting separate stages of studies or the material divided into
several parts for subsequent publications; articles with trivial results, which are not of general interest
and do not contain significant conclusions.

Language: The language of publication may be English or Ukrainian.
Abstract: Each paper requires an English abstract of 200-250 words summarizing the significant cov-
erage and findings.
Keywords and PACS numbers: Up to six keywords and PACS numbers reflecting the content of the
contribution should be supplied (see ‘Physics and Astronomy Classification Scheme 2010’ at
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition).
Manuscript Preparation: Papers should be typed (in duplicate) with double spacing and wide margins on
good quality paper (A4 size). The length of original contributions should not in general exceed 5000
words and 10 figures, and subject review articles should not exceed 22000 words and 60 figures, includ-
ing tables and diagrams. Authors are urged to arrange the subject matter clearly under headings such as
1. Introduction, 2. Experimental/Theoretical Details, 3. Results, 4. Discussion, 5. Conclusion, Refer-
ences. Subsections should be identified with section and subsection numbers (such as 6.1. Second-Value
Subheading).
References and Notes: Notes are indicated in the text by consecutive superior Arabic numbers (without
parentheses). References should be numbered consecutively (in square brackets) throughout the text.
The full list should be collected and typed at the end of the paper in numerical order. Listed references
should be completed in all details including DOI (if available) but excluding article titles in journals. All
authors’ initials should precede their surnames. Examples of references preparation:
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, Rontgenspektren 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] (Moscow: 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 Uporyadkuvannya Defektnoyi Struktury na Transportni Viastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the Mixed

ISSN 1816-5230. Hanocucremu, HaHoMaTepiaiu, HaHoTexHoJjorii. 2024 XIIT



TH®OPMAIIA OJIA IIEPENIIJIATHUKIB I ABTOPIB

Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for Metal
Physics, N.A.S.U.: 2015) (in Ukrainian).

9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov
Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Published
November 21, 1979) (in Russian).

10. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metalli-
cheskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, B22
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).

Journal title abbreviations should conform to generally accepted styles:
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.

Equations and Formulae: Formulas in the text should be inserted by MathType, which is fully compati-

ble with MS Office 2003, 2007, 2010.

Tables: Number tables consecutively with Arabic numerals and give a clear descriptive caption at the

top.

Figures: All figures should be numbered with consecutive Arabic numerals, have descriptive captions

and be mentioned in the text. Keep figures separate at the end of the text and clearly label each figure

with author’s name and figure number. The labels at axis should contain the designation (or notation) of
quantities and their units.

Preparation: Figures submitted (black-and-white or greyscale recommended) must be of a high enough

standard for reproduction with 300-600 dpi resolution (including half-tone illustrations). Redrawing

or retouching of unusable figures will be charged to the authors.

Colour Plates: Whenever the use of colour is an integral part of the research, or where the work is gen-

erated in colour, the Transactions will insert the colour illustrations into the PDF version of the article

published on the Editorial Office site. Reprints in colour will carry a surcharge. Please write to the Pub-
lisher for details.

Submission of Electronic Text with Figures: Authors should submit papers (with figures) by e-mail

(tatar@imp.kiev.ua) or on a CD. The file should be saved in the native formats of the Microsoft Word

2003, 2007 or 2010 with a name consisting of the name of the first author, for example, Smirnov.doc.

The electronic form of figures (graphics files in TIFF, EPS or JPEG formats preferably and with name

consisting the name of the first author also, for example, Smirnov_fig2a.tiff) should be planned so that

they reduce to 12.7 cm column width (or less), and keep them separate from the text file. It is necessary
to submit additionally all the figures within the format of the program, in which they were created.

Proofs: In a special emergency, contributors may receive page proofs for correction by e-mail as a PDF

document. In that case, these must be returned to Kyiv office (tatar@imp.kiev.ua) with subject begin-

ning by word ‘nano’ within 120 hours of receipt.

Page Charges: There are no page charges to individuals or institutions.

Reprints: Hard-copy reprints provided to the first-named author of each paper may be ordered by com-

pleting the appropriate form sent with proofs. Authors can de-archive a PDF version of their published

article from the Editorial Office site: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.

Further Information: All questions arising after the acceptance of manuscripts, especially those relat-

ing to reprints, should be directed to Executive Managing Editor, Editorial Office, G. V. Kurdyumov

Institute for Metal Physics, N.A.S.U., 36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine.

Fax: +380 44 4242561, e-mail: tatar@imp.kiev.ua (with subject beginning by word ‘nano’).

We ask the authors to apply with their manuscript

Copyright Transfer Agreement

‘We, the undersigned authors of the manuscript * ’,

transfer to the founders and the Editorial Board of the Collected Scientific Transactions ‘Nanosistemi,

Nanomateriali, Nanotehnologii’ the right to publish this manuscript in English language (or in the

Ukrainian translation). We confirm that publication of this manuscript will not infringe a copyright of

other persons, institutions or organizations.

Author(s):

(Last Name, First Name, Affiliation)

Correspondence Address:
Phone and e-mail:

(Signature) (Date)

X1V ISSN 1816-5230. Hanocucremu, HaHOMaTepianiu, HaHoTexHoJorii. 2024



TH®OPMAIIA OJIA IIEPENIIJIATHNUKIB I ABTOPIB

BUJABHHUYA ETUKA

TA 3ATIOBITAHHSA HECYMJITHHIN HPAKTHII ITYBJIIKAIIA

Pepakmitina KoJseris 30ipHuKa HaykoBux mpaib «HaHocucremu, HaHOMATEPiaiy, HAHOTEXHOJIOTIT»
JOTPUMYETHCA €TUUYHUX HOPM, NMPUAHATHUX MiKHAPOJHMM HAYKOBUM CIIiBTOBApHMCTBOM, i POOUTH
yce myisa 3amobiraHHs OyAb-sIKMM IOPYLIEHHAM iX. ¥ CBOIM AiAJBHOCTI peJaKIlifg CIUpAEeTbCA Ha
pekomenpanii Komitery 3 eruku HaykoBux myouikamiit (http://publicationethics.org).

O00B’a3KU pemaKiii
. Bcei npezncraBiieHi cTarTi peneH3yIOThCA €KCIIepTaMy B JaHi 06J1acTi.
. ITig gac posrisgy craTTi BpaxoOBYIOThCS ii BigmoBigHicTh mpeamerHiit obsacti, o6rpyHTOBA-
HiCTh, 3HAUMMICTD, OPUTiHANBHICTE, YNTAOEIBHICTE i MOBa (IIpaBomuc).
. 3a pe3yJbTaTaMU pelleH3yBaHHS CTATTS MOKe OyTH IpUIHSTA A0 omy6IiKyBaHHsS 0e3 Jopob-
KU, IPUAHATA 3 JOPOOKOIO abo BimxmieHa.
. Bigxuieni cTarTi MOBTOPHO HE PEIEeH3YIOTHCS.
. Crarti MOXKyTh OyTH BigxumieHi 6e3 perieHsii, SIKIIO BOHM OYEBHUJHUM UYMHOM HE IIiAXOAATH
A myOsTiKarii.
. Penaknisa yxBasroe pinmeHHa mozo myGrikanii, Kepyoouuch HOJITHKOI 36ipHUKA, 3 ypaxy-
BaHHAM JiI0YOT0 3aKOHOJABCTBA B 00JIaCTi aBTOPCHKOTO IpaBa.
° He nonyckaerbes mo myOuikarii iHdopmalris, sSIKIO € ZOCTATHLO IifCTaB yBasKaTH, II[0 BOHA
€ mIarisTom.
3a HasIBHOCTH AKUX-HEOYyAb KOHMIIKTIB iHTepeciB (hiHaHCOBUX, aKageMiuHUX, OCOOMCTUX) BCi
YYaCHHKU IIPOIleCy DPelleH3yBaHHsS IIOBUHHI croBicTuTu mpo Iie pexkoJierii. Bei cmipui nuramasa
PO3IJIANAIOThCA Ha 3aciaHHi pegkosierii.
ITpuitaaTi Ko omyOJIiKyBaHHS CTATTi PO3MIIAIOThCA Y BiIKPUTOMY AOCTYIi Ha caiiTi 30ipHUKA;
aBTOPCHKI IIpaBa 30epirarThcs 3a aBTOPAMU.

ETuuHi npuHOMnm B TJiAJbHOCTI penieH3eHTiB

° PelleH3eHTH OIIHIOIOTL CTATTI 3a IXHIM BMicToM, 0e3BiJHOCHO IO HAI[lOHAJIBLHOCTH, CTAaTi,
CeKcyasJbHOI opieHTAIlil, peliriiHuX mepeKoHaHb, eTHIYHOI MPUHAJIEKHOCTA a00 MOJITUYHUX
epeKoHaHb aBTOPiB.

. CriBpobGiTHUKY pejakiiii He IMOBUHHI HMOBIAOMIATH SAKYy-HeOyAb iH(opMallilo mpo cTarTi, II[0
HagifnIm, ocobaM, AKi He € pelleH3eHTaMU, aBTOPaMu, CHiBPOOITHUKAaMU pefakKIlii Ta Buza-
BHUIITBA.

. PenensyBanHsA MMOBUHHE OyTH IIPOBEAEHO 00’€KTHBHO. IlepcoHaspHA KPUTHUKA aBTOpPa HEIPHU-
nyctuMa. PereHseHTH 3000B’sA3aHi OOI'PYHTOBYBATH CBOIO TOUKY 30pY YiTKO I 00’€KTUBHO.

. PenensyBanHs JoIoMarae BUAABIEBI HpuiMaTy PillleHHs Ta 3a JOIIOMOrOI0 CIIiBPOOITHUIITBA
3 pelieH3eHTaMU i aBTOPaMU IOJIIIIIUTYA CTATTIO.

. Marepisiin, orpumani miA perensii, € KOH(MIAEHIIMHNMI JOKYMEHTAMHU Ta PEeIeH3YIThCA
aHOHIMHO.

. PerensenT TakoK 3000B’sSA3aHUIl 3BepPTATH yBary peJakTopa Ha iCTOTHY a00 YacTKOBY ITOAi0-
HICTb IIpEeACTaBJIEHOI CTATTi 3 AKOIO-HEOYAb iHIITOI0 POOOTOI0, 3 SIKOI0 PEIeH3eHT Oesmocepe/-
HBO 3HANOMMUIA.

IIpuHUMOM, SKMMU IOBMHHI KePYyBATHCS aBTOPU HAYKOBHUX ITyOJiKaIii

. ABTOpu crareil MOBUHHI HaZaBaTH TOUHUM 3BIT PO BUKOHAHY POOOTY ¥ 06’€KTUBHE OOrOBO-
peHHA Ii 3HAUMMOCTH.

. ABTOpU cTaTTi IOBMHHI HaJaBaTHU [MOCTOBiDHI pe3yJsIbTATH HPOBEAEHOTO OIJIAAY U aHaIisu
nociimkenb. CBioMo moMuKoBi a6o chanbcudikoBaHi TBEPAKEHHA HEIPUHHATHI.

. CraTTsi MOBMHHA MICTUTHM AOCTATHIO KilMbKicTh iHdopmamii misa mepeBipKku Ta MOBTOPEHHS
eKCIIepUMeHTiB abo po3paxyHKiB immmmu gocaigaukamu. Illaxpaiiceki a6o cBimomo Hempas-
IUBi 3aABU IPUPIBHIOIOTHCA J0 HEETUYHOI'O IMOBOIYKEHHSA 1 € HEIPUAHATHUMH.

e  ABTOpPM MOXXYTb HaZlaBaTU OPUIiHAJNBHI PeryiadapHi i OryiAmoBi po6oTm. 3a BUKOPUCTAHHSA
TeKCcTOBOI abo rpadiunoi indopmarlii, orpuManoi 3 pobiT iHIMX 0ci6, 000B’sA3KOBO HEOOXimHi
MOCUJIaHHSA Ha BifmoBigHi myGiikarii abo mucbMOBU O3BiJ IXHIX aBTOpIB.

. ITomaua crarTi GiJNbII HiXK B OJUH KypPHAJ PO3I[IHIOETHCA AK HEETUYHE MOBOJYKEeHHSA i € He-
MIPUAHATHOIO.

e  ABTOpCTBO ITOBMHHE OyTH O0Me)KeHEe THMH, XTO 3pOOMB 3HAUHUII BHECOK y KOHIIENITiI0, PO3-
POOKY, BUKOHAHHS a00 iHTepIpeTallio 3agBIE€HOTO JOCIiIKEeHH .

. Ioxepesa (hiHaHCOBOI MiATPUMKY AOCTiMKEHHS, 110 MYOIiKYeThCA, MOXKYTh OyTH 3a3HAYEHi.
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Ceo-tbyniiepen cnpuse BiTHOBIEHHIO TOUHOTO MO3UI[IOHYBAHHSA
muscle soleus miciasa cipuunHEeHOI axixioTomieo aTpogii

II. M. Hozapenko', O. II. Motysiok"?, O. B. [loiromnomos?,
I. B. ITamnyxa’, K. I. Boryuska'

'Ruiscvruil nayionanvuiii ynisepcumem imeni Tapaca Ilesuenka,
6y.s. Borodumupcvra, 64/13,

01601 Kuis, Ykpaina

?Boauncvkuil Hayionanvruil ynieepcumem imeni Jleci Yrpainku,
npocn. Boxi, 13,

43025 Jlyuyvk, Yrpaina

MY «Incmumym mpasmamonozii ma opmonedii HAMH Yxpainu»,
eyn. Byaveapro-Kyopascvka, 27,

01054 Kuis, Ykpaina

Hocaigsxeno BIIuB BogHOTO pPo3umHy Cg-(ysiiepeHiB (1jogeHHa epopaibHa
mosa — 1 MI/Kr) Ha BimHOBJIEHHA TicTepe3Hux e(eKTiB M’ A30BOTO CKOPO-
YeHHs, BiATIOBIJaJbHUX 3a KOPEKI[iI0 TOUHOrO MO3UI[IOHYBAaHHSA CYIJIO0iB 3a
po3BUTKY aTpodiuHmxX 3MiH, MOB’A3aHUX i3 MOBrOTPUBAJIUM 3HEPYXOMJIEH-
HaM. Jlad posBUTKY aTpodii M’A3iB BUKOPUCTOBYBAJM KJIIHIUYHUI MOIEJNTH
pospuBy AXiII0BOro Cyxo:kujasa. Pikcallis mapaMeTpiB CKOPOUEHHS M’ sI3a
pobusaca ma 15-ty, 30-Ty # 45-Ty moOy micas imimiamnii aTrpodii. Ogepsxani
pes3yabTaTH MmiATBePKYIOTH eheKTuBHICTb Ail Cg-yinepeHiB Ha QyHKII
AHTUOKCUJAHTHOI CHCTEMU OPraHidaMy 3a PO3BUTKY HATOJOTIYHUX ITPOIIECiB.

The effect of Cq,-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 15%,
30", and 45™ day after the initiation of atrophy. The obtained results con-
firm the effectiveness of Cgy-fullerenes’ influence on the functions of the an-
tioxidant system in the development of pathological processes.

Karouori cioBa: muscle soleus, arpodisa, Cg-pynnepen, 6iomexaniuni ma-
pamerpwu.

Key words: muscle soleus, atrophy, C4, fullerene, biomechanical parameters.
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1. BCTYII

M’asoBa aTtpogis — 1ie BTpaTa M’s30BOI Macu Ta CUJU, IO BUHUKAE
mig yac 6araThboX 3aXBOPIOBAaHb, 30KpeMa, Takux AK pax, CHII, cep-
IleBa Ta HUPKOBA HEIOCTATHICTb, TaKKi omikm Tommo [1]. Tpusaie
3HEPYXOMJIEHHS € ONHi€I0 3 OCHOBHUX ImpuumH arpodii m’asis [2], mIo
icToTHO moTipiIye AKicTh KuUTTA XBopux [3]. Ilim wac anamisu posBu-
TKY aTpodii HeIoCcTaTHLO yBaru NMPUIIISEThCI HediHifiHuM (TicTepes-
HUM) edeKTaM CKOPOUEHHSA M’ d3iB, amiKe IOPYIIEHHA iXHBOTO (PYHK-
I[IOHYBAHHSA MOJKE IIPU3BOAUTH 0 BTPATH TOUYHOIO MO3UI[IOHYBAaHHSA
cyryo6iB [4]. Taki mopyllleHHSA BUHHKAIOTL Hif Yac OTPYEHL [5], pos-
BUTKY M’ s130BO1 BToMU [6], TpaBMax OIOpPHO-PyXoBoTo amapaty [7].

s podyMiHHS HeJTiHIAHUX 0COOJIMBOCTEI M’ sI30BOI IUHAMIKY BaiK-
JUBUM € OUTaHHA MoAUG(DIKYBaHHA CKOPOUYBAJbHUX MeEXaHi3MiB mif
BILTMBOM 3MiH MeXaHiUHOI0O cTaHy M’s3a BHaAcJIigok pyxy [8]. Kpim To-
ro, IIe OJHa BayKJNBa HeJIiHifHaA BJIACTHUBICTH CKOPOUYBAJLHOTO amapa-
Ty MPOSABIAETHCA y (POPMi CIIiBBiZHOIIIEHHA MiK BiKe BUPOOJIEHOIO Ta
MarOyTHBOIO (IO ITTe PO3BUBAETHCA) CUJIOI0, IKE iCTOTHO 3MiHIOETHCS 3a
HasABHOCTU HaBiTh HE3HAUHMX IIATOJOTIYHMX IIPOIECiB, AKi BIJIUBAIOTh
Ha CUCTEMY «HelpoH—M’a3» [9]. BBasKaioTh, 1110 y BUIIAAKY ITUKJIIYHOTO
IIOCTYIAJbLHOTO PYXY BimOyBaeThCcs MHOTIMHAHHSA MeXaHIUuHOI eHeprii
[8], BaBOsiKM YoMy aKTuUBHI M’a3u (PYHKIIIOHYIOTH B aBTOKOJHBHOMY
pexxumi. BogHouac BUHUKAOTh BUCOKOUYACTOTHI PUTMIiUHI pyxu, 110 ic-
TOTHO AalTye€ M’ S30By CHCTEMY OO peasisallii HaCTYIHUX CKJIATHUX
monyaanitaux curtaiis. Ileit Tak 3Banuii epeKT mepenicTopii pyxy Bi-
Iirpae BasKJMBY pOJib ¥ BifiTBOpeHHI TouHOCTU PyxiB. ToMy HaBiTh He-
3HAYHi M’ g30Bi Ta HepBOBi maToJiorii, HacaMmepe], BILINBAIOTHL Ha CHC-
TeMy KOHTPOJIIO M’ s30BUX peakitiii [9, 10].

Huni BimcyTHi MeToam edeKTHBHOTO JiKyBaHHS M’ A30B0oi aTpodii.
Y mitepaTypi HOBiOMJISETHCA IIPO HAABHICTH HMOTEHIIIMHUX IIpemapa-
TiB, AKi MOMKYTh peryJioBaTH BTpaTy M A30Boi macu. MexaHisM ix-
HBOI mii 0asyeTbcA Ha MOHMKEHHI aKTUBHOCTU MiOCTATHUHY, ITUKJIOOK-
cureHasm-2, IIpo3amlaJbHUX IMTOKiHIB, OIlOcepeaKOBaHUX KaTaboJriu-
HUM BHCHaKEHHAM, ab0 HigBHMINEeHHI aKTHWBHOCTH IuKJIiuHOoro AMO®-
pelenTopa, IO aKTHUBYe mpoJideparop mepokcucom [11]. Bommouac
OiJIBIIiCTh 3 IUX IIpelapaTiB IPOABJAITL Heba:kaHi mobiuHi (TOKCH-
yHi) ederxtu. OcoOimMBY yBary Hapasi HOPUIIISIOTL CIOJIYKaM, SKi
MalTh aHTHOKcuAAaHTHI BiaactuBocti [12]. Ilokaszano, mio ¢iaBoHOII-
Ha OJIif COJIOAKM, IO MiCTHUTL IIabpUAnH, AKWI BUABJSAE CHUJIbHI aH-
THOKCHUJAHTHI BJIACTUBOCTI, 30iJbIlIye Macy M’s3iB MHIIeil 3a IXHBOI
atpodii [13]. 3 inmoro 60Ky, miJ yac BUBUEHHS BILJIMBY aHTUOKCHIA-
HTY BiTaminy C Ha 3aroeHHsa AXIJIJIOBOTO CYXOMKHJJISA Yy IIypPiB He BU-
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ABUJIN IIepeBar IIepopaJbHOr0 IMIPUNMAaHHS AOCJiAMKyBaHol JOOABKU B
CHUHTe3l KojareHy a0o0 MOJimnImIeHHi 6ioMexaHiUHMX BJIACTHUBOCTEH aT-
podoBanux m’a3iB [14]. Momekyna Cg, 3maTHa epeKTHUBHO 3aXOILIIO-
BaTM ¥ iHAKTWBYBaTH BiJbHI pajguKaiau y cucrteMax in vitro Tta in
vivo [15, 16]. ¥V wmammx momepeqHix poborax OyJI0 MHOKAa3aHO, IO
BBeleHHs BOHOpo3umHHUX Cg-pyinepeHiB micaa imimiamii m’sasoBoi
TPpaBMU I OTPYEHHS OpTraHisMy IecTUIIUIAMU IPUBOAUTL A0 3HAUHUX
TepameBTuYHUX edertiB [17, 18]. Bigrax, meroio 1miei pobotu 0yJio
ominuTu 3maTHICTb Cgo-pyepeHiB AK MTOTYKHIX aHTUOKCHUIAHTIB
MOHM)KYBATH HATOJIOTIUHUNA BIJINB M’sA30B01 aTpodii, BUKJIUKAHOL I0-
BrOTPUBAJUM 3HEPYXOMJIEHHSIM, Ha TicTepesHi e(peKTH CKOPOUYEHHS
muscle soleus nrypis.

2. METOAUKA ERCIIEPUMEHTY

s oxep:kaHua BogHOro po3umuy Cg-QyJaepeHiB OyJIo 3aCTOCOBAHO
MeTONy, sdKa I'PYHTYEThCA Ha IepeBeleHHi Moaekya Cg, 3 TOIyonmy y
BOAY 3 IOJAJBIIUM OOpoGJieHHAM yJabTpasBykoMm [19]. Omep:xamwmit
BOJHHNII PO3YMH I[iel CIOJYKHU 3a MaKCHMAaJbHOI KoHIeHTparii y 0,15
MI'/MJI € THUIOBUM HaHOKoJioimom [20] i sanmmmaerbca crabiTbHUM
yuponoB:k 12—18 wmicaris 3a temneparypu y +4—25°C.

ExkcnepumenTy mpoBoamam Ha Iypax-camIiiax Jrinil Wistar Bikom
y 1-3 micami Ta Baroro y 200+6 r. IIpoTokosa mociaig:xeHHs OyB 3a-
TBepAKeHn Kowmiciero 3 muranb 6ioetuku HHII «ImctmryTr 6Giosorii
Ta MegunuEn» KuiBchbKOro HamioHaJabHOro yHiBepcurery imeni Tapa-
ca IlleBueHKa 3rigHo 3 mpaBmaMu «EBpoOIeicbKOI KOHBEHIII IIpo 3a-
XUCT XpebeTHUX TBapUH, ITT0 BUKOPUCTOBYIOTHCSI B €KCIEPUMEHTAID-
HUX Ta IHIINX HaYKOBUX IiJIAX» i HOpM OioMemHMuHOI eTHKM 3TiZHO i3
3akonom Yxkpainm Ne 3447-1V Bixg 21.02.2006 p. (m. KuiB) «IIpo sa-
XWCT TBAPUH BiJ JKOPCTOKOT'O IIOBOKEHHS» IIiJ Yac IIPOBEIEeHHS Me-
IUKO-0i0JIOTIUHNX NOCIiIKeHb.

Amnecresito TBapuH B3OiHCHIOBAJIM BHYTPIITHLOOUEPEBUHHUM BBe-
meaHaM HemOyTany (40 mr/kr). Ilepen mouaTKoM AOCITiAMKEHHA IIypHU
migmaBanmuca axijmoromii — mepepisdy AXiNIecoBOoro CYXOMHUJILISA
[21]. HocaimxkyBanu 4 rpynu TBapuH: KOHTPOJb i micasa 15, 30 Ta 45
ni6 micas aximmoromii. Beemenusa Boxmoro posumHy Cgo-(hysiepeHiB
3IiMICHIOBAJIM IIEPOPAJIbHO, IIOJAEHHO 03010 B 1 MI'/KI' YIPOIOBMK €K-
CIIEPUMEHTY.

Muscle soleus 3BiIbHAIW BiJi HABKOJUIIHIX TKAHWH; Yy AUCTAJIbHIN
YACTUHI MOr0 CYXO:KMJIbHY UYACTUHY HNPUETHYBAJIU OO0 JaTUUKIB BUMi-
pioBanusa cusau. HocaimKeHHA IMHAMIUHHX BJIACTHUBOCTEH M’sI30BOTO
CKOPOYEHHSA IIPOBOAMJIMN B YMOBaxX aKTuBAaIlii M’sa3a 3 BUKOPUCTAHHAM
MeTOAW MOIYJbOBaHOI cTuMyJAlii edepentiB [22]. Ctumynsaiiito ede-
PeHTIiB 3AiliCHIOBAIN E€JIEKTPUUYHUMU iMITyJIbCAMHU TPUBAJICTIO ¥ 2 MC,
chopMoBaHMMU 3a JOMOMOTOIO T'eHepaTopa iMmyibciB. BuxopucToBy-
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Bamu 3 myam OespejaKcaliiHUX CcTUMYyJAIi# yactoroio y 50 I'm i
TpuBaJicTiO ¥ 3 ¢ KoxKHuii. CUIy CKOPOUEHHsS M’sf3a PEECTPyBAIH 3a
JIOIIOMOT0OI0 TEH30JaTUNKiB.

CraTucTUUYHY OOPOOKY Pe3yabTaTiB MipsSHHS IIPOBOAUJIN METOIAMU
BaAPiAifiHOI CTATUCTUKM 34 JOIOMOTOI0 HPOTPAMHOTO 3abe3IleueHHs
Origin 9.4. KoxHa i3 cuI0BUX KPUBUX, HaBeJeHUX y IIifi pobori, €
pesyabTaToMm ycepenHenHa 10 aHaJoTiuHUX eKCIIEPUMEHTIB.

3. PE3YJIBTATH 1 OBTOBOPEHHS

OpuH i3 gocTaTHRO e(EeKTUBHUX i IMHMPOKO 3aCTOCOBYBAHUX CIIOCOOiB
imrerTudikamnii piBHA OATOJIOTIM MTWHAMIUYHUX CHCTEM IIOJATAE y BU-
3HAUEHHI IXHIX peakIili Ha pisHi IMBUAKICHI AiANDa3oHW CTHMYJIOBA-
JbHUX MOApas3HeHb. 3a 3aCTOCOBAHOI CTUMYJIAIl HepBa cIocTepiraiu
3MEHINIeHHS CHJIM M’ S30BOi BiAIMOBiAi Ta IIBUAKOCTHU ii IPUPOCTY BHA-
CIIIJOK HAABHOCTH S3AJUIIKOBUX IIATOJOTIUHMX B3MiH, CIPUUYMHEHUX
arpodiero. 3a peasisalii 1-ro myay MOAYJIbOBAHOIO CTUMYJIAIIIHOTO
curnaay (puc. 1) cuyoBa BimmoBigh M’sA3a 3MiHIOBajlacsa AysKe ITBUI-
KO, Mali:Ke CTPUOKOIIOAIOHO, AK peaKIlid cJabdKo aeMI()OBHOT'O IIOCJIi-
IOBHOT'O MHPYKHBOro KoMIoHeHTa. OmHax 3a peasisaifii 2-ro i oco0-
JUBO 3-TO IIYJY TAKOl X MOAYJHOBAHOI CTUMYJAIIl BMHMKAJO IIOBi-
JIbHEe HapOCTAaHHSA CUJIM CKOPOUEHHS OO0 HOBOIO, HUIKUOTO 3a piBHEM
piBHOBasKHOTO cTaHy (#OT0 pPiBeHHb HAIPAMY KOPEJIOBAaB 3 piBHEM pO-
3BUTKY maroJiorii) (puc. 1).

3 pUCYHKY 2 BUOHO, II[0 3a peajisailii 2-ro i 3-ro myay cTUMYJIAIMil
Y KOHTPOJIi YacoBa 3aTpUMKa 3MEHIIYEThCA HE3HAYHO. ¥ I[bOMY BIU-
magKy TicTepesHa BJACTUBICTL M’s3a, — TaK 3BaHa IIepemicTopid py-
Xy, — JAoIloMarae M’sI30Bili cucTeMi OiJbIIT KOPEKTHO Ta 3 MEHIINUMU
€HepPreTHYHNMHN 3aTpaTaMi 3AiHMCHIOBATH IIOCJiJZOBHI OamicTuuHi pyxmu
[23]. Ilicoma 15-1 mobm 3HEepyXOMJIEeHHA IIi eeKTH 3HUKAIOTH, a Yac
IOCATHEHHS CHUJIOI MaKCUMAJLHUX B3HAUEHb 3POCTA€ Ha KOMKHOMY
oyai crumynaanii: @Ha 15-ty moO0y BiH ckaaB 501 +£12, 552+9 i
650 + 10 mc 3a peadmisatrii 1-ro, 2-ro i 3-ro mysy cTuMyJAIii BiAgmosi-
IHO; v KoHTpoai: 123+6, 110+ 3 i 96 + 2 mc BigmoBimmo. OT:Ke, Bif-
MiHHiCTh MiX KOHTPOJBHMMMU 3HAUeHHAMU cKjaJya moHan 300% . Bu-
KOpHCTaHHS BOAHOTO PO3UUHY Cgo-(hysiepeHy 3MEHIIHUJIO YacoBi 3a-
TpuMKHu Ha 66% , 79% i 84% sBigmosiguo. Ha 30-Ty mo0y BiamMizHiCTB
YacOBUX 3aTPUMOK B aTpoOBaHMX M’ sI3aX MOPIiBHAHO 3 KOHTPOJIEM
ckaana 203%, 250% i 280% sigmoBiguo, a Cgy-dyiaiepeHoBa Tepamis
mosinmmuia i nokasHumku Ha 51%, 56% i 62% sa peanisarii 1-ro,
2-ro i 3-ro myny crumyasaiii BigmoBigumo. Ha 45-1y mo0y excrepume-
HTY 3aTPUMKM M’ S30BOI'0 CKOPOUYEHHS B aTPOoPOoBaHUX M’A3aX CKJIAIU
22%, 29% i 31%, anme edexT mepemicTopii pyxy (3MeHIIIeHHS 3aTpPHU-
MKHK Ha 2-My i 3-My IIyJi IIOPiBHAHO i3 mepimmMm) Tak i He cIrocTepi-
raBcsi. Bukopucranaa BOgHOTO Po3unHy Cgo-Qyiiiepeny HaOJU3UIO ITi
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Puc. 1. CunoBa Bigmosias muscle soleus tmrypa micas atpodii, cimpuuymHeHOI
aximnoromiero, Ha 15-1y, 30-Ty i 45-Ty 700y 3a BUKOPUCTAHHS TPUKOMIIOHE-
HTHOTO MOJYJILOBAHOTO CUT'HAJYy: TpaBMma Ta TpaBMa + Cgy, — cmIa CKOpOUYeH-
HA aTpodoBaHOTO Mmuscle soleus 6e3 BBempeHHA Cg)-hysrmepeHy Ta Ha TJIi HOTO
BBelleHHA; At;, At, Ta At; — Yac JOCATHEHHSA CHUJOK CBOI'O MaKCHMAaJbHOI'O
piBHa ma 1-my, 2-my Ta 3-My IyJi cTuMmyJadmniiiaoro curmany; 15-i1, 30-i i
45-#1 nenp — g06a micaa imimiamii arpodii; n =7 y Kosmil rpymi.’

MMOKA3HUKM MalKe N0 KOHTPOJBbHHX 3HaYeHb (BiAMiHHIicTH He mepe-
puintyBasia 12%). Taxkum umHOM, BuKOpucTaHHA Cg-yrmiepeHoBol
Tepanii BigHOBMJIO TicTepedHuil edexT mepexmicropii pyxy miciaa 45-i
001 eKCIIePUMEHTY.

4. BAICHOBRKH

TakumM YMHOM, OOCHIMKEeHHS MeXaHOKIHEeTHMKHN CKOPOUeHHS muscle
soleus 1miypa 3a BUKOPHCTAHHS TPUKOMIIOHEHTHOTO CTUMYJIAIiHAHOTO
MyJly YMOMKJIUBUJIMW OIHUTH Ii 3MiHM, 1[0 BUHHKAJIMU 3a PO3BUTKY
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Puc. 2. Yac gocarHeHHs muscle soleus 1iypa CBOro MaKCHUMAJbHOTO PiBHSA
CKOPOUEeHHs micad aTpodii, cipuumHeHoi aximmoromiero, Ha 15-ty, 30-Ty Ta
45-ty mo0y 3a BUKOPHMCTAHHSA TPUKOMIIOHEHTHOTO MOIYJhOBAHOTO CHUTHAJY:
TpaBMa Ta TpaBMa + Cg, — cmia cKopoueHHA aTtpodoBaHOro muscle soleus
6e3 BBemeHHA Cg4-QyiiiepeHy Ta Ha TJi Horo BBemeHHs; 15, 30 i 45 gi6 —
no6a micna imimiamii aTpodii; n =7 y koxHiil rpymi; “p < 0,05 mopiBEAHO 3
KoHTposeM; p < 0,05 nopiBHAHO 3 maHuMK Ha 15-Ty 00y eKCIepUMeHTY;
“*p < 0,05 mopiBEAHO 3 gaEuMHU Ha 30-Ty KOOy eKCIepHMeHTy.>

xx F*E

FEK dekk ddek

Yac giasa BoCATHeHIa
MaKCHMaJbHOI MimfHOCTL

*iI

15 ni6 30 xi6 45 1i6

M’s130BOi aTpo(ii, moB’sA3aHOI 3 MOBrOTPUBAJIUM 3HEPYXOMJIEHHSIM.
Ile, 30Kpema, CTOCYETHCA BUABJIEHUX 3MiH Y AUHAMIINI CKJIaIHUX PY-
XiB, MOB’A3aHUX 3 TOYHUM MO3UI[IOHYBAHHAM CYIJIO0iB, Ta HOpPMAJIi-
3aIii ix 3a BUKopHcTaHHA BOAHOTO pos3umuy Cg-dymepenis. Ile cay-
rye IMiATBEPIKEHHAM OJEP:KAaHUX HAMM pPaHille HaHUX IIPO ITO3UTUB-
HUU TepameBTUUYHUN BILIUB BOAOPO3UMHHUX Cgo-yiiepeHiB Ha (GyH-
KIil aHTUOKCUJAHTHOI CHUCTEMHU OPTaHidMy 3a PO3BUTKY 3alaJbHUX i
maToJioTiuHuX Imporecis [17, 18, 21].

MMOAAKA

Pob6ory BukKoHaHo 3a migTpuMmiru MOH VKpaiHu B paMKax HIPOEKTY
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! Fig. 1. Strength response of the rat muscle soleus after atrophy caused by achillotomy on
15%, 30", and 45" day using a three-component modulated signal: injury and injury + Cgy—
the strength of contraction of the atrophied muscle soleus without Cgy-fullerene administra-
tion and against its administration; At#;, At, and At;—the time when the force reaches its
maximum level on the 1%, 2™, and 8™ pool of the stimulation signal; 15%, 30%, and 45%
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 15, 30", and 45" day using a three-component modulated
signal: injury and injury + Cg—the force of contraction of the atrophied muscle soleus with-
out the introduction of Cg, fullerene and against the background of its introduction; 15%,
30", and 45" 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 15" day of the experiment; ““p < 0.05 com-
pared to data on the 30" day of the experiment.
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In this study, we synthesize samarium-doped TiO, nanoparticles (Ti(Sm)O,
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)O, 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.

Y npomy mocaimskeHHi Mu cuHTe3yeMo JeroBani Camapiem HanouacTuHKU TiO,
(Ti(Sm)O, HY) 3a momoMoroi COJIbBOTEPMIiUHOI CUHTE3U Ta MiABUIIYEMO iXHi
cTabinpHicTh i 6iocyMicHICTH MIIAXOM MOKPUTTA iX MOJiMEePHUMU MaTepiaia-
mu. PisHomaHiTHI XapaKTepusalliifiHi JoCHigKeHHA HMiATBEpIKYIOThH OakaHy
MOp(0JIOTiI0, KPUCTANIUHY CTPYKTYPY, OIITUYHI BJIACTUBOCTI, 3apsA] IIOBEePXHI
ta 6iocymicuicts Ti(Sm)O, HU. Kpim Toro, ominku Bisyasnisaiiii in vivo moka-
3aJIM IXHi 4yI0Bi MOKJIMBOCTI Bidyasisaiiii, 30KpeMa y po3pisHeHHi mmaToJorii
JIeTeHiB, 1110 POOUTH IX MysKe MepPCIeKTUBHUMU JIJIA IiJIbOBUX BisyasrisamiiHux
3aCTOCyBaHb. BasKJIMBO, 1110 AOCTIAKEHHA TOKCUYHOCTH in ViV0O AeMOHCTPYIOTH
GiocymicHicTb i 6esmeuHicTh HaHOUYACTUHOK. 111 BUCHOBKY CIPUAIOTH PO3POOITL

535



536 W.M. Abd EL-KADER, R. ABOGABAL, A. M. ABDELGHANY, and A. H. ORABY

mepeoBUX KOHTPACTHUX PEUYOBUH AJIA ITOJIINIIIEHOI AiATHOCTUYHOI BidyaJisa-
il B 6ioMeIMYHUX 3aCTOCYBAHHAX, IIPOIOHYIOUN IOTEHIIiNHI edeKTuBHI iH-
CTPYMEHTH JJIS ITiJiecIIpAMOBAaHOI BisyaJsizalii Ta moJimnineHHsA AiIiTHOCTUKU
Ta MOHITOPUHI'Y PiBHUX ITATOJIOTi# JereHis.

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

Karouori cjioBa: HaHOYACTUHKY, KOHTPACTHI peuoBuHU, K-Kpaii, okcuxa Tura-
HY, OiocymicHicTb.
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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 (Zg = 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 TaO, 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? g ' at 100 keV)[13].

Titanium dioxide (TiO,) 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 TiO, NPs with high Z-elements while preserving their fundamental
physical properties was explored [15]. In this regard, the incorporation
of samarium (Sm) into TiO, NPs has been investigated, resulting in en-
hanced efficiency. These Ti(Sm)O, 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)O, 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)O, 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 USPIONSs
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 TiO, 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 (TiO,)
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 TiO, NPs and other multifunc-
tional NPs in cancer diagnostics and therapy. These results underscore
the importance of harnessing the unique properties of lanthanide-
doped TiO, NPs for advanced imaging techniques and their potential
significance in cancer research and treatment.

2. MATERIALS AND METHODS
2.1. Materials

Titanium dioxide (TiO, = 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/cm?, 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/cm?, soluble in water, density:
3.58 g/cm®. 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 TiO, NPs

TiO, NPs were synthesized using the hydrothermal method. Initially, a
solvent mixture was prepared by combining 5 g of TiO, 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 TiO, NPs (Ti(Sm)O, NPs)

To synthesize the Ti(Sm)O, NPs, samarium (III) nitrate hexahydrate
was added to the mixture. Following the hydrothermal method men-
tioned earlier, the preparation involved the use of ethanol, HCIl, and
deionized water. Specifically, a solution was created by mixing 30 ml
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of ethanol, 0.5 ml of HCI, 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 TiO, and Sm-Doped TiO, 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 TiO, 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, Tg,", 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 TiO, 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 ', with a resolu-
tion accuracy of 4 cm ™' 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 TiO, 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
Imaged 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% CO,.

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-pm-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 TiO, and samarium-
doped TiO, 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 nA, 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 1563-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

Contrast = (L., +1,;.)/ Loy — Loin) -

max

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 (TiO,) NPs and sa-
marium-doped TiO, NPs were obtained and analysed.

In Figure 1, a, the absorbance peak at 364.23 nm corresponds to the
presence of TiO, in the sample. In Figure 1, b, two absorption peaks are
observed for samarium-doped TiO, 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
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Fig.1. (a) UV spectra of: I—TiO,, 2—PVP@TiO,, 3—PEG@TiO,, and 4—
CMC@TiO, NPs; (b) UV spectra of: I—Ti(Sm)0,, 2—PVP@Ti(Sm)0,, 3—
PEG@Ti(Sm)0,, and 4—CMC@Ti(Sm)0, 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 TiO, and samarium-doped TiO, NPs, coated
with PVA, PEG, and CMC. In the spectra, a prominent and strong band
in the range of 580—660 cm ' corresponds to the characteristic modes
of TiO,. This band provides evidence of the presence of TiO, in the
samples. Additionally, an absorption range around 3427 cm ' 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 ™ is attributed
to the bending vibrations of hydroxyl groups in molecular water. The
bands in the range of 1000-400 cm™' are associated with the Ti—O
modes, further confirming the presence of TiO,.

Furthermore, the FTIR spectrum of the coated TiO, NPs is present-
ed in Fig. 2 too. The absorbance observed in the range of 1066—1700
cm-! 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~' 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 TiO, and samarium-doped TiO, NPs. This
interaction between the polymers and the NPs further supports the
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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-
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Fig. 3. Zeta potential for NPs: (a) TiO,; (b) PVP@ TiO,; (¢) PEG@ TiO,; (d)
CMC@TiO,; (e) Ti(Sm)O, (f) PVP@Ti(Sm)0,; (g) PEG@Ti(Sm)0,; (k)

CMC@Ti(Sm)O0,.



546 W.M. Abd EL-KADER, R. ABOGABAL, A. M. ABDELGHANY, and A. H. ORABY

-70
TiO, N
60 & S =] o)
E =] —
= £ |2 )
~ =50+ © _ © |& @
o &S] 8 8 g
= =2 = £ B
5 40+ AlE | O ®
D ® =1 2 |2
= &) (@} E g
© 304 &= = )
[} Ay C% =
@ =
£ 7 gl 1|8
N 104
10 & &
. A

Fig.4. Zeta potential distribution of TiO, PVP@TiO,, PEG@TiO,,
CMC@TiO,, Ti(Sm)0,, PVP@Ti(Sm)0,, PEG@Ti(Sm)0,, and CMC@Ti(Sm)O0,
NPs.

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 TiO,, Ti(SmO,) 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(SmO,) is 83 nm with a 22.30 nm standard deviation.

As an indirect band gap semiconductor, TiO, shows no band gap pho-
toluminescence. Photoluminescence (PL) arises from recombining oppo-
sitely charged trapped and free carriers. Photoluminescence from
Ti(Sm)O, 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.
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Fig. 5. (a) TEM of TiO, NPs and the corresponding particle size distribution
histogram; (b) TEM of Ti(Sm)O, and the corresponding particle-size distribu-
tion histogram.

A series of Ti(Sm)O, 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

Ti(Sm)0,@CMC

Ti(Sm)0,@PEG

Intensity

i

Ti(Sm}O,@PVP

Ti(Sm)O,

500 600 700

Wavelenght, nm

Fig. 6. Photoluminescence of Ti(Sm)0,, PVP@Ti(Sm)0,, PEG@Ti(Sm)O,, and
CMC@Ti(Sm)O, NPs.
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TABLE 1. Characterization of TiO, NPs.

Sample Zeta potential, | Conductivity, | Energy gap, | Particle size,
mv ms/cm eV nm

TiO, -61.5 3.16 3.4 70.5
PVP@TiO, -37.9 0.99 2.95
PEG@TiO, -49.8 2.2 2.99
CMC@TiO, -38.27 2.2 2.88

Ti(Sm)O, -61.6 2.5 2.97 83.03
PVP@Ti(Sm)O0, -37.7 3.02 2.9
PEG@Ti(Sm)O0, -28.8 1.56 2.7
CMC@Ti(Sm)0, -42.6 4.08 2.8

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)O,
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 (x100) is observed using an Olym-
pus IX51linverted fluorescence microscope.

JCD45- CD4b+
429.1 70.9
300 -
+ i
g 2004
O -
]
100 —
T ¥ ™y ey \ T Ty
—10? 0 10° 107 10°
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Fig.7.CD 45 FTIC mouse antihuman (561865, BD).
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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), (1NP.:5cells). Cell
viability results ensure TiO,, PVP@TiO,, PEG@TiO,, CMC@TiO,,
Ti(Sm)0,, PVP@Ti(Sm)0,, PEG@Ti(Sm)0,, and CMC@Ti(Sm)O, NPs
is blood biocompatibility; so, it will be completely safe within few
hours before any interaction with blood cells occurs. The blood biocom-

NP, :cells (1:1) NP, :cells (1:3) NP, :cells (1:5)

TiO,

PVA@TiO,

PEG@TiO,

Ti(SmO,)

PEG@Ti(SmO,)

PVA@Ti(SmO,)

CMC@Ti(SmO,)

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 TiO, 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 TiO,.
Ti0,@CMC and Ti(SmO),@PVA exhibited hepatocyte degeneration
and injury in zone 2 and 3. TiO,@PVA and Ti(SmO), showed hepato-
cyte degeneration and injury in zone 3. TiO, coated with PEG showed
scattered spotty necrosis in hepatocytes in zone 3. However, no
hepatocyte injury was found in Ti(SmO),@PEG and Ti(SmO),@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 TiO,, PEG@TiO,, CMC@TiO,, Ti(Sm)0,, PVP@Ti(Sm)O, 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 TiO, 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 TiO, and Ti(Sm)O, 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 400x magnification.
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TABLE 2. Toxicological effect on serum levels of ALT, AST, and creatinine.

After 1h | Creatinine, U/LL. | ALT,U/L | AST,U/L
Control 0.15 22 110
TiO, 0.27 47 516
PVP@TiO, 0.29 57 671
PEG@TiO, 0.26 39 310
CMC@TiO, 0.25 45 305
Ti(Sm)0, 0.25 40 480
PVP@Ti(Sm)O0, 0.24 56 620
PEG@Ti(Sm)0, 0.23 63 588
CMC@Ti(Sm)0, 0.24 50 638

After 7 days

TiO, 0.25 30 220
PVP@TiO, 0.28 26 229
PEG@TiO, 0.24 24 145
CMC@TiO, 0.23 24 130
Ti(Sm)0, 0.24 28 163
PVP@Ti(Sm)O0, 0.23 30 177
PEG@Ti(Sm)0, 0.24 29 176
CMC@Ti(Sm)O0, 0.16 23 260

[ Care AT, oy o S
ey Ty PAETE,  MGETO,  @TO,  NSel,  RIETimo, FEGRTEmO. OMIETmO, ] WIBTO,  pceo, OMBTO NG Pe@TSND, MGATARD, 04 T,
m
9
123 1
; 615
[ i .

v PRBTO,  HGETG  OMBTO,  TomP; T4, T, TUCEREnI,
. . . . . . . . .
. . . . . . . . .

Fig. 10. CT phantom images of TiO,, PVP@TiO,, PEG@TiO,, and CMC@TiO,
NPs by UV spectra of Ti(Sm)0O,, PVP@Ti(Sm)0,, PEG@Ti(Sm)0,, and
CMC@Ti(Sm)0, NPs.
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Fig. 11. Contrast of TiO,, Ti(SmO,) coated with PEG, CMC, PVP: (a) 80 keV;
() 100 keV; (c) 120 keV.

4. CONCLUSION

The synthesized TiO, and Ti(Sm)O, 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 TiO, NPs has further enhanced
their performance in fluorescent imaging, making them suitable for
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dual imaging applications. Based on these findings, the synthesized
TiO, and Ti(Sm)O, 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 @-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 6.86 J/cm? and 12.73 J/cm? 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 834 nm and 57 nm for laser fluences of
6.836 J/cm? and 12.78 J/cm?, 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.

Y npomy mociimxenHi BurotoBiaeHHsa HamouacTuHOK (HY) cpibma 6ymo mo-
CATHYTO 3a gomoMoroio abuanii sasepom Nd:YAG i3 moxgyiAiieo 100pOTHO-
cru. CpibHa wmimieHb y (opmi amcka, 3aHypeHa y OeHOHiIZ0OBaHY BOAY, CJIY-
ryBajia IMiAKJAAUHKOI y IIporeci abasaiii. Byso s3acTtocoBaHO pisHY Kijb-
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KicTs imMmysbceiB, a came, 300 i 500 imoysabciB, pasom i3 ABOMa Jia3epHUMU
duoercamu y 6,36 Ix/cvm® i 12,73 Tx/cm?. 1106 Bu3HAUMTH MOPHOJIOTiU-
Hi I ONTUYHI XapaKTEePUCTUKM HAHOUYACTUHOK, BUKOPHCTOBYBAJU CIIEKTPO-
doromeTpito YP- i BUAMMOTO AiANIa30HIiB, TPAHCMICiliHY €JeKTPOHHY MiKpo-
cxomito (TEM) i ckamyBaabHy €JeKTPOHHY MiKPOCKOMil0 3a JOIIOMOTOIO
mosboBoi emicii (IIM-CEM). 306iibIilieHHA CIEeKTPiB BOMpPaHHS IIPOIOPITiNHO
KiZbKOCTI iMITyJIbCiB BKas3yBaji0O Ha MiABUINEHHA KOHIIEHTpPAI[il HaHOYACTH-
HOK cpibisa. CrieKTpu BOMpPaHHA MOKAa3aJu MiKM IIOBEPXHEBOrO ILJIAa3MOHHOTO
pesonancy B okoJai = 400 um, AKi mocuaoBagucA 3i 30iJbITEHHAM JIa3epPHUX
iMmoynbciB. Takosk Oysao BifsHAUEeHO NOMITHE 3MEHIIIEHHA HIIUPUHU 3a00PO-
Henol 3oHUu. AHaiisza ganux TEM i ITE-CEM miarBepau/ia HasgBHiCTL Maiiike
cheprUHNX HAHOUACTUHOK cpibJsia. AHajmiza BusABMJIA IXHI cepegHi mismerpu
npuban3HO y 34 HM i 57 HM s HOTOKiB JasepHoro cBitia y 6,36 x/cm? i
12,73 I»x/cm? Bimmomimmo. IlikaBo, mo iHrioyBamsHa xia Ha Klebsiella
pneumoniae ta Staphylococcus aureus 6yna 6inbin Bupaskenoio 3 Ag HY,
CTBOPEHMMHU 3a MEHIIIOTO IOTOKY JIa3ePHOTO CBiTJIia, He3BasKaruyW Ha EKBi-
BaJIGHTHY KiJIBKiCTh iMITyJIbCiB.

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

KarouoBi ciroBa: jazepHa abiAlisg, HAHOUYACTUHKU Ccpibia, po3Mip HaHOUAaC-
TUHOK, aHTHOaKTepisiibHa aKTUBHICTD.

(Received 17 August, 2023)

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



560 Khalaf AJAJ, Mushtag Abed AL-JUBBORI, and Abdullah M. ALI

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/cm? and 12.73 J/cm?, and
the number of pulses was 300 and 500 pulses for each energy. The
experimental setup for laser ablation is illustrated in Fig. 1.

Nd:YAG laser
1064 nm
6.34 and 12.73 J/cm?

with 300 and 500 pulses

Beaker
Ag nanoparticles

Silver target

Rotator ——

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
0f 6.36 J/cm? and 12.73 J/cm? 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 ul 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

L8 AgNPs %g_ AgNPs
1.6 6.36 J/cm? : 12.78 J/cm?
1.4] 5 1— pulse = 300 1.6 1— pulse = 300
1.2] 2— pulse = 500 L4 2— pulse = 500

o
fﬁ’ifgr

Absorbance, a.u.
Absorbance, a.u.
<
o0

0.2
0.0 ,
200 300 400 500 600 700 800
A, hm
a b

Fig. 2. Absorption spectra of Ag NPs in DIW prepared by PLAL at (a)
6.36 J/cm? and (b) 12.73 J/cm? at various numbers of pulses: 800 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/cm?, which is more than 6.36 J/cm?, that indicates an increase in
concentration and possibly size nanoparticles as well.

90000 100000
AgNPs 90000 AgNPs
80000 6.36 J/cm? 20000 5 12.73 J /om?
700001 2 7 pulse = 300 00001 1— pulse = 300
60000 2— pulse =500 | -~ ] 2— pulse = 500
] T, 60000
g 50000 g 50000]
’ 40000 5 40000
3 30000 30000
20000 20000
10000 10000
00 300 200 300 600 700 500 0200 300 400 500 Go0 700 800
A, NN A, 1M
a b

Fig. 3. Absorption coefficient of Ag NPs as a function of wavelength pre-
pared by PLAL at (a) 6.86 J/cm? and (b) 12.73 J/cm?.

5 5

""2 1 pulse = 300, AgNPs | 2, |7 pulse = 300, AgNPs
o 4] EJ=2.12eV 6.36 J/em? : 4{E, =2.07 eV 12,78 J/em?
—

> |2 pulse = 500, 2 | 2— pulse = 500,

@ 3l E1.94ev ) ® 3]E,=1.78eV

‘ 7

§ ) g ]

S A

a2 o

- - 4

g ! £ !

B xS

O 0 ——
12 14 1.6 1.8 20 22 24 2.6 2.8 3.0 3.2 1.2 14 1.6 1.8 20 22 24 2.6 2.8 3.0 3.2

Photon energy, eV Photon energy, eV
a b

Fig. 4. Optical band gap of the silver NPs prepared at (a) 6.36 J/cm? and
(b) 12.78 J/cm?.
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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 (7) and reflection (R)
spectra are related to the absorption coefficient [21]:

_ 2 _ 2
o= 1 log (1-F) + 1-R) )
d 2T J2T? + R?

where d is the thickness of the sample. The absorption coefficient
(o) 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 E;’pt' .The optical band gap of the
silver NPs was determined using the Tauc plot and UV-Vis spec-
troscopy. The samples’ E;’p" was calculated by fitting the equation
to the data [22]:

1)

(ahv)"* = k(hv - EF"), (2)

where k is a constant of effective mass, Av 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/cm? and 12.73
J/cm? 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/cm? and 12.73 J/cm?®. 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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Fig. 5. TEM image of Ag NPs and the particle-size distribution: (a) 6.36
J/cm?, (b) 12.78 J/cm? at the same number 500 pulses.

3.2.2. Field-Emission Scanning Electron Microscopy Analysis

Utilizing the field-emission scanning electron microscopy (FE-SEM)
analysis at a 200 kx magnification, it possible to analyse the mor-
phology and particle-size distribution of Ag NPs at 6.36 J/cm® and
12.73 J/cm® 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
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Fig. 6. FE-SEM micrographs of Gaps and the particle size distribution for
(a) 6.36 J/cm? (b) 12.73 J/cm? at 500 pulses.

fluences of 6.836 J/cm?® and 12.78 J/cm? 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/cm?,
more effective compared to the nanoparticles prepared at 12.73
J/cm? 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-
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Fig. 7. The antibacterial activity test results for Ag NPs prepared for laser
fluences of 6.36 J/cm? and 12.73 J/cm? at a number of 500 pulses for: (a)
Klebsiella G(+v,), (b) S. aureus G(-v,).
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Fig. 8. Histogram for the inhibition zone as a function of the sample pre-
pared for laser fluences of 6.36 J/cm? and 12.73 J/cm?.

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
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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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This paper focuses on fabrication of new PMMA-PEO/SiC—SrTiO,
nanostructures for the antibacterial and gamma-shielding actions with
lightweight, flexibility and moderate price. The results of gamma-
radiation shielding for PMMA-PEO/SiC—SrTiO; nanostructures show that
the attenuation coefficient is enhanced by increasing the SiC—-SrTiO,-
nanoparticles’ content. The PMMA-PEO/SiC—SrTiO; nanostructures are
tested for antibacterial application. The results demonstrate that the
PMMA-PEO/SiC—-SrTiO; nanostructures have good activity for antibacte-
rial action. Therefore, new PMMA-PEO/SiC—SrTiO; nanostructures may
be useful for the antibacterial and gamma-shielding applications.

ITa crarTa cTOCYeTBHCS BUTOTOBJIEHHS HOBUX HAHOCTPYKTYP HIOJiMeTHJIMeE-
rakpuiaaT—noaiokcueruned (IIMMA-IIOE)/SiC—SrTiO; mnasa npoTuMiKpo6-
HOI fii Ta 3axuCTy Bi raMMa-BUOIPOMiHEHHS 3 JIETKOIO Barorw, rHy4YKicTio Ta
IOCTYIIHOIO IIiHOI0. PesysbTaTy eKpaHyBaHHA TraMMAa-BUIPOMiHEHHS IJIs
sanocTpyKRTyp IIMMA-IIOE/SiC—SrTiO; nmokasanm, 1mo koedimnienT ociabd-
JIEHHSI MiJBUINYETHCA 3a PaXyHOK 30iJIbIIIeHHS BMiCTy HaHouacTUHOK SiC—
SrTiO;. Hamoctpykrypu IIMMA-IIOE/SiC—SrTiO; 6yia0 mpoTecTOBaHO Ha
OPOTUMiKpOOHe 3acTocyBaHHA. Pes3ysbTaTu NHOKa3aju, IO HAHOCTPYKTYPU
IIMMA-ITIOE/SiC—SrTiO; maroTs xopoiry npoTmMikpoOHY gmiro. Takum uwm-
HOM, HOBi HanmoctpykTypu IIMMA-TIOE/SiC—SrTiO; moxyTs O6yTu KOpuC-
HUMU IJI IPOTUMiKPOOHUX i raMMa-eKpaHyBaJbHUX 3aCTOCYBAHb.

Key words: SiC, SrTiO;, PMMA-PEO, attenuation coefficient, antibacteri-
al application.

Karouosi caosa: SiC, SrTiO;, mosmimermiaMeTakpuaaT—IIOJTiOKCHETUIEH, KO-
edimieuT ocmabieHHA, TPOTUMiIKpPOOHe 3aCTOCYBAHHA.
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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 y-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 y-rays’ photon en-
ergy, density, and atomic weight of the shielding material, deter-
mine how shielding material attenuates y-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].



FABRICATION OF SiC-SrTiO;-NANOPARTICLES-DOPED PMMA /PEO BLEND 571

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-SrTiO; nanostructures for antibacterial and gam-
ma-shielding applications.

2. MATERIALS AND METHODS

The PMMA/PEO/SiC/SrTiO; 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/SrTiO; 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/SrTiO; NPs inside
the PMMA/PEO blend was explored by optical microscope (OM)
Nanostructured PMMA /PEO/SiC/SrTiO; 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/SrTiO; 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—-SrTiO; NPs via the
PMMA/PEO matrix with various contents of SiC—SrTiO; NPs. At
low concentration, the SiC—SrTiO; NPs are diffusing as a cluster.
When the SiC—SrTiO; 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—-SrTiO; 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—SrTiO; NPs. Reactive oxygen species (ROS),
which are produced at various ratio of SiC—SrTiO; NPs, may be the
cause of the antibacterial activity of PMMA-PEO/SiC—SrTiO,
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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Fig. 1. Optical microscope images (x10) for PMMA-PEO-SiC—SrTiO,
nanostructures: (a) pure; (b) 1.6 wt.% SiC—SrTiO; NPs; (¢) 3.2 wt.% SiC—
SrTiO; NPs; (d) 4.8 wt.% SiC—SrTiO; NPs; (e) 6.4 wt.% SiC—SrTiO; NPs.

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/N,) for PMMA/PEO with
varied concentrations of SiC—SrTiO; NPs. The transmission radia-
tion reduced with a rise in the SiC—SrTiOs-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—SrTiO; NPs. The
attenuation coefficients rise as the ratio of nanoparticles rises be-
cause nanostructures’ shielding materials either absorb or reflect
gamma-radiation [42—-45].
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Fig. 2. Inhibition zone diameter of PMMA /PEO/SiC/SrTiO; nanostructures
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Fig. 3. Inhibition zone diameter of PMMA /PEO/SiC/SrTiO; nanostructures
against Staphylococcus bacterium.

4. CONCLUSION

This article involves fabrication of PMMA-PEO/SiC-SrTiO,
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—
SrTiO; nanostructures showed that the attenuation coefficient is
enhanced by increasing the SiC—SrTiO5;-NPs’ content. The PMMA-
PEO/SiC—SrTiO; nanostructures were tested for antibacterial appli-
cation. The results demonstrated the PMMA-PEO/SiC—SrTiO,
nanostructures have good antibacterial activity. Therefore, new
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Fig. 5. Variance of attenuation coefficients of gamma-radiation for
PMMA /PEO blends with different concentrations of SiC—SrTiO; NPs.

PMMA-PEO/SiC—SrTiO; 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.

Bararo sromeit momupae udepes BiACyTHicTh ImmosiomiB. BoHU TaKoXK THHYTH
Bifi HecBoeuacHOTo JiKyBaHHA. EKCTpeHUM ciay:k0aM BaKKO BUABUTHU Bif-
maneni apapii. IllomomMu paTyooTh KuTTda. CBOoeuacHe JIIKYyBaHHS 3amobirae
60% cmeprenpHux BuUnaakie. Ila cxema rapamrye, 1o Boail OmATHYTH IITO-
gomMu Ta 3arenedonyoTh v 911 y pasi asapii. Bemocumenui asapii spocra-
IOTh i3 KinbKicTio OaiikepiB Hamioi Kpainu. BaraTo cmepreil TpamidoTbCA
yepes BiICYTHICTH IIIOJIOMIB i BificyTHiCTH IIBUAKOI MEOUUYHOI JOIIOMOTH.
IIpoekT 3axwumiae OatikepiB Big JTII. ExkcTpenum ciay:x6aM BaKKO BUSBUTU
Bimmameni aBapii. OcHOBHOIO MeTO0 IIiei poOOTH € BUABJEHHSA PO3YMHHUX
mI0JI0MiB i moBimomieHHs mpo aBapii. CucremMa BHKOPUCTOBYE IaTUUKH,
nporiecopu Wi-Fi i xmapui obumcimenns. IIpoiecop mepeBipse 3HaueHHS
aKcejepoMeTpa BiJ cucTeMU BUABJIEHHS aBapiifi Ha HAABHICTHL MOPYLIEHb.
XmapHi cay:k6u HaACUIAIOTh eKCTPEHUM KOHTAKTaM JeTalli HeI[aCHOTO BU-
nanky. GPS BusHauae Miclie3HaXOA:KeHHA TPAHCIOPTHUX 3acobiB. Poszym-
Huit moaoMm «Konnect» rapanTye mepeBipeHy iH(opwmariito mpo aBapii B pe-
ampbHOMY uaci. TakKuM UYMHOM, PO3YMHHU IIIOJIOM [IJS BUABJIEHHS aBapiit
BUKOPUCTOBYE ITOBCIOJHE ITiAKJIIOUEHHS PO3YMHOT'O MicTa.

577



578 P. VIVEKANANDAN, P. RADHIKA, A. SIVAMANI et al.

Key words: smart helmet, IR sensor, vibration sensor, MEMS sensor,
temperature sensor, GSM, GPS.
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(Received 25 August, 2023)

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 wvehicle 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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Fig. 1. Block diagram for proposed method.

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-
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Fig. 2. Arduino UNO.

Fig. 3. Temperature sensor.

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-
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Fig. 5. Vibration sensor.

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-
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Fig. 7. GPS module.

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
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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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Fig. 9. MQ-3 alcohol sensor.

Fig. 10. Buzzer.

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-
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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.

GAS Snnsor
- E-
nL.ra‘m lla_rj Aechel

—E— I'*:U"] it ?

Fig. 11. Modelling and simulation.

Fig. 12. Proposed smart helmet.
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Fig. 13. Notification message.

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-
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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
L1,-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 L1,-FePd-phase
formation.

HocaigsxeHo BIJIUB BOAHEBOTO TEPMiUHOTO OOPOOJEHHS IOPiBHSAHO 3 Biama-
JoMm y BakyyMmi B iHTepBaiai temmeparyp 500-700°C Ha dpopmMyBaHHsA BIOPS-
nxoBanol (asu L1,-FePd ra aminy cmekTpiB KoMOiHAI[IIHOTO pO3CiTHHSA
cBiTia B ekBiaTomuux miaiBkax FePd. Aromu Timporeny, BBefeHi B HaHOPO-
smipHi ik FePd, sMiHUIN €eKTPOHHY CTPYKTYPY, MarHeTHi BJIACTHBO-
cri Ta craHu miaiBKu. Ilpolecu BIOPANKYBaHHA NPUIIBUAIIYIOTHCA I dac
00pobJIeHHA BOLHEM IIOPiBHAHO 3 BAaKYYMHUM BigmayjioM. SMiHIOIOUM IIapa-
meTpu Bimmany miaiBku FePd y Boxmi, moxxHa KepyBaTu (pa3oBUM CKJIAIOM,
3MiHOIO (hepOMarHeTHUK <> IapaMarLieTuk MarHeTHHUX cTaHiB. PamamoBa cie-
KTPOCKOIIiA YMOXKJIUBJIIOE AOCHiAUTH AWHAMIKY CTPYKTYPHUX 3MiH ILJIiBOK
FePd mig uac ymopAaakyBaHHA @I yTBOpeHHA BHopsankosaHol ¢asu L1,-FePd.

Key words: hydrogen, ordering, coercivity, Raman scattering spectrosco-
py, paramagnetism, hard-magnetic material, L1,-FePd, magnetization.
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1. INTRODUCTION

The ordered L1,-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 L1,-
FePd structure were studied in Ref. [10]. Position of H in the
structure has a direct influence on the Curie temperature T, 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
Al-FePd phase and L1,-FePd one [13]. The authors showed that the
location of hydrogen atom in the tetrahedral interstitial site of the
Al phase is more stable than in the octahedral interstitial site in
the L1,-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],/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 10°-10' [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 L1,-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 SiO,/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"! Pa in a chamber
with a starting ultra-high vacuum of 8-10° 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 =102 Pa) and in hy-
drogen (pressure =1 atm) for 1-2 h in a temperature range of
500-700°C.

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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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.
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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 (¢) and 20 h (d).

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 Al- or the ordered L1,-FePd
phases.
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Fig. 3. Changes in coercivity value of the FePd films on annealing time in
vacuum and hydrogen at 650°C.

However, regardless of the absence of the superstructural
FePd(001) and fundamental FePd(002) peaks, the hard magnetic
L1,-FePd phase is formed according to the measurements of mag-
netic properties (Fig. 2, b, ¢, 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 L1,-phase formation (Fig. 2, ¢, 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 L1,-FePd phase
have a (111) texture. After annealing at 600°C, the L1, phase is
formed and the coercivity becomes of 0.9 kOe (Fig. 4, a).

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 Al-
FePd phase. However, the magnetic properties become uncharacter-
istic for both the Al- and L1,-FePd phases (Fig. 4, b).

A hard-magnetic L1,-FePd phase formed after annealing at 650°C
for 1 h has a coercivity value of 5.5 kOe (Fig. 1, b, Fig. 4, ¢). 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).
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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 ™ 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, ¢). 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.
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There are maxima at = 2376-2516 cm !, 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™ of the
spectrum of the FePd film annealed in hydrogen at 600°C (Fig. 5, b).

Such a broadening can occur because of the diffusion of hydrogen
atoms into the film and the beginning of the ordered L1,-FePd
phase. The resonant frequency peak from the film has an asymmet-
ric shape in the frequency range 1500—2600 cm . The asymmetry
of the Raman spectrum is related to the two-phase state (A1 + L1,)
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+ H, (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
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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 L1, phase from the disordered Al-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 ' corresponds to the for-
mation of the ordered L1,-FePd phase, and its width decreases with
increasing annealing temperature (Fig. 5, b). The resonance peak at
=~ 2500 cm ™ corresponds to the ordered L1,-FePd phase, and the less
intense broad part of the peak corresponds to the disordered Al-
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°C, 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, ¢). An increase in the intensi-
ty of oscillations at = 2418 cm™ and a decrease in the width of this
peak after annealing in hydrogen at 650°C, compared to annealing
in vacuum, indicates increased amount of the ordered L1, 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 L1, phase both after annealing in vacuum and in hydrogen at
650°C for 1 h (Fig. 5, b, ¢). In this case, the resonance peak from
the film remains slightly asymmetric, which is caused by the resid-
ual amount of the Al-FePd phase. After annealing at 675°C and
700°C, there is a broad peak of lower intensity in the range 2376—
2400 cm™, 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, ¢).

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, ¢). 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 L1,-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
Al-FePd-to-L1,-FePd transformation.

In the as-deposited FePd film, a disordered soft-magnetic Al-
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 Al-FePd phase unit
cell. This weakens atomic bonds and accelerates the formation of
the L1,-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 L1, grains develops,
the magnetic properties and states change: soft-magnetic Al (as-
deposited film) — soft-magnetic Al + hard-magnetic L1, (600°C, 1
h) —» paramagnetic (625°C, 1 h—650°C, 0.5 h) —» hard-magnetic L1,
(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
Al > L1,-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 —>L1,) 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 L1,-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 — L1,-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 L1,-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 Fe,0;—In,0; 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-Fe,0,—In,0; nanocomposites. Results
show the improving dielectric constant, dielectric loss and electrical con-
ductivity of PVA with adding various ratios of Fe,0;—In,0; 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-
Fe,0;—In,0; nanocomposites may be applied in various electrical and elec-
tronics applications.

HanokomnosuTHi miaiBku 3 yucroro moJiBiuismoBoro cunuptry (IIBC) Ta mosi-
BimizmoBoro cmupry, gomomanoro HaHouactmHkamu (HY) Fe,O;—In,0;, 6yio
BUTOTOBJIEHO [AJA BUKOPHCTAHHSA B UMCJIEHHUX €JEKTPUUHUX Ta €JIEKTPOH-
HuX B3acrocyBaHHaXx. [na mamoxommnosutiB IIBC-Fe,0;—In,0; mepeBipanm
miemekTpuuHi BaacTuBocTi B misimasoni uacror Bix 100 I'm mo 5 MI'm. Pe-
3yJIbTATU TOKA3aJU MOJININEeHHA AieJeKTPUUHOI MPOHUKHOCTHU, AieJIeKTPU-
YHUX BTpaT Ta ejeKTpomnpoBigHoctu IIBC i3 momaBaHHAM pi3HMX CIIiBBiA-
vommenb HY Fe,0;—In,0;. [ienekTpuuHa TPOHUKHICTS i mieseKTpryHi BTpa-
T BUTOTOBJIEHUX HAHOKOMIIO3UTIB B3MEHINYIOThCS, a eJeKTPOIPOBiAHICTH
OigBUIIYETHC, KOJU YacToTa 3poctae. Haperlirti, pesyJbTaT CTOCOBHO JHie-
JIEKTPUYHUX BJIACTUBOCTEHN TmOKasanu, o HaHokommosutu IIBC-Fe,0,—
In,O; MOXKYTh OyTH 3aCTOCOBHI B Pi3HMX €JIEKTPUYHUX Ta €JIeKTPOHHUX 3a-
CTOCYBaHHSAX.
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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,
In,O, has several advantages for transparent electronic applications,
because it has a high optical transparency, a low electrical resistivi-
ty of the order of 10-* Q-cm and a wide band gap of 3.7 eV [2].

Fe,0; 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. Fe,O; 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 Fe,O;—In,O; nanoparticles to utilize
in numerous electrical and electronic applications.
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2. MATERIALS AND METHODS

The PVA-Fe,0;—In,0; nanocomposites films were prepared from
pure PVA and PVA doped with Fe,O;—In,0; 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 Fe,0;—In,0; 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-Fe,0;—In,0; nanocomposites were tested different frequency
ranged between 100 Hz and 5-10° Hz utilizing LCR meter type
(HIOKI 3532-50 LCR HI TESTER).
The dielectric constant (¢') was found by [40] as follows:

&' =C,/Co, (1)

where C, is the material capacitance and C, 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:

Oac. = 2nfe'Dg,. 3)

3. RESULTS AND DISCUSSION

The performance of dielectric constant and dielectric loss for PVA-
Fe,0;—In,0; nanocomposites with frequency and Fe,O;—In,0; 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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Fig. 1. Variation of dielectric constant for PVA-Fe,0;—In,0; nanocompo-
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Fig. 2. Performance of dielectric loss for PVA-Fe,0,—In,0; nanocomposites
with frequency.

Figures 5 and 6 show the variation of A.C. electrical conductivity
for PVA-Fe,0;—In,0; nanocomposites with frequency and Fe,O;—
In,0;-NPs’ concentration, respectively. As shown in these figures,
the conductivity increases with increasing of Fe,0;—In,05-NPs’ con-
centration. The low frequencies region exhibited dispersion due to
spatial charging or interpolarization.
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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
Fe,0;—1In,0;-NPs’ concentration was because of the increasing the
number of dopants, where the Fe,0;—In,0;-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-
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Fig. 3. Effect of Fe,0;,—In,0; NPs content on dielectric constant for PVA.
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Fig. 4. Effect of Fe,0,—In,0; 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 Fe,0;—In,0; NPs and increased
charge mobility, related to the increased amorphous degree inside
the doped samples [66—6T7].
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4. CONCLUSIONS

The current work includes fabrication of films from PVA and PVA
doped with Fe,O;—In,0; NPs to use in different electrical and elec-
tronic fields. The dielectric properties for PVA—-Fe,0;—In,0; 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 Fe,0;—In,0; NPs. The
final results of dielectric properties demonstrated that the PVA-
Fe,0,—In,0; nanocomposites may be useful in many electrical and
electronics fields.
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This study aims to prepare the PVA-Cr,0,—Sb,0; nanocomposites to uti-
lize them in many optoelectronics fields. The optical properties of PVA—
Cr,0,—Sb,0; nanocomposites are investigated in photon wavelengths from
200 nm to 800 nm. The experimental results illustrate that the absorbance
(A) and absorption coefficient (o) of PVA are increased, while the trans-
mittance (T) and energy band gap (E,) are decreased with increasing of
the Cr,05—Sb,0;-nanoparticles’ content. The obtained results display that
the PVA-Cr,0,—Sb,0, nanocomposites might be appropriate to use in dif-
ferent optoelectronics applications.

Ile mocuimskeHHA cIpsAMOBaHe Ha NPUTOTYBAHHSA HAHOKOMIIOBUTIB ITOJIiBiHi-
gosuii cuupt (IIBC)-Cr,05;—Sb,0; nisa BUKOpHCTaHHA B 6araThboX rajay3dx
onToeaeKTPoHiKU. JlocoifgsKeHO OITHYHI BJIACTUBOCTI HAHOKOMIIO3UTIB
IIBC-Cr,0;—Sb,0, B noB:xkunax xBuib (ororis Big 200 am mo 800 um. Exc-
mepUMeHTaJbHI pe3yJabTaTu IOKas3ajiu, Io morjamHaHHA (A) Ta xKoedimieHt
norsnmHaHHAa (o) IIBC s6imbmmyBanucs, Toai AK Koe(dillieHT mpOmycKaHHSA
(T) i mupuHa 3a6opoHeHol 30HU (E,) 3MeHITyBaJaucsA 3i 30LIbIIEHHAM BMic-
Ty HaHoyacTuHOK Cr,0;—Sb,0;. Omep:kani pesysbraTu moKasaju, IO HAHO-
xKomnosdutu [IBC—-Cr,0;—Sb,0; MOXKYTH 6yTH HOPEYHUMU JJIA BUKOPUCTAHHA
B Pi3HUX ONTOEJIEKTPOHHUX 3aCTOCYBaHHSIX.

Key words: nanocomposites, polyvinyl alcohol, Cr,0,—Sb,0;, energy gap,
absorbance.

KarouoBi coBa: HaHOKOMIIO3UTH, HoJdiBiHinmoBuit cnupr, Cr,0;—Sb,0;, eme-
preTuuHa IiJnHa, abcopoIisd.
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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 (Cr,0;) attracted a lot of interest as a wide-band-
gap material (E,=3 eV). Indeed, Cr,0; is a transition-metal-oxide
semiconductor belonging to the rhombohedral crystal system. Otoh,
Cr,0; has particular photoresponse properties, ensuring a good de-
tection within the long and large optical range [4]. Sb,O; 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
[61, 52], etc.

Here, synthesis of PVA-Cr,0;,—Sb,0; nanocomposites and the op-
tical properties are studied to use in many optoelectronics fields.

2. MATERIALS AND METHODS

The PVA-Cr,0,—Sb,0; 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 Cr,0; and Sb,0; 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-Cr,0,—Sb,0; 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 (o) is found by [53] as follows:

o =2.3034/t, (1)

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

ahv = C(hv—Eg)m, (2)

where C is the constant; hv represents the photon energy; E, 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-Cr,0,—Sb,0; nanocomposites with wavelength.
The PVA—-Cr,0;—Sb,0; 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 Cr,0,—Sb,0;-NPs’ ratio, which can be related to the absorption
and scattering of photons by nanoparticles. The absorbance of PVA
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Fig. 1. Variation of absorbance for PVA—Cr,0,—Sb,0; nanocomposites with
wavelength.
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Fig. 2. Transmittance behaviour for PVA-Cr,0;—Sb,0; nanocomposites
with wavelength.

rises, while the transmittance is reduced with increasing of Cr,05—
Sb,0;-NPs’ ratios, which is due to enhance in the number of charges
carriers [55—65].

The behaviour of absorption coefficient for PVA-Cr,0,—Sb,0,
nanocomposites with energy of photon is shown in Fig. 3. The ab-
sorption coefficient for PVA-Cr,0,—Sb,0; nanocomposites increases
with photon energy and Cr,0;—Sb,0,;-NPs’ ratio.

Figures 4 and 5 demonstrate the allowed and forbidden indirect
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Fig. 3. Absorption coefficient behaviour for PVA—-Cr,0,—Sb,0; nanocompo-
sites with photon energy.
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Fig. 4. Allowed indirect energy gap for PVA—-Cr,0;,—Sb,0; nanocomposites.

energy gap for PVA-Cr,0;—Sb,0; nanocomposites, respectively. The
energy-gap values for PVA are reduced with increasing Cr,O;—
Sb,0;-NPs’ ratio that relates to the complex creation of charges’
transfer along with the PVA functional groups and Cr,0;—Sb,0,-
NPs’ atoms. The embedded Cr,0;—Sb,0; NPs create a centre band
among the PVA structure causing the decrease of energy gap for
nanocomposites.
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Fig. 5. Forbidden indirect energy gap for PVA-Cr,0;—Sb,0; nanocompo-
sites.

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-Cr,0;—Sb,0; 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 Cr,0;—Sb,0;-NPs’ con-
tent, while the transmittance and energy band gap are decreased
with increasing of the Cr,0;—Sb,0; content. The final results indi-
cated that the PVA—Cr,0;,—Sb,0; nanocomposites may be useful for
various optoelectronics fields.

REFERENCES

1. P. Dhatarwa, S. Choudhary, and R. J. Sengwa, Indian Journal of Chemical
Technology, 28: 693 (2021).

2. N. E. Guimariea, E. R. B. Ximenes, L. A. D. Silva, R. F. D. S. Santos,
E. S. Aratjo, and K. A. D. S. Aquino, Materials Research, 26: 1 (2023);
https://doi.org/10.1590/1980-5373-MR-2022-0308

3. S. H. Zyoud, T. H. AlAbdulaal, A. Almoadi, M. S. Algahtani, F. A. Harraz,
M. S. Al-Assiri, I. S. Yahia, H. Y. Zahran, M. I. Mohammed, and
M. S. Abdel-wahab, Crystals, 13: 1 (2023);
https://doi.org/10.3390/cryst13040608



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

OPTICAL PROPERTIES OF PVA-Cr,0,—Sb,0, NANOCOMPOSITES 619

M. Rabia, A. B. G. Trabelsi, A. M. Elsayed, and F. H. Alkallas, Coatings,
13: 1 (2023); https://doi.org/10.3390/coatings13071240

G. J. Dudder, X. Zhao, B. Krick, W. G. Sawyer, and S. S. Perry, Tribol.
Lett., 42: 203 (2011); doi:10.1007/s11249-011-9764-z

A. Abou Elfadl, Arab J. Nucl. Sci. Appl., 52, No. 4: 145 (2019);
d0i:10.21608/ajnsa.2019.8081.1177

A. Hashim and N. Hamid, Journal of Bionanoscience, 12, No. 6: 788 (2018);
d0i:10.1166/jbns.2018.1591

A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 488
(2018); d0i:10.1166/jbns.2018.1551

A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 504
(2018); d0i:10.1166/jbns.2018.1561

B. Abbas and A. Hashim, International Journal of Emerging Trends in En-
gineering Research, 7, No. 8: 131 (2019);

https://doi.org/10.30534 /ijeter/2019/06782019

K. H. H. Al-Attiyah, A. Hashim, and S. F. Obaid, Journal of Bionanosci-
ence, 12: 200 (2018); do0i:10.1166/jbns.2018.1526

H. A. J. Hussien, A. Hadi, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 20, Iss. 4: 1001 (2022);
https://doi.org/10.15407/nnn.20.04.1001

H. Ahmed and A. Hashim, Silicon, 14: 6637 (2022);
https://doi.org/10.1007/s12633-021-01449-x

H. Ahmed and A. Hashim, Silicon, 13: 4331 (2020);
https://doi.org/10.1007/s12633-020-00723-8

H. Ahmed and A. Hashim, Transactions on Electrical and Electronic Mate-
rials, 22: 335 (2021); https://doi.org/10.1007/s42341-020-00244-6

N. A.-H. Al-Aaraji, A. Hashim, A. Hadi, and H. M. Abduljalil, Silicon, 14:
10037 (2022); https://doi.org/10.1007/s12633-022-01730-7

H. Ahmed and A. Hashim, Opt. Quant. Electron., 55: 1(2023);
https://doi.org/10.1007/s11082-022-04273-8

W. O. Obaid and A. Hashim, Silicon, 14: 11199 (2022);
https://doi.org/10.1007/s12633-022-01854-w

O. B. Fadil and A. Hashim, Silicon, 14: 9845 (2022);
https://doi.org/10.1007/s12633-022-01728-1

H. Ahmed and A. Hashim, Silicon, 15: 2339 (2023);
https://doi.org/10.1007/s12633-022-02173-w

H. B. Hassan, H. M. Abduljalil, and A. Hashim, Nanosistemi, Nanomateri-
ali, Nanotehnologii, 20, Iss 4: 941 (2022);
https://doi.org/10.15407/nnn.20.04.941

H. A. Jawad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 4: 963 (2022); https://doi.org/10.15407/nnn.20.04.963

A. S. Shareef, F. Lafta Rashid, A. Hadi, and A. Hashim, International
Journal of Scientific & Technology Research, 8, Iss. 11: 1041 (2019).

A. Hadi, A. Hashim, and D. Hassan, Bulletin of Electrical Engineering and
Informatics, 9, No. 1: 83 (2020); doi:10.11591 /eei.v9i1.1323

H. Ahmed and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
Iss. 4: 951 (2022); https://doi.org/10.15407/nnn.20.04.951

A. Hazim, A. Hashim, and H. M. Abduljalil, Nanosistemi, Nanomateriali,
Nanotehnologii, 18, Iss. 4: 983(2020).



620

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ahmed HASHIM and Farhan Lafta RASHID

A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii,
18, Iss. 4: 969 (2020).

A. Hazim, A. Hashim, and H. M. Abduljalil, Egypt. J. Chem., 64, No. 1: 359
(2021); d0i:10.21608/EJCHEM.2019.18513.2144

H. Ahmed and A. Hashim, Journal of Molecular Modeling, 26: 1 (2020);
do0i:10.1007/s00894-020-04479-1

H. Ahmed and A. Hashim, Silicon, 14: 4907 (2022);
https://doi.org/10.1007/s12633-021-01258-2

A. Hashim, Opt. Quant. Electron., 53: 1 (2021);
https://doi.org/10.1007/s11082-021-03100-w

H. Ahmed and A. Hashim, Trans. Electr. Electron. Mater., 23: 237 (2022);
https://doi.org/10.1007/s42341-021-00340-1

H. Ahmed and A. Hashim, Silicon, 14: 7025 (2021);
https://doi.org/10.1007/s12633-021-01465-x

A. Hazim, A. Hashim, and H. M. Abduljalil, Trans. Electr. Electron. Mater.,
21: 48 (2019); https://doi.org/10.1007/s42341-019-00148-0

A. F. Kadhim and A. Hashim, Opt. Quant. Electron., 55: 432 (2023);
https://doi.org/10.1007/s11082-023-04699-8

H. Ahmed and A. Hashim, Opt. Quant. Electron., 55: 280 (2023);
https://doi.org/10.1007/s11082-022-04528-4

G. Ahmed and A. Hashim, Silicon, 15: 3977 (2023);
https://doi.org/10.1007/s12633-023-02322-9

M. H. Meteab, A. Hashim, and B. H. Rabee, Opt. Quant. Electron., 55: 187
(2023); https://doi.org/10.1007/s11082-022-04447-4

B. Mohammed, H. Ahmed, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 1: 113 (2023);
https://doi.org/10.15407/nnn.21.01.113

A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 19, Iss. 3: 647
(2021); https://doi.org/10.15407/nnn.19.03.647

A. F. Kadhim and A. Hashim, Silicon, 15: 4613 (2023);
https://doi.org/10.1007/s12633-023-02381-y

H. A. Jawad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
21, Iss. 1: 133 (2023); https://doi.org/10.15407/nnn.21.01.133

M. H. Meteab, A. Hashim, and B. H. Rabee, Silicon, 15: 1609 (2023);
https://doi.org/10.1007/s12633-022-02114-7

A. Hashim, I. R. Agool, and K. J. Kadhim, Journal of Bionanoscience, 12,
No. 5: 608 (2018); doi:10.1166/jbns.2018.1580

A. Hazim, A. Hashim, and H. M. Abduljalil, International Journal of
Emerging Trends in Engineering Research, 7, No. 8: 68 (2019);
https://doi.org/10.30534 /ijeter/2019,/01782019

A. Hazim, H. M. Abduljalil, and A. Hashim, International Journal of
Emerging Trends in Engineering Research, 7, No. 8: 104 (2019);
https://doi.org/10.30534 /ijeter/2019,/04782019

O. B. Fadil and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
Iss. 4: 1029 (2022); https://doi.org/10.15407/nnn.20.04.1029

W. O. Obaid and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 4: 1009 (2022); https://doi.org/10.15407/nnn.20.04.1009

M. H. Meteab, A. Hashim, and B. H. Rabee, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 1: 199 (2023);



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

OPTICAL PROPERTIES OF PVA-Cr,0,—Sb,0, NANOCOMPOSITES 621

https://doi.org/10.15407/nnn.21.01.199

M. H. Meteab, A. Hashim, and B. H. Rabee, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 2: 451 (2023);
https://doi.org/10.15407/nnn.21.02.451

H. Ahmed and A. Hashim, International Journal of Scientific & Technology
Research, 8, Iss. 11: 1014 (2019).

B. Mohammed, H. Ahmed, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 20, Iss. 1: 187 (2022);
https://doi.org/10.15407/nnn.20.01.187

M. O. Farea, A. M. Abdelghany, and A. H. Oraby, RSC Adv., 10: 1 (2020);
do0i:10.1039/d0ra07601e

A. M. A. Henaish and A. S. Abouhaswa, Bull. Mater. Sci., 43: 1 (2020);
https://doi.org/10.1007/s12034-020-2109-5

A. Hashim, A. Hadi, N. A.-H. Al-Aaraji, and F. L. Rashid, Silicon, 15: 5725
(2023); https://doi.org/10.1007/s12633-023-02471-x

P. Rejani and B. Beena, Indian Journal of Advances in Chemical Science, 2,
No. 3: 244 (2013).

A. Hashim, M. H. Abbas, N. A.-H. Al-Aaraji, and A. Hadi, J. Inorg. Organ-
omet. Polym., 33: 1 (2023); https://doi.org/10.1007/s10904-022-02485-9

A. Hashim, M. H. Abbas, N. A.-H. Al-Aaraji, and A. Hadi, Silicon, 15: 1283
(2023); https://doi.org/10.1007/s12633-022-02104-9

S. Hadi, A. Hashim, and A. Jewad, Australian Journal of Basic and Applied
Sciences, 5, No. 9: 2192 (2011).

F. A. Jasim, A. Hashim, A. G. Hadi, F. Lafta, S. R. Salman, and H. Ahmed,
Research Journal of Applied Sciences, 8, Iss. 9: 439 (2013).

F. A. Jasim, F. Lafta, A. Hashim, M. Ali, and A. G. Hadi, Journal of Engi-
neering and Applied Sciences, 8, No. 5: 140 (2013).

A. Hashim, M. A. Habeeb, A. Khalaf, and A. Hadi, Sensor Letters, 15,

No. 7: 89 (2017); https://doi.org/10.1166/s1.2017.3856

I. R. Agool, F. S. Mohammed, and A. Hashim, Advances in Environmental
Biology, 9, No. 11: 1 (2015).

B. H. Rabee and A. Hashim, European Journal of Scientific Research, 60,
No. 2: 247 (2011).

A. Hashim and A. Hadi, Sensor Letters, 15, No. 10: 858 (2017);
https://doi.org/10.1166/s1.2017.3900

A. Hashim, A. Hadi, and M. H. Abbas, Opt. Quant. Electron., 55: 642
(2023); https://doi.org/10.1007/s11082-023-04929-z

A. Hashim, A. Hadi, and M. H. Abbas, Silicon, 15: 6431 (2023);
https://doi.org/10.1007/s12633-023-02529-w

A. Hashim and A. Jassim, Sensor Letters, 15, No. 12: 1003 (2017);
doi:10.1166/s1.2018.3915

H. A. J. Hussien and A. Hashim, J. Inorg. Organomet. Polym., 33: 2331
(2023); https://doi.org/10.1007/s10904-023-02688-8

A. Hashim and A. Jassim, Journal of Bionanoscience, 12: 170 (2018);
do0i:10.1166/jbns.2018.1518






Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO02IL © 2024 IM® (Iacruryt meranodisuku
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kypatomosa HAH Vkpaiau)
2024, 1. 22, Ne 3, cc. 623-636 HaznpykosaHno B YKpaiHi.
https://doi.org/10.15407/nnn.22.03.623

PACSnumbers: 73.61.-r, 77.22.Ch, 77.22.Gm, 78.66.Li, 78.67.Sc, 81.15.Cd, 81.40.Tv

Study of the Effect of Li Doping on ZnO Films Using RF-
Magnetron Sputtering Method at Low Temperature

Israa Akram Abbas, Ameera J. Kadhm, and Raheem Lafta Ali

College of Education for Pure Science,
Department of Physics,
Al-Mustansiriyah University,
Baghdad, Iraq

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.

Y 1upoMy JOCTiIKeHHI MM BMBYAEMO BILIMB KOHIIEHTpAIliil JeryBaJbHOT'O
Jlitiro (3, 6 i 9%) Ha onTuuHi @I eIeKTPUUHI BJIACTUBOCTI IJIiBOK, IO Mic-
TaTh Zn0, geropanux Jlitiem. IlmiBku ZnO, jgerosani Jlitiem, 6ys0 BUroTo-
BJIEHO MeTomoM paaiouactorHoro (PY) marHeTpoHHOro poamopolieHHs. J[oc-
JiIJKeHO ONTHUYHI i eJeKTPUUYHI BJIACTUBOCTI OCaI:KeHHS TOHKUX ILJIiBOK 3a
pisHux noryskHOocTeit PU-posnopoiienHa y miaa3moBitt kamepi. Hocaigsxeno
eJeKTPpUUHi I ONTUYHI BJIACTUBOCTI TOHKOI'0 mIapy. PesyibTaTu CTOCOBHO
ONITMYHUX BJIACTUBOCTEM TOHKMUX IJIiBOK (ZnO/Li) mokasyioThb, IO IIOTJIH-
HaHHS, Koe(iIlieHT HmOTrJIMHAHHA ¥ OITHYHA IPOBiAHICTHL 3pocTaloTh 3i 306i-
JbIIeHHAM KoHIeHTpalii Li, Togi ax mwupuHa 3a00poHEHOl 30HU Ta Koedi-
IMi€eHT TPOMYCKAHHA 3MEHINYIOThCA 3i 30iablmeHHAM KoHIeHTparii Li. Hua
BCiX IIPOTeCTOBAHUX TeMIepaTyp IPOBifHiCTH Ha mocTifiHOMY CTpPyMi mIiBKU
ZnO 36inbmryerbea micas jgeryBaHHa Li. TecT cTOCOBHO MOCTiHHOTO CTpyMy
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TOKa3ye, IO BCi ILIIBKM MAalOTh OJHAKOBY €HEpPTil0 aKTWBAaIlili, a 3HaYeHHA
miei eHeprii 3pocrae 3i 30inbIIeHHAM DiBHA JeryBanHHsa Jlitiem. Enextpuuni
BJIACTUBOCTI CTOCOBHO 3MiHHOTO CTPYyMy IIOKas3yIOTh, IO 3i 36iAbIIIeHHAM
YaCTOTU eJIEKTPUYHOT'O TIOJIA [ieJIeKTpUUYHA IPOHUKHICTL 1 mieseKTpuuni
BTPATU BCiX ILTIBOK 3MEHIIYIOTHCA.

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

Karouosi cmoBa: miiBku ZnO, MeTon pamiovyacTOTHOTO MArHeTPOHHOTO PO3-
HOpOINleHHA, JeryBaHHA JliTiemM, HAHOKOMIIOBUT, ONTUYHI II eJeKTPUUHI
BJIACTUBOCTI.

(Received 4 September, 2023, in revised form, 5 January, 2024 )

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.
7ZnO 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
(1/3HC1/2/3HNO;), the substrates (18 mmx26 mmx1 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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Fig. 1. Absorbance spectra of ZnO/Li thin films versus the wavelength.

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 (o) of elabo-
rated thin films increases as the Li-doping ratios increase, which is
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Fig. 2. Optical transmittance of the Li—ZnO films versus the wavelength.
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Fig. 3. Absorption coefficient as a function of the incident photon energy
of the Li-doped ZnO films with various doping ratios.

due to an increase in the number of charge carriers in the films.
The result of absorption coefficient (o) 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 (o) values of the prepared films (less than 10* cm™).

3.1.4. Optical Energy Gaps Allowed

The plot of (Av)Y" at r =2 versus the energy of the photon (hv) may
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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

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.
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Fig. 5. Refractive index of the Li-doped ZnO films with various doping
ratios.
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Fig. 6. Extinction coefficient of the Li-doped ZnO films with various dop-
ing ratios.

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 ( ,, ;))

Figures 7 and 8 present the variation of the real (g,) and imaginary
(¢;) components of the dielectric constant for pure ZnO and Li-doped
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Fig. 7. Real dielectric constant of Li-doped ZnO films with various doping
ratios.
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Fig. 8. Imaginary dielectric constant of Li-doped ZnO films with various
doping ratios.

ZnO films as functions of photon energy (g,) 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 (g;) 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 (g,) 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
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Fig. 9. The optical conductivity values versus wavelength of Li-doped ZnO
films with various doping ratios.

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 (o) 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 o 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.
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3.2.2. Activation of the Li-Doped ZnO Films

Figure 11 displays the variation of the absolute temperature 10%/T
measured at a temperature range 285-330 K for Li-doped ZnO films
as a function of In.

Electrical activation energy (E£,.) 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.
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TABLE 2. The electrical activation-energy values’ experimental results.

Samples Activation energy, eV
ZnO/Li 0% 1.912
ZnO/Li 3% 1.743
Zn0O/Li 6% 1.613
ZnO/Li 9% 1.576
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Fig. 12. The dependence of dielectric constant of Li-doped ZnO films with
various doping ratios and frequency at room temperature.

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 10? to 10° 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
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Fig. 14. Variation of A.C. electrical conductivity of Li-doped ZnO films
with various doping ratios and frequency at room temperature.

thermal energy. The relationship between dielectric loss and the
electric field frequency range of 10°-10° 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 102-10° Hz
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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 ym 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.

MeTogomM pamisIbHOTO TEMJIOBOTO IIOTOKY BUMIipIOBAJIM TeILJIOIPOBiAHICTH
KOMIIOBUIIIMHUX MaTepisajiB Ha OCHOBI KOMEpPI[iHOTO MiKpomopoInky ZnO 3
BiJTHOBJIEHUM TOPOIITKOM OKcuny rpadeny (1 06.% ), AucmeproBaHOro y IIO-
JiMeTuJICHIOKCcaHI (CUIiKOHOBa oJig). BcTaHOBIEHO, IO TEIJIOMPOBiAHICTH
KOMIIO3UI[ITHOTO MaTepisijly Ha OCHOBI KOMEpPIiHOro MiKpomoporiky ZnO

637
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i3 cepemHiM posmipom uacTmHOK y 50 MKM i BiZHOBJIEHOTO OKCHUAY rpadeHy
cranoButh 9,4 Br/(M-K). 3a KimMHaTHOI TemMmepaTypu OAep:KaHO 3HAUEHHS
IieJeKTPpUUYHOI MPOHMKHOCTH HA YacTOTaX BUMipIOBAJIBHOTO E€JIEKTPUUYHOTO
mona y 50 I'm Ta 1 MT'1; i muToMoro 06’€MHOTO €JIEKTPUUHOTO OMOPY AJSA
KOMIIO3UTy. Byso sadikcoBaHo 30ijabIlleHHSA 3HaUeHb KoedillieHTa TeIIom-
POBimHOCTH ¥ [OieJIEKTPWYHOI NPOHUKHOCTH Ta 3MEHINeHHA MIHUTOMOIO
00’€MHOT0 eJIEKTPOOIIOPY 3a PAXYHOK 3MiHM 00’€MHOI YaCTKU BiJHOBJIEHOT'O
okcuay rpadeny B kommosuti Big 0,5 06.% mo 1 06.%.

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

KarouoBi cioBa: BigHOBIeHUI okcup rpadeny, okcuna IluHKYy, KOMIIO3uTH,
TeIJIONPOBIAHICTD, AieJeKTpUYHA HMPOHUKHICTH, MUTOMUINA 00’ €MHUU eJeKT-
pUUYHHUN omip.

(Received 25 April, 2024 )

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, SiO,, ZnO, BN, AIN, Al,O,;, 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 pm (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 »GO concentration.

At room temperature, the obtained values of the dielectric per-
mittivity € at the frequencies of electric measuring field v=50 Hz
or v=1 MHz and specific volume electrical resistance p (v=50 Hz)
for the two composites are given in Table.

The thermal-conductivity coefficient o [W/(m-K)] of the compo-
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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: 71—
composite based on ZnO, rGO (0.5 vol.%) and polymethylsiloxane; 2—
composite based on ZnO, rGO (1 vol.%) and polymethylsiloxane.
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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: 1I—
composite based on ZnO, rGO (0.5 vol.%) and polymethylsiloxane; 2—
composite based on ZnO, rGO (1 vol.% ) and polymethylsiloxane.

sites is calculated on the basis of the following relation [3, 11]:

In(r, /1)
a—Kznl(Tl_Tz)UI, (1)
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TABLE. Room-temperature electrophysical parameters of the studied ma-
terials.

Composite based on ZnO| Composite based on
Parameter and rGO (0.5 vol.%) |ZnO and rGO (1 vol.%)
powders [3] powders

Specific volume electrical
resistance at frequency 8-10° 2.5:10°
of 50 Hz, Ohm-cm

Dielectric constant at

frequency of:

50 Hz 60 71
1 MHz 43 54

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); r, and r,—
the inner and outer radii of the cylindrical composite layer; T; and
T,—the temperatures of the internal and external surfaces of the
composite layers; [—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 pm 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 (a.=2600 W/(m-K), ¢=1130
(v=50 Hz), p=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
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structures and reduced graphene oxide. The high performance of
rGO-Zn0O 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
(Zn0)/tin oxide (Sn0,) 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
Zn0O/Sn0, nanostructures. The energy gap is reduced from 5.147 eV for
PVA to 2.893 eV with adding ZnO/SnO, nanostructures. Finally, obtained
results on electronic properties show that the PVA/Zn0O/Sn0O, nanocompo-
sites manifest excellent electronic properties, which made them as promis-
ing nanomaterials for nanoelectronics applications.

IIro poboTy crpsAMOBaHO Ha PO3POOKY HOBUX HAHOCTPYKTYP MOJIiBiHiJIOBOTO
cuupry (IIBC)/okcuny Iluakry (ZnO)/oxkcuny Cranymy (SnO,) SK IIOTEHILifi-
HUX HAHOMATEPisAJiB AJIs1 BUKOPUCTAHHS y 0araThbOX IPUCTPOAX HAHOEIEKT-
poHiku. [locmimxeHo onTuMisaIiiiHi, CTPYKTYpPHI I €JIeKTPOHHI BJIACTHUBOCTL
pO3po0IeHNX HAHOCTPYKTYpP. PesyabraTu ImOKasaium, IO eJeKTPOHHI BJac-
tuBocTi IIBC mosinmrytoTbcs 3aBAAKU JOoAaBaHHIO HAHOCTPYKTYpP ZnO/Sn0O,.
Emepreruuna 1misinaa s3MmeHmyetbeda Big 5,147 eB gma ITBC mo 2,893 eB 3
IomaBaHHAM HAHOCTPYKTYp Zn0/Sn0O,. Hapemri, ogmep:kaHi pesyabTaTu
CTOCOBHO €JIEKTPOHHUX BJIACTUBOCTEHM MMOKAas3aju, IM0 HAHOKOMIIO3UTHU
IIBC/Zn0O/Sn0O, MaroTh 4ymoBi eJEKTPOHHI BJIACTUBOCTi, IO POOUTH iX IIep-
CIIEKTUBHUMU HaHOMATEPisJIaMU IJS 3aCTOCYBAHHS B HaHOEJIEKTPOHIIIi.

Key words: PVA, SnO,, ZnO, nanocomposite, energy gap, nanoelectronics.

Karouori caora: moaisininmosuit cnupr, SnO,, ZnO, HaHOKOMIIO3UT, eHepre-
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TUYHA MIiJINHA, HAaHOEJEeKTPOHIiKa.

(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 (Sn0O,) 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/Zn0O/Sn0O, 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 BSLYP [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 (E;), Fermi level energy (Ejy), orbital distributions (HOMO,
LUMO), energy gap (E,), 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]:

o= (@j : (1)
aN V(r), T
1( 0*E
n=— > , (2)
2| ON —
s- L. (3)
2n
2
o=t (4)
2n

with I,, E,, 1, 1, S, and o—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:

E (IP_EA)

I a = —Egmos N= 2 . ()

P

= _EHOMO ’

Then, using Koopmans’ theorem, the above equations can be given
as follow:

E + E, E E

EFl — _HOMO LUMO n= HOMO LUMO . (6)
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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-SnO,.
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
A, C=C: 1.861 A, C=C: 1.422 A, C-H: 1.092 A, C-0: 1.23 A, O—H:
0.978 A, Zn—-0: 1.98 A and Sn—0: 2.012 A, as shown in Figs. 2 and

9
2o,
9

One monomer

9 » Y ¥

Fig. 1. Structure of PVA before relaxing.

Fig. 2. Structure of PVA after relaxing.
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Fig. 3. Structure of PVA-Zn0O-Sn0O, composites.

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=0 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-Zn0O-Sn0,. 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
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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., I, and E, in [eV] calculated due to
Koopmans’ theorem, forbidden energy gap E, in [eV], S in [eV'],
in [eV], u in [eV], and ® in [eV]. In addition, the calculations are
included the density of states (DOS), HOMO energies (Eygoyo) and
LUMO energies (Eiymo)-

The total energy E; 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 I, and the E, differ in value, where I, and
E, for PVA-ZnO—-SnO, 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, n and ® of the struc-
tures PVA and PVA-ZnO-SnO,; the results showed that the poly-
meric composites has large value of n 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-SnO,,
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 E, values, when adding
Zn0O—-Sn0O, 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-SnO, 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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HOMO

LUMO

Fig. 5. The shapes of HOMO and LUMO for PVA-ZnO-SnO, composites.

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 BSLYP/6-31G (d) method.
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Fig. 6. Density of states (DOS) for PVA.
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Fig. 7. Density of states (DOS) for PVA-Zn0O-Sn0O, 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/SnO, nanocompo-
sites as new nanomaterials to utilize in numerous nanoelectronics
devices. The optimization of structural and electronic characteris-
tics of PVA/ZnO/SnO, nanocomposites is studied. The results
demonstrated that the electronic characteristics of PVA were en-
hanced with adding ZnO/SnO, nanostructures. The energy gap re-
duced from 5.147 eV for PVA to 2.893 eV with adding ZnO/SnO,
nanostructures. The final results indicate that the PVA/ZnO/Sn0O,
nanocomposites have excellent electronic characteristics, which
made them as promising nanomaterials for nanoelectronics fields.
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In present work, nanocomposites films have been prepared from Cr,O,—
Sb,0;-nanoparticles-doped PVA to exploit in different electrical and elec-
tronics applications. The dielectric properties of PVA—-Cr,0;—Sb,0; 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-Cr,0,—Sb,0; 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 Cr,0;—Sb,0;-nanoparticles’ concentration.
The results illustrated that the PVA—Cr,0,—Sb,0; nanocomposites can be
suitable in different electrical and electronics applications.

¥V 1iit po60Ti HAHOKOMIIO3UTHI ILIiBKM OyJI0O BUTOTOBJIEHO 3 IIOJiBiHiJIOBOTO
cuupry (IIBC), neroBamoro nanouactuakamu Cr,0;—Sb,0,;, mas BuKopuc-
TaHHA B PiSHUX eJIEKTPUYHUX Ta €JeKTPOHHUX 3acTocyBaHHAX. lliemexTpu-
uHi BaacTuBocTi HaHokommo3utie IIBC—Cr,0;,—Sb,0,; mepeBipsaau B gisimaso-
"Hi wacror Bix 100 I'm 1o 5 MT'n. ExcmepuMeHTaIbHI pesyabTaTH MiATBEp-
IUJIU, M0 JieJIeKTPUYHA IIPOHUKHICTH i MieJIeKTpWYHI BTpaTM HAHOKOMIIO-
autiB IIBC—-Cr,05,—Sb,0; 3MeHIIYIOTHCS, TOAI AK €JeKTPOIPOBIHICTH 3poc-
Tae 3i 36imbiIeHHAM uYacToTH. [lieJeKTpMYHA NPOHUKHICTH, HieJeKTPUUYHI
BTPaTU ¥ eJeKTPOIpoBigHicTh 3minHOro crpymy IIBC 3pocramm 3i 30iab-
mIeHHAM KoOHIeHTparii HanodactuHOK Cr,0;—Sb,0;. KinmeBi pesymabraTt;
nokasanu, mo HaHokomno3utu ITBC—Cr,0;—Sb,0; MOKYyTb OyTHM IpPUIATHU-
MU IS Pi3HUX €JIeKTPUUYHUX Ta €JeKTPOHHUX 3aCTOCYBaHb.

Key words: Cr,05, Sb,0;, PVA, nanocomposites, dielectric properties.

Kuarouogi cioBa: Cr,0;, Sb,05, mosiBiHiOBMIT ciupT, HAHOKOMIIO3UTH, AieJIeK-
TPUYHI BJIACTUBOCTI.
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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 (Sb,05) 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
Sb,0; 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—Cr,0;—Sb,0;-nanocomposites’ films
to exploit in different electrical and electronics applications.

2. MATERIALS AND METHODS

The PVA-Cr,0;—Sb,0; 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 Cr,05; and Sb,0; 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-Cr,0,—Sb,0s;-nanocomposites’ films
were measured at frequency range from 100 Hz to 5-10° Hz using
LCR-meter type (HIOKI 3532-50 LCR HI TESTER). The dielectric
constant (¢') is calculated by [34] as follows:

g =C,/Cy, (2)

where C, is the capacitance of matter and C, is the capacitance of
vacuum.
Dielectric loss (¢") is determined by [35] as follows:

e"=¢D, (2)

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

Ca.c. = 2nfe' Dg,. (3)

3. RESULTS AND DISCUSSION

The performance of dielectric constant and dielectric loss for PVA-
Cr,0;—Sb,0; nanocomposites with frequency and Cr,0;—Sb,0;-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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Fig. 2. Dielectric-loss behaviour for PVA-Cr,0;—Sb,0; nanocomposites with

frequency.

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
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Fig. 4. Dielectric-loss behaviour of PVA with Cr,0;,—Sb,0,-NPs’ concentra-
tion.

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 Cr,05—Sb,0;-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
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for PVA-Cr,0,—Sb,0; nanocomposites with frequency and Cr,0;—
Shb,0,;-NPs’ concentration, respectively.

The electrical

conductivity rises with increasing concentration

and frequency. The increase of electrical conductivity, as the Cr,0O5,—
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Sb,0,-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
[62-60].

4. CONCLUSIONS

This study involved preparation of nanocomposites from Cr,O;—
Sb,0;-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—-Cr,0,—Sb,0; 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 Cr,O;—
Sb,0;-NPs’ content. Finally, the results demonstrated that the
PVA—-Cr,0;—Sb,0,; nanocomposites may be used in different electri-
cal and electronics applications.
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The present work goals are to fabricate the PVA-ZrO,—-Sb,0; nanostruc-
tures to use in low-cost nanoelectronics applications. The optical proper-
ties of PVA-ZrO,-Sb,0; 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 ZrO,—
Sb,0;-nanoparticles’ content. The transmittance and energy gap are de-
creased with increasing in the ZrO,—Sb,0;-nanoparticles’ content. The re-
sults indicate that the PVA-Zr0,—Sb,0; nanostructures can be considered
as a key for various nanoelectronics fields.

Metoo mamoi pobOTH € BUTOTOBJIEHHS HAHOCTPYKTYP IIOJiBiHIJIOBME CIIMPT
(IIBC)—Zr0O,—Sb,0; n1a BUKOPUCTAaHHS B HEJOPOTUX B3aCTOCYBAHHAX HAHOE-
nekTpoHiKku. ocaimkeHo omTuyHi BiaacTuBocTi HAHOCTPYKTYp IIBC—ZrO,—
Sb,0; B miamaszoni mos:xkuu xBuiab Bix 200 am xmo 800 am. PesyabraTtu migr-
BePIKYIOTh, 1[0 abcopbiia Ta Koedimient moramuuanus IIBC spocraioTh 3i
30inpmienaam Bmicty HanouactuHOoK (HY) ZrO,—-Sb,0;. 3i 36inbireHHAM
Bmicty HY ZrO,—-Sb,0; koe(imieHT mponmycKaHHA U eHepreTWYHa IIijJnHA
3MEHINIYIOThCA. Pe3yabTaTu BKasylOTh Ha Te, IO HaHOCTPYKTypu IIBC—
Zr0,—Sb,0; MOXHa BBa'KaTM KJIOYOBUMHU JJIA Pi3HUX rasys3eil HaHOEJEKT-
poHiKH.

Key words: PVA, ZrO,-Sb,0,, nanocomposites, energy gap, optical proper-
ties.

KarouoBi ciaoBa: mosiBininosuit cniupr, ZrO,—Sb,0;, HaHOKOMIO3UTH, eHep-
TeTUYHa IIiJIMHA, OITHYHI BJIAaCTUBOCTI.
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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-Sb,0O;) have been
widely concerned because of good synergistic fire-retardant effect
between nano-Sb,0; 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—-3T7], sensors [38—40], energy storage [41-43] and antibacterial
[44-50]. This work deals with fabrication and optical properties of
PVA-Zr0O,—Sb,0; nanostructures to use in nanoelectronics fields.
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2. MATERIALS AND METHODS

Films of PVA-ZrO,—Sb,0; 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, ZrO, and Sb,0,
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-Zr0O,—Sb,0;-nanostructures’ films were examined using the
double beam spectrophotometer (Shimadzu, UV-1800A) at wave-
length ranged from 200 nm to 800 nm.
The absorption coefficient (o) is given by [51] as follows:

o =2.303(4/1), (1)

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

ohv=C(hv-E,), (2)

where C is the constant; hv is the energy of photon; E, 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-Zr0,—Sb,0; 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 ZrO,—Sb,0; 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 ZrO,—Sb,0; 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-Zr0O,—Sb,0; nanostructures with photon energy. From this
figure, the values of absorption coefficient are less than 10* cm™
that indicates to the indirect transition.

Figures 4 and 5 illustrate the energy gap values for the allowed
and forbidden transitions of PVA-ZrO,—Sb,0; nanostructures. The
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Fig. 2. Transmittance variation of PVA-Zr0O,-Sb,0; nanostructures with

wavelength.

energy gap of PVA is reduced with rising ZrO,—Sb,0; 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—T72].
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Fig. 4. Energy gap values for allowed transition for PVA-ZrO,—-Sb,0,
nanostructures.

4. CONCLUSION

This paper includes synthesis of PVA—-Zr0,—Sb,0; nanostructures to
use in low-cost nanoelectronics fields. The experimental results
showed that the absorbance and absorption coefficient of PVA are
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Fig. 5. Energy gap values for forbidden transition for PVA-Zr0,—Sb,0,
nanostructures

increased with increasing of ZrO,—Sb,0;-NPs’ content. The trans-
mittance and energy gap are decreased with increasing of the ZrO,—
Sb,0,;-NPs’ content. Finally, the results demonstrated that the
PVA-Zr0,—Sb,0; nanostructures can be considered as promising
materials for nanoelectronics fields.

REFERENCES

1. N. E. Guimariea, E. R. B. Ximenes, L. A. D. Silva, R. F. D. S. Santos,
E. S. Aratjo, and K. A. D. S. Aquino, Materials Research, 26: 1 (2023);
https://doi.org/10.1590/1980-5373-MR-2022-0308

2. S. H. Zyoud, T. H. AlAbdulaal, A. Almoadi, M. S. Algahtani, F. A. Harraz,
M. S. Al-Assiri, I. S. Yahia, H. Y. Zahran, M. I. Mohammed, and
M. S. Abdel-wahab, Crystals, 13: 1(2023);
https://doi.org/10.3390/cryst13040608

3. M. Q. A. Al-Gunaid, G. H. Maheshwarappa, S. B. Shivanna, M. A. H. Dhaif-
Allah, W. A. Ahmed, and F. H. Al-Ostoot, European Journal of Chemistry,
14, No. 3: 1 (2023); https://doi.org/10.5155/eurjchem.14.3.401-413.2439

4. A. Abou Elfadl, Arab. J. Nucl. Sci. Appl., 52, No. 4: 145 (2019);
d0i:10.21608/ajnsa.2019.8081.1177

5. J.-L. Xu, Y.-G. Lin, W.-L.Yang, C.-H. Kang, and L. Niu, Materials Re-
search, 23: 1 (2020); https://doi.org/10.1590/1980-5373-MR-2020-0316

6. D. Hirani, K. Shah, and B. S. Chakrabarty, International Journal of Scien-
tific & Technology Research, 8, Iss. 12: 4001 (2019).

7. B. Mohammed, H. Ahmed, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 1: 113 (2023);



EXPLORING THE OPTICAL PROPERTIES OF PVA-Zr0O,-Sb,0, NANOSTRUCTURES 671

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

https://doi.org/10.156407/nnn.21.01.133

A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 19, Iss. 3: 647
(2021); https://doi.org/10.15407/nnn.19.03.647

A. Hazim, A. Hashim, and H. M. Abduljalil, Nanosistemi, Nanomateriali,
Nanotehnologii, 18, No. 4: 983 (2020);
https://doi.org/10.15407/nnn.18.04.983

A. Hashim and Z. S. Hamad, Nanosistemi, Nanomateriali, Nanotehnologii,
18, No. 4: 969 (2020); https://doi.org/10.15407/nnn.18.04.969

A. Hazim, A. Hashim, and H. M. Abduljalil, Egypt. J. Chem., 64, No. 1: 359
(2021); d0i:10.21608/EJCHEM.2019.18513.2144

H. Ahmed and A. Hashim, Journal of Molecular Modeling, 26: 1 (2020);
d0i:10.1007/s00894-020-04479-1

H. Ahmed and A. Hashim, Silicon, 14: 4907 (2022);
https://doi.org/10.1007/s12633-021-01258-2

A. Hashim, Opt. Quant. Electron., 53: 1 (2021);
https://doi.org/10.1007/s11082-021-03100-w

H. Ahmed and A. Hashim, Trans. Electr. Electron. Mater., 23: 237 (2022);
https://doi.org/10.1007/s42341-021-00340-1

H. Ahmed and A. Hashim, Silicon, 14: 7025 (2021);
https://doi.org/10.1007/s12633-021-01465-x

A. Hazim, A. Hashim, and H. M. Abduljalil, Trans. Electr. Electron. Mater.,
21: 48 (2019); https://doi.org/10.1007/s42341-019-00148-0

A. F. Kadhim and A. Hashim, Op¢. Quant. Electron., 55: 432 (2023);
https://doi.org/10.1007/s11082-023-04699-8

H. Ahmed and A. Hashim, Opt. Quant. Electron., 55: 280 (2023);
https://doi.org/10.1007/s11082-022-04528-4

G. Ahmed and A. Hashim, Silicon, 15: 3977 (2023);
https://doi.org/10.1007/s12633-023-02322-9

M. H. Meteab, A. Hashim, and B. H. Rabee, Opt. Quant. Electron., 55: 187
(2023); https://doi.org/10.1007/s11082-022-04447-4

H. Ahmed and A. Hashim, Silicon, 14: 6637 (2022);
https://doi.org/10.1007/s12633-021-01449-x

H. Ahmed and A. Hashim, Silicon, 13: 4331 (2020);
https://doi.org/10.1007/s12633-020-00723-8

O. B. Fadil and A. Hashim, Silicon, 14: 9845 (2022);
https://doi.org/10.1007/s12633-022-01728-1

H. Ahmed and A. Hashim, Silicon, 15: 2339 (2023);
https://doi.org/10.1007/s12633-022-02173-w

H. B. Hassan, H. M. Abduljalil, and A. Hashim, Nanosistemi, Nanomateri-
ali, Nanotehnologii, 20, Iss. 4: 941(2022);
https://doi.org/10.15407/nnn.20.04.941

H. A. Jawad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 4: 963 (2022); https://doi.org/10.15407/nnn.20.04.963

H. Ahmed and A. Hashim, Transactions on Electrical and Electronic Mate-
rials, 22: 335 (2021); https://doi.org/10.1007/s42341-020-00244-6

N. AH. Al-Aaraji, A. Hashim, A. Hadi, and H. M. Abduljalil, Silicon, 14:
10037 (2022); https://doi.org/10.1007/s12633-022-01730-7

H. Ahmed and A. Hashim, Opt. Quant. Electron., 55: 1 (2023);
https://doi.org/10.1007/s11082-022-04273-8



672

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ahmed HASHIM and Aseel HADI

W. O. Obaid and A. Hashim, Silicon, 14: 11199 (2022);
https://doi.org/10.1007/s12633-022-01854-w

A. Hashim and N. Hamid, Journal of Bionanoscience, 12, No. 6: 788 (2018);
do0i:10.1166/jbns.2018.1591

B. Abbas and A. Hashim, International Journal of Emerging Trends in En-
gineering Research, 7, No. 8: 131 (2019);

https://doi.org/10.30534 /ijeter/2019/06782019

K. H. H. Al-Attiyah, A. Hashim, and S. F. Obaid, Journal of Bionanosci-
ence, 12: 200 (2018); doi:10.1166/jbns.2018.1526

H. A. J. Hussien, A. Hadi, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 20, Iss. 4: 1001 (2022);
https://doi.org/10.15407/nnn.20.04.1001

A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 488
(2018); d0i:10.1166/jbns.2018.1551

A. Hashim and Z. S. Hamad, Journal of Bionanoscience, 12, No. 4: 504
(2018); do0i:10.1166/jbns.2018.1561

H. Ahmed and A. Hashim, International Journal of Scientific & Technology
Research, 8, Iss. 11: 1014 (2019).

B. Mohammed, H. Ahmed, and A. Hashim, Nanosistemi, Nanomateriali,
Nanotehnologii, 20, Iss. 1: 187 (2022);
https://doi.org/10.15407/nnn.20.01.187

A. Hashim and A. Hadi, Sensor Letters, 15, No. 10: 858 (2017);
https://doi.org/10.1166/s1.2017.3900

H. Ahmed and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
Iss. 4: 951 (2022); https://doi.org/10.15407/nnn.20.04.951

A. S. Shareef, F. Lafta R., A. Hadi, and A. Hashim, International Journal
of Scientific & Technology Research, 8, Iss. 11: 1041 (2019).

A. Hadi, A. Hashim, and D. Hassan, Bulletin of Electrical Engineering and
Informatics, 9, No. 1: 83 (2020); doi:10.11591 /eei.v9i1.1323

A. Hashim, I. R. Agool, and K. J. Kadhim, Journal of Bionanoscience, 12,
No. 5: 608 (2018); do0i:10.1166/jbns.2018.1580

0. B. Fadil and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii, 20,
Iss. 4: 1029 (2022); https://doi.org/10.15407/nnn.20.04.1029

W. O. Obaid and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 4: 1009 (2022); https://doi.org/10.15407/nnn.20.04.1009

M. H. Meteab, A. Hashim, and B. H. Rabee, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 1: 199 (2023);
https://doi.org/10.15407/nnn.21.01.199

M. H. Meteab, A. Hashim, and B. H. Rabee, Nanosistemi, Nanomateriali,
Nanotehnologii, 21, Iss. 2: 451 (2023);
https://doi.org/10.15407/nnn.21.02.451

A. Hazim, A. Hashim, and H. M. Abduljalil, International Journal of
Emerging Trends in Engineering Research, 7, No. 8: 68 (2019);
https://doi.org/10.30534 /ijeter/2019/01782019

A. Hazim, H. M. Abduljalil, and A. Hashim, International Journal of
Emerging Trends in Engineering Research, 7, No. 8: 104 (2019);
https://doi.org/10.30534 /ijeter/2019/04782019

A. A. A. Ahmed, A. M. Al-Hussam, A. M. Abdulwahab, and A. N. A. A.
Ahmed, AIMS Mater. Sci., 5, Iss. 3: 1 (2018);



EXPLORING THE OPTICAL PROPERTIES OF PVA-Zr0O,~Sb,0, NANOSTRUCTURES 673

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

do0i:10.3934/matersci.2018.3.533

T. A. Baset, M. Elzayat, and S. Mahrous, Int. J. of Polym. Sci., 2016: 1
(2016); http://dx.doi.org/10.1155/2016/1707018

Z. K. Heiba, M. B. Mohamed, and S. I. Ahmed, Alexandria Engineering
Journal, 61, Iss. 5: 3375 (2022); https://doi.org/10.1016/j.aej.2021.08.051
P. O. Amin, K. A. Ketuly, S. R. Saeed, F. F. Muhammadsharif,

M. D. Symes, A. Paul, and K. Sulaiman, BMC Chemistry, 15: 1 (2021);
https://doi.org/10.1186/s13065-021-00751-4

A. Hashim, M. H. Abbas, N. A.-H. Al-Aaraji, and A. Hadi, J. Inorg. Organ-
omet. Polym., 33: 1 (2023); https://doi.org/10.1007/s10904-022-02485-9

A. Hashim, M. H. Abbas, N. A.-H. Al-Aaraji, and A. Hadi, Silicon, 15: 1283
(2023); https://doi.org/10.1007/s12633-022-02104-9

M. H. Meteab, A. Hashim, and B. H. Rabee, Silicon, 15: 1609 (2023);
https://doi.org/10.1007/s12633-022-02114-7

N. Al-Huda Al-Aaraji, A. Hashim, A. Hadi, and H. M. Abduljalil, Silicon,
14: 4699 (2022); https://doi.org/10.1007/s12633-021-01265-3

S. Hadi, A. Hashim, and A. Jewad, Australian Journal of Basic and Applied
Sciences, 5, No. 9: 2192 (2011).

F. A. Jasim, A. Hashim, A. G. Hadi, F. Lafta, S. R. Salman, and H. Ahmed,
Research Journal of Applied Sciences, 8, Iss. 9: 439 (2013).

F. A. Jasim, F. Lafta, A. Hashim, M. Ali, and A. G. Hadi, Journal of Engi-
neering and Applied Sciences, 8, No. 5: 140 (2013).

A. Hashim and A. Hadi, Sensor Letters, 15, No. 10: 858 (2017);
https://doi.org/10.1166/s1.2017.3900

A. Hashim, M. A. Habeeb, A. Khalaf, and A. Hadi, Sensor Letters, 15,

No. 7: 589 (2017); https://doi.org/10.1166/s1.2017.3856

I. R. Agool, F. S. Mohammed, and A. Hashim, Advances in Environmental
Biology, 9, No. 11: 1 (2015).

B. H. Rabee and A. Hashim, European Journal of Scientific Research, 60,
No. 2: 247 (2011).

A. Hashim, A. Hadi, and M. H. Abbas, Opt. Quant. Electron., 55: 642
(2023); https://doi.org/10.1007/s11082-023-04929-z

A. Hashim, A. Hadi, and M. H. Abbas, Silicon, 15: 6431 (2023);
https://doi.org/10.1007/s12633-023-02529-w

H. A. J. Hussien and A. Hashim, J. Inorg. Organomet. Polym., 33: 2331
(2023); https://doi.org/10.1007/s10904-023-02688-8

A. Hashim, A. Hadi, N. A. H. Al-Aaraji, and F. L. Rashid, Silicon, 15: 5725
(2023); https://doi.org/10.1007/s12633-023-02471-x

G. Ahmed and A. Hashim, Silicon, 15: 7085 (2023);
https://doi.org/10.1007/s12633-023-02572-7

A. Hashim, A. Hadi, and N. A.-H. Al-Aaraji, Opt. Quant. Electron., 55: 1
(2023); https://doi.org/10.1007/s11082-023-04994-4

N. A.-H. Al-Aaraji, A. Hashim, H. M. Abduljalil, and A. Hadi, Opt. Quant.
Electron., 55: 1 (2023); https://doi.org/10.1007/s11082-023-05048-5






Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO02IL © 2024 IM® (IacturyT Mmeranodisuku
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kypaiomosa HAH Vkpainun)
2024, 1. 22, Ne 3, cc. 675-685 Haznpykosano B YKpaiHi.
https://doi.org/10.15407/nnn.22.03.675

PACSnumbers: 72.80.Tm, 77.22.Ch, 77.22.Gm, 78.30.-j, 78.67.Sc, 81.07.Pr, 82.35.Np

Structural and A.C. Electrical Properties of Polyvinyl Alcohol/Iron
Oxide Nanocomposites for Electronic and Electrical Applications

Zainab Sabri Jaber! and Majeed Ali Habeeb?

!Directorate of Education Babylon,
Ministry of Education,

Babylon, Iraq

2College of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq

The PVA-Fe,O;-nanocomposites’ films were made using the casting meth-
od with various weight percentages 0, 2, 4, 6 of nanoparticles. When
compared to pure PVA-Fe,O; 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 Fe,0;-NPs’ concentrations rise, the dielectric
constant, dielectric loss, and alternating-current electrical conductivity of
PVA-Fe,O; nanocomposites are increased. Additionally, when the fre-
quency increases, the electrical conductivity of PVA-Fe,O; nanocompo-
sites increases, while their dielectric constant and dielectric loss fall.
Based on these findings, nanostructures formed of PVA doped with Fe,O,4
show themselves as promising materials for optoelectronic nanodevices
due to improvements in structural and A.C. electrical properties.

IIniBkm mHamokommosuTiB mousiBininmoBmit cuupr (IIBC)—-Fe,O; BuroroBmamm
METOAOM JIUTTA 3 PiBHUM BaroBMM BMicToM HaHouacTuHOK: 0, 2, 4, 6. ¥
nopiBHAHHI 3 ymcToro miaiBkoio [IBC—Fe,O; cnekTpu iHGpauepBOHOI CIEKT-
pockomii Ha ocHOBI @yp'e-MepeTBOPY AEMOHCTPYIOTH 3MiHY PO3TAIyBAHHS
miky Ta, KpiM Toro, samMiHu ()OpMHU Ta iHTEHCUBHOCTU, 1[0 CBiIUUTH IIPO PO3-
YenJeHHA Mi’K BiATIOBIIHMMN KOJWBAHHAMU HAHOUYACTHMHOK OKcunxy Pepy-
My. 300pakeHHs, OfepsKaHi 3a JOIOMOTOI0 OIITHYHOI MiKpPOCKOIIii, IToKasy-
I0Th YiTKY PiKHUIIO MiK 3paskamMuy 0e3 i 3 HaHOUACTUHKAMU OKcCHUIy De-
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pymy. Konu konuenrparia carae 6% Baru, HaHOYACTHUHKU OKcumy Pepymy
CTBOPIOIOTh 0€3IepepBHY Mepe:Ky BcepenuHi moaimepy. HienekTpuuni xapa-
KTEePUCTUKYM HAHOKOMIIOBUTIB IIPOAEMOHCTPYBaJIU, IO 3i 30iJbITIeHHAM
KOHIeHTpallii HaHouacTUHOK Fe,O; 3pocTaroTh AieeKTpuuHA NTPOHUKHICTS,
IieJeKTPUYHI BTPATU U €JeKTPOIPOBiAHICTH, 3MIiHHOTO CTPYMY HAHOKOMIIO-
suriB IIBC-Fe,0;. Kpim Toro, 3i 36inpireHHAM 4YacTOTH 36iJBIIyETHCA €Jie-
KrpoupoBiguHicTe HamokomMnosuTiB IIBC-Fe,0;, a ixmi giesexTpmuna mpo-
HUKHICTh 1 AieleKTpuuHi BTpaTwm nagaoTh. BuUxogdadm 3 IIUX BUCHOBKIB,
HaHOCTPYKTYypHU, chopmoBani 3 IIBC, nerosanoro Fe,O;, € mepcreKTUBHUMU
MaTepisagaMu OIS ONTOEJEeKTPOHHUX HAHOIPHUCTPOIB 3aBAAKM MOJIiNIICHHIO
CTPYKTYPHUX Ta €JeKTPUUHUX (I 3MiHHOTO CTPYMY) BJIACTHUBOCTEI.

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

Karouori ciioBa: HAHOKOMIIOBWUTU, CTPYKTYPHI BJIACTHUBOCTi, e€JIEKTPUYHI
BJIACTUBOCTi, €JIeKTPOHHI 3aCTOCYyBaHHSI.

(Received 11 August, 2023; in revised form, 13 August, 2023 )

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 Fe,O; nanoparticles of PVA band
gap [10-13]. The experimental findings that are currently accessible
significantly improve our comprehension of their underlying ideas,



STRUCTURALAND A.C. ELECTRICAL PROPERTIES OF PVA /Fe,0, NANOCOMPOSITES 677

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-Fe,0O,
have not been thoroughly studied, and their properties have been
investigated to improve their performance in various applications.

2. EXPERIMENTAL PART

The PVA-Fe,0O; blend with various Fe,O; 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. Fe,O; 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 x10 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™ (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:

&' =C,/Co, (1)

where C, is capacitance and C, 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:

Ca.c. = WE'E, 3

where o is angular frequency.

3. RESULTS AND DISCUSSION

In order to study interactions between atoms or ions in nanocompo-
sites of PVA—-Fe,0;, changes in the vibrational modes of these in-
teractions can include the nanocomposites. The transmittance spec-
tra of FTIR for PVA-Fe,O; nanocomposites are shown in Fig. 1, a,
b, ¢, and d, reported in the range of 600-4500 cm™' at standard
room temperature. It is obvious from the infrared spectra that vari-

L%n . l;ggn

Transmittance (%]
- 20

60

Transmittance [%]
€ 65 70 75 € &5 %0 95

98—
1084 83 ——
»

4000 3500 3000 2500 2000 1500 1000 000 3500 3000 %0 2000 1500 1000

Waenumber cm-1 Wamoumber cm-1
a b
. =
. _:gg; \/WMH\\! - \\ //‘L// \\ﬂ‘ 1
£ \V/ 2] N i.Pf”(l o
i g: a '[.IJ‘\
4 2 ; ‘L
e
| | L]
i i i I
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 %0 2000 1500 1000
Wavenanber cm-1 ‘Viaveoumber em-1
c d

Fig. 1. FTIR spectra for PVA—-Fe,O; with nanocomposites: (a) PVA; (b) 2
wt.% Fe,O5 NPs; (¢) 4 wt.% Fe,O; NPs; (d) 6 wt.% Fe,O; NPs.
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ations in the ratio of Fe,O; 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™!, which is attributable to the O—H groups of hydroxyl vi-
brating during the stretch, and at 2921 cm™, 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=0, C=C elongat-
ing modes are thought to be responsible for peaks at 1558 cm™ and
1457 cm™. FTIR spectra show decrease in the transmittance with
increasing ratio of nanoparticles [24, 25].

Figure 2 shows images of films made of PVA-Fe,0; nanocompo-
sites, which were captured at x10 magnification for samples with
different concentrations. This figure manifests clear differences be-
tween image a and images (b, ¢, d). When the concentration of iron-

Fig. 2. Photomicrographs (x10) for nanocomposites of PVA-Fe,O;: (a)
PVA; (b) 2 wt.% Fe,O5 NPs; (¢) 4 wt.% Fe,O3 NPs; (d) 6 wt.% Fe,O3 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-
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Fig. 3. Variation of the dielectric constant with frequency for PVA-Fe,0,
nanocomposites.
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Fig. 4. Change of the dielectric constant for PVA-Fe,0; nanocomposites
with iron-oxide content at 100 Hz.
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Fig. 5. The dielectric loss as a function of frequency for PVA-Fe,O; nano-
composites.

Fe,O; 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-Fe,0; 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-
Fe,O; 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-
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Fig. 6. The dielectric loss for PVA-Fe,O; nanocomposites varying with
iron-oxide nanoparticles’ content at 100 Hz.
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Fig. 7. The A.C. electric conductivity of PVA—-Fe,0; nanocomposites vary-
ing with frequency.

tensity of PVA—-Fe,O; 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
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Fig. 8. A.C. electrical conductivity of PVA-Fe,O; nanocomposites versus
iron-oxide nanoparticles at 100 Hz.

form
wt. (Vo

a continuous network within the polymer (at concentration 6

).

3. As the frequency rises, the dielectric constant and dielectric loss
decrease, while A.C. electrical conductivity increases for all PVA-
Fe,0; nanocomposites.

4. The dielectric constant, dielectric loss and electrical conductivity
are increasing with increasing of Fe,O; nanoparticles.
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This study aims to prepare of barium titanate (BaTiO,)/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 BaTiO;—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-BaTiO,—CuO nanostructures have useful optical charac-
teristics for applications related to optics and electronics.

ITe mocrnimskeHHA cIIpsIMOBaHe HA ONEeP:KaHHS JEI'OBAHOI'O HAHOUACTUHKAMU
turanary Bapiro (BaTiO;)/okcuny Kympymy (CuO) moxisiminmoBoro cmupry
(IIBC), oCKiNbKM HOBUM ONTHUYHUI MaTEpisaa MoOKe OyTU BUKOPUCTAHUU Yy
pisHOMAHITHUX OITOEJEKTPOHHUX 3aCTOCYBAHHAX i3 HEBEJIMKOIO I[IHOIO, Ma-
JIOI0 BAroi0, YyJOBUMU OINTHUUYHUMM BJACTUBOCTAMU Ta BUCOKOIO0 e(PeKTUBHI-
cto. JlocmifkeHo BIJIMB HAHOYACTMHOK TUTaHATy Bapimo # oxcumy Kympy-
My pisHoi KoumenTpamii y 0, 2, 4 Ta 6 mac.% Ha moaiBimijoBuit coupr.
s BUTOTOBJIEHHA 3Pa3KiB BUKOPHCTOBYBABCS IIPOIlEC JUTTA PO3UMHY. Pe-
3yJAbTATU CTOCOBHO OINTHUUYHHNX BJIACTUBOCTEIl MOKAa3aju, IO ONTUYHA IPOBi-
IHICTDH, AieJleKTpPUYHA MPOHUKHICTDL ( AK peasbHa, Tak i yABHA), KoedimmieHT
€KCTUHKIIiI, TOTJIMHaHHA, Koe(illieHT NOrJIMHAHHA Ta IMOKA3HUK 3aJIOMJIEH-
HA — BCe Ile IiABUINYEThCA 3i 30iJIbIIIeHHAM KOHIEHTpAIlil HaHOYACTUHOK
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BaTiO;—CuO, Tomi Ak onmTmuHA eHepreTWYHA IIiJIWHA Ta OPOIYCKHA 31aT-
HiCTh 3MEHINYIOThCA. Taka IoBeIiHKa POOUTH Ile NMPUAATHUM AJA PAAY OI-
TUYHUX HAHOIPUCTPOIB. S3PEIINToio, OYJI0 3pP0o3yMiJjo, IO HAHOCTPYKTYpPU
IIBC-BaTiO;—CuO MaroTh KOPUCHiI ONTHYHI XapaKTePUCTUKHU AJA 3aCTOCY-
BaHHSA B ONTHUII U €JIEeKTPOHIIIi.

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

Karouori ciora: moniBininoBumit cnupr, turamat Bapirmo, okcux Kymnpywmy,
HAHOKOMIIO3UTH, OITHUYHI BJIAaCTUBOCTI.

(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 (BaTiO;) 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—-BaTiO;—CuO nanostructures for use in
different optoelectronic fields.

2. EXPERIMENTAL WORK

PVA-BaTiO;—CuO nanocomposites were made of PVA, barium ti-
tanate (BaTiO;) 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 (BaTiO;)
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-BaTiO; 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:

Al
IO

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

T=10"*.

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

2.3034
o=

b

where t is thickness of sample.
Optical energy gap is determined by [18] as follows:



690 Majeed Ali HABEEB and Araa Hassan HADI

B(hv - E;’pt')r =ohv,

where B is constant; Av indicates the photon energy, and E;’pt' is the

optical energy gap when r=3 (for the forbidden indirect transition)
and r=2 (for the allowed indirect transition).
The extinction coefficient & is obtained by [19] with equation:
Rt
47

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

R ¥ 2_(R+1),
(R-1° (R-1)

n =

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

g, =n’ -k, &, =2nk.

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

3. RESULTS AND DISCUSSION

Figure 1 shows how PVA-BaTiO;—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 BaTiO;—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-BaTiO;—CuO nanocomposites’ transmit-
tance varies with wavelength. This graph shows that the transmit-
tance decreases with increasing of BaTiO;—CuO-nanoparticles’ con-
centration. This is because the BaTiO;—CuO nanoparticles add elec-
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Fig. 1. Connection between absorption and wavelength for PVA-BaTiO,—
CuO nanocomposites.

Transmittance
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Wavelength, nm

Fig. 2. Connection between transmittance and wavelength for PVA-
BaTiO;—CuO nanocomposites.

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-BaTiO;—CuO nanocomposites. We can observe that,
since the incoming photon lacks the necessary energy to move the
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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 (> 10* cm™) 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 10* cm™) at low energies.

Absorbance data for PVA-BaTiO;—CuO nanocomposites reveal

5.0-10%
—— Pure
— 2 wt.%
4.0-1074
— 4 wt.%
— —— 6 Wt.(%)
! 3.0-10%
g
(3]
- . 24
& 2.0-10
1.0-10%
0 -
1 2 3 4 5 6 7
E ,eVv

ph

Fig. 3. Connection between absorption coefficient and photon energy for
PVA-BaTiO;—CuO nanocomposites.

60
50 —Pure
40

30

(ohv)?, (ecml.eV)1/2

%.5 15 25 35 435 55 65
Eph, eV

Fig. 4. Connection between absorption edge (akv)'/? and photon energy for
PVA-BaiTO;—CuO nanocomposites.
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that1 the electron transition occurs at wavelengths of less than 10*
cm .

Figure 4 shows the relationship between (akv)”’® and photon en-
ergy for PVA-BaTiO;—CuO nanocomposites. Drawing a straight line
from the curve highest point to the axis (x) at the position, when
(ahv)? =0 (allowable), we get an indirect energy-gap transition.
From this figure, the optical energy gap decreases by increasing of
BaTiO;—CuO-nanoparticles’ concentration. This is can be attributed
to the density of localized state increased with increasing concen-
tration of BaTiO;—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 (ahv)”°® and photon energy
for PVA-BaTiO;—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-BaTiO;—CuO nanocomposites and wavelength. From this fig-
ure, we can see that the refractive index of PVA-BaTiO;—CuO
nanocomposites increases with increasing concentration of BaTiO;—
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-BaTiO;—CuO nanocomposites. The extinction
coefficient increases with increasing BaTiO;—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

1/2

1/3

14

—_
b

10

(ahv)3, (emt-eV)/?

005 15 25 35 45 3535 65
E eV

pi?

Fig. 5. Connection between (ahv)'?® (cm™eV)"”? and photon energy for
PVA-BaTiO,—CuO.
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Fig. 6. Connection between refractive index with wavelength for PVA-
BaTiO;—CuO nanocomposites.
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Fig. 7. Connection between extinction coefficient and wavelength for
PVA-BaTiO;—CuO nanocomposites.

of the polymer will be affected by the presence of BaTiO;—CuO na-
noparticles [36, 37].

Figure 8 presents variation of the real part of dielectric constant
with wavelength for PVA/BaTiO;/CuO nanocomposites. This figure
manifests the real dielectric constant increased with increasing con-
centrations of BaTiO;—CuO nanoparticles. Because of the smaller
value of n?, this figure demonstrates that ¢, is highly dependent on
k* [38, 39].

The relation between wavelength and imaginary part of dielectric
constant for PVA/BaTiO;/Cu0O nanocomposites is displayed in Fig.
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Fig. 8. Connection between real part of the dielectric constant and wave-
length for PVA-BaTiO;—CuO nanocomposites.
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Fig. 9. Connection between imaginary part of dielectric constant and wave-
length for PVA-BaTiO;—CuO nanocomposites.

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 ¢, 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-
BaTiO;—CuO nanocomposites on wavelength. Increasing the BaTiO;—
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-
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Fig. 10. Connection between optical conductivity and wavelength for PVA—
BaTiO;—CuO nanocomposites.

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-BaTiO;—CuO-nanocomposites’ films. The optical properties of
PVA-BaTiO;—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 BaTiO;—CuO nanoparticles. On the other hand,
transmittance and optical energy gap decrease as the concentration
of BaTiO;—CuO nanoparticles increases. According to how light in-
teracts with them, nanostructures made of PVA-BaTiO,—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—-Si;N, structures
to use them in various optoelectronics nanodevices. The structural, ther-
mal, optical and electronic characteristics of PVA-PEO-Ba—-Si;N, struc-
tures are studied. The structure of PVA-PEO-Ba—Si;N, is analysed by
GaussView 5.0.8 and relaxed using the Gaussian 09 package of programs
employing the density functional theory (DFT) with the BSLYP/LanL2DZ
level. The studied characteristics of PVA-PEO-Ba—Si;N, structures in-
clude the energy, ionization potentials, energy gap, and electron affinity.
The PVA-PEO-Ba-Si;N, structures are optimized successfully with the
Gaussian 09 package. The results show that the PVA-PEO-Ba-Si;N,
structures have good optical and electronic properties. In addition, the
PVA-PEO-Ba—Si;N, nanostructures have wide absorption spectrum that
makes the PVA-PEO—-Ba—Siz;N, structures suitable in various electronics
devices like transistors, photovoltaic cell, sensors and other devices.

IIr0 poboTy cipAMOBaHO HAa PO3POOKY HOBUX CTPYKTYP IOJiBiHIJIOBUH ciupT
(IIBC)-moaiokcuerunen (IIOE)-Ba—Si;N, ansa BuKOpucTaHHA B PiBHUX Ha-
HOIIPUCTPOAX ONTOeNeKTPOHiKU. [[OoCaifKeHO CTPYKTYDPY, TENJOBi, ONTUUYHI
¥ emexTpoHHI xapaktepuctuku cTpyktyp IIBC-IIOE-Ba—-Si;N,. CTpyKkTypy
IIBC-IIOE—Ba—Si;N, 6yno mpoananizoBaHo 3a momomoron GaussView 5.0.8
i 3penakcoBaHO 3a momoMororm makera mporpam Gaussian 09, 110 BuUKopucC-
ToBye Teopito pyuKiioHany rycruau (DFT) ma piai BSLYP/LanL2DZ. Io-
caimkyBani xapaxktepuctuku cTpyKtyp IIBC-IIOE-Ba—-Si;N, Bkiouanm
€Hepri, IMOTeHI[iAan HOoHi3aIil, eHepreTUUHy IIiJINHY Ta CIOPiAHEHIiCTh IO
enekrpora. Crpykrypu IIBC-IIOE-Ba-Si;N, O6yau ycmimuo omTmmisoBani
3a gomomoroio makera Gaussian 09. PesyiabraTi mokasanam, IO CTPYKTYPH
IIBC-IIOE-Ba—Si;N, marorps xopomri OonTw4Hi ¥ €JeKTPOHHI BJIACTUBOCTI.
Kpim Toro, maroctpyrTypu IIBC-IIOE-Ba—Si;N, maioTs mMupoKuii crexrep
HOTJIWHAHHA, 110 pobuth cTpyKTypu IIBC-IIOE-Ba-Si;N, npugatHumMu nia
PiBHUX eJIEKTPOHHUX IIPUCTPOIB, TaKUX AK TPAH3UCTOPHU, (POTOETEKTPUUHI
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eJIeMeHTH, JaBadvi ¥ iHIIi mpucTpoi.

Key words: polymer blend, Si;N,, optical properties, Gaussian 09, elec-
tronics devices.

Karouosi ciaoBa: nmosimepna cymim, Siz;N,, omTwuni BractuBocti, Gaussian
09, eneKTpoHHI MpPUCTPOI.
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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
Si;N, 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—Si;N,
structures for flexible optoelectronics devices. The PVA/PEO blend
doped with barium and Si;N, have promising materials in the flexi-
ble and low-cost applications for different modern industrial fields.

2. THEORETICAL PART

Energy gap (E,) is the difference between the energies of (HOMO)
and (LUMO) [5]:
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E,  =E

gap LUMO ~— EHOMO . (1)

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

I, =—E,ou0- (2)
Electron affinity can be defined by [5] as follows:
E, =~Eyyo- 3)
The chemical potential (u) is determined by [55] as follows:
u z%(EHOMo + Eypno) = —%(IE +E,). (4)

Chemical hardness (H) is given by [56] as follows:
I,-E,

H=-£ , 5
p (5)
Chemical softness (S) is the inverse of hardness by [57] as below:
1
S=—, 6
T (6)
Electrophilicity (o) can be defined by [568] as follows:
2
u
®=—". 7
2H (7
The electronegativity (Ey) is given by [59] as follows:
1
EN=§(IE+EA). (8)

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

1

((x> = g(ocxx +ao, + oczz) . 9

4. RESULTS AND DISCUSSION

The structure of PVA-PEO-Ba—Si;N, was designed by GaussView
5.0.8 and relaxed using the Gaussian 09 package of programs by
employing the DFT with the BSLYP/LanL2DZ level. Figure 1 shows
the optimized relaxed PVA-PEO—-Ba-Si;N, structure. Table 1 repre-
sents the standard orientation of all atoms in the molecule. The
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Fig. 1. Optimization of PVA-PEO-Ba—Si;N, structure.

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

Measurements The optimization parameters Values
c-C 1.532
C-0 1.481
C-H 1.099
Bonds, A O-H 0.993
Si=N 1.755
N-N 1.411
Ba—Si 3.271
C-C-C 113.201
C-O-H 106.959
Angles, deg. N-Si-N 121.899
Ba—-N-Si 152.830

bonds’ values in present work are agreed with Refs. [4, 62, 63].

Figure 2 shows the IR spectrum of PVA-PEO-Ba—Si;N, structure
calculated using DFT. As found, the strong peak observed at 3300
cm ' 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—Si;N, 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
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Fig. 2. IR spectra of PVA-PEO—-Ba—-Si;N, structure.
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Fig. 3. Raman intensities of PVA-PEO-Ba—Si;N, structure with vibration
frequency.

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-Si;N, was performed using TD-SCF at BSLYP/DFT level of
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calculations.

Figure 4 show the visible and ultraviolet spectra. The UV-Vis-
calculations of PVA-PEO-Ba-Si;N, composites carried out by
means of the BSLYP-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—Si;N, composites are given in
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w 20004 {003 o
Q
=
1500}
{002 =
2
1000} 3
{o.01
500|
0 0.00

. . | . .
0 400 600 800 1000 1200 1400

Wavelenght, nm

Fig. 4. UV-Vis spectrum for PVA-PEO—-Ba—Si;N, structures.
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Fig. 5. Nuclear magnetic resonance of PVA-PEO-Ba—-Si;N, structures.
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Fig. 5. '"H-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 Eyoy0, Eryyo and E, in [eV] for PVA-
PEO—-Ba—-Si;N, structure. The E;;,, is larger than the E,,,, with
big separation between the two molecular orbitals (E,=5.75 eV).
This behaviour is in a good agreement with Refs. [4, 65] and refers
that PVA-PEO-Ba—Si;N, 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 Si;N, 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—-Si;N, structures.

Figure 7 represents the electrostatic potential (ESP) distribution

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

PVA-PEO-Ba—Si;N, structures
Eovo» €V | ELuvo» €V | E, eV
-9.01 -3.26 5.75

Fig. 6. The distribution of HOMO(up) and LUMO(down) for PVA-PEO-Ba—
Si;N, structures.
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for PVA-PEO—-Ba—-Si;N, structures from the total self-consistent
field (SCF) approximation. ESP distributions for PVA-PEO-Ba-
Si;N, structures are created by repulsive forces or attracting re-
gions around each structure. In commonly, the ESP surfaces for
PVA-PEO-Ba—Si;N, 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—Si;N,.

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

Property PVA-PEO-Ba—-Si;N, 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 (o) and its components for PVA-PEO-
Ba—Si;N, composites.

Polarizability, a.u.

Oy Q.U 0y, a.U. ‘ o,,, a.l. | (o), a.u.
409.985 402.077 234.338 348.8
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Table 3 represents the ground state energy (E;) results in [a.u.].
These characteristics include I, E,, Ey, H and o [66].

Table 4 shows the average polarizability (o) and its components in
[a.u.] for PVA-PEO-Ba-Si;N, structures.

The density of states (DOS) for PVA-PEO-Ba—Si;N, 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 E,,, C, and S,, values of thermal character-
istics for PVA-PEO-Ba—Si;N, structures. These characteristics in-
clude all the electronic, translational, rotational, vibrational and
total thermal degrees of freedom.

" — Alpha DOS spectrum
— Beta DOS spectrum
— Total DOS spectrum (scaled 0.5}

5t — Alpha oceupied orbitals

— Alpha virtual orbitals

— Beta occupied orbitals

— Beta virtual orbitals

T

30 -15 10 -5 0 5 0 13 20
Energy, eV

Fig. 8. DOS for PVA-PEO-Ba—Si;N, structure.

TABLE 5. E,,, C, and S,, of PVA-PEO-Ba—Si;N, structure.

Thermal corrections, Hartree/partical scheme

E,,, kcal/mol C,, cal/(mol-K) | S,,, 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—Si;N,
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—Si;N, structures are more reactive. The results
showed that the PVA-PEO-Ba—Si;N, structures have good optical
and electronic properties. In addition, the designed nanostructures
have wide absorption spectrum that makes the PVA-PEO-Ba—Si;N,
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)/MnO,/NiO
nanosystem to exploit it in many optics and electronics nanodevices. The op-
timization, structural and electronic characteristics of PS/MnO,/NiO
nanosystem are studied. The results indicate that the electronics characteris-
tics of PS are improved, when the MnO,/NiO nanostructures are added. The
energy gap of PS is decreased from 5.773 eV to 3.814 eV with adding of
MnO,/NiO nanostructures. The results show that the PS/MnO,/NiO nanosys-
tem has excellent electronic characteristics, which make the PS/MnO,/NiO
nanosystem suitable for different optics and electronics fields.

IIa pobora BKJIHOYAE TPOEKTYBAHHSA HOBOI HAHOCUCTEMH IOJiCTHUPOJ
(IIC)/MnO,/NiO gnsa BUKOPUCTaHHA B 6araThboX ONTUYHUX i €JIEKTPOHHUX Ha-
HOIIPUCTPOAX. JloCaimKeHo onTUMisaIlio, CTPYKTYPY W €JIeKTPOHHI XapakTe-
pucturu Hanocucremu IIC/MnO,/NiO. PesynbraTu moxkasamiu, 1o eJIeKTPOHHI
XapaKTePUCTUKU MOJiCTUPOJIY OYJIO HOJINIIEHO i3 JoZaBaHHAM HAHOCTPYKTYP
MnO,/NiO. Enepreruuna 3aboponeHna 3oua IIC smenmunaca Bix 5,773 eB mo
3,814 eB uepes gomaBanHa HaHOCTPYKTYpP MnO,/NiO. OcraTouHi pesyiabratu
nokasaJnu, 1o Hanocuctema IIC/MnO,/NiO mae BigMiHHI eneKTpPOHHI Xapak-
TEPUCTUKU, AKi pobaaTs Hanocucremy 11C/MnO,/NiO npupaTHOIO A1 PiBHUX
obacTeil ONTUKY ¥ eIeKTPOHIK Y.

Key words: polystyrene, MnO,/NiO, nanosystem, electronic characteris-
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tics, energy gap.

Karouori caora: moaictupos, MnO,/NiO, HaHOCcHCcTeMa, €JIEKTPOHHI Xapak-
TEePUCTUKU, eHepreTuuHa 3a00pOHeHa 30Ha.

(Received 3 September, 2023)

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 (MnO,) 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
isan 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 [6—11]. The current study includes design of PS/MnO,/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 (E;), Fermi energy
(E7), HOMO (Highest Occupied Molecular Orbital) and LUMO (Low-
est Unoccupied Molecular Orbital), energy gap (E,) 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]:

oE 1( &°E 1 T
l’l' = B — . T'l = 5 —a 3 5 S = —, W=— ,
ON V(r), T N V(r), T Zn 21]

where I,, E,, u, n, 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:

=— —E :M.

Lumo > M B

I

P

— -E

HOMO ?

E

A

Then, using Koopmans’ theorem, the above equations can be giv-
en as follow:

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—MnO,—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 A, C=C: 1.401 A, and C-H: 1.057 A. Additional-
ly, the bond lengths for Mn—0O and Ni—O were determined to be 1.83
A and 1.748 A, respectively. These values are consistent with the
typical bond lengths observed in aromatic rings [18, 23, 24]. The

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—MnO,—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 MnO,—NiO com-
posite implies that they can effectively interact with each other,

Fig. 3. Structure of PS—MnO,—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 MnO, 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 MnO,-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.]), I, and E, (measured in [eV])
calculated using Koopmans’ theorem, E, in [eV], S in [(eV)"], n in
[eV], ® in [eV], density of states (DOS) and the energies of the
HOMO and LUMO. E; 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 I, and E, values can vary between different materials
or composite systems. In the case of PS—MnO,—NiO, both the I, and
E, values are higher compared to PS. A higher I, indicates that the
material has a stronger tendency to retain its electrons, while a
higher E, 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 MnO, 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 I, and E, 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, n, and ® in the struc-
tures PS and PS—MnO,—NiO indicate important characteristics of
the polymeric composites. A large value of n 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—
MnO,—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 MnO, 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
MnO,—-NiO to the polymer PS leads to a decrease in the E, 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 MnO,—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 MnO,—
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 MnO,-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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LUMO

Fig. 5. The shapes of HOMO and LUMO for PS—MnO,—-NiO composites.

the PS—MnO,—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 MnO,-NiO materials. This enhanced
stability can be attributed to the withdrawal of electrons by the
MnO,—NiO materials. MnO,—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 MnO,—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 MnO,—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:
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g(E)=V'dN(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-

1—DOS spetrum
sk 2— Qccupied orbitals
8—Virtual orbitals

2t N i 1
‘l -
0

JARRI 1A
-1 .

200 —15 -10 -3 0 5 10 15 20

Energy, eV

Fig. 6. Density of states (DOS) for PS.
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Fig. 7. Density of states (DOS) for PS—MnO,—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 E; 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 E; increases when MnO,—NiO is
added, this confirms that the E, exists within the band gap in the
polymers, which is the energy band where no electronic states are
allowed. The DOS near the E; 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-MnO,—-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/MnO,/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 MnO,/NiO
nanostructures added. The energy gap of PS decreased from 5.773
eV to 3.814 eV among adding of MnO,/NiO nanostructures. The fi-
nal results indicated to the PS/MnO,/NiO nanosystem have excel-
lent electronic characteristics, which make the PS/MnO,/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 (Zr0O,) and copper oxide (CuO) nanoparticles are incorporated, span-
ning a range from 0 to 6 wt.%. The nanostructures composed of PVA-
Zr0,—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 (A) from 200 nm to 840 nm.
Optical properties show that the absorption coefficient, refractive index,
and dielectric-constant real and imaginary parts for PVA-ZrO,-CuO
nanocomposite increase with increasing concentrations of the ZrO,-CuO
nanoparticles; so, the optical parameters at wavelength A =400 nm: ab-
sorption coefficient (a), refractive index (m), extinction coefficient (%),
real (g;) and imaginary (g,) parts of dielectric constants, and optical con-
ductivity (o,,) for PVA are enhanced by about 1540%, 100%, 2216%,
302%, 1116%, and 3025%, respectively, with adding of 6 wt.% ZrO,—
CuO nanoparticles. The performance of the PVA-ZrO,—CuO nanocompo-
sites suggests that they possess favourable characteristics as optical na-
nomaterials in the domains of electronics and optics.

CTBOpeHHs 3pas3KiB MOJIiMEPHUX HAHOKOMIIO3UTIB IIPOBOJUJIN METOIOM JIUT-
TS 3 PO3UYMHY. SpasKy BKJOUAJM TOJOBHY MATPHUII0O 3 IIOJiBiHisIIOBOTO
cuupry (IIBC), B aky OyJio BTijIleHO PisHi KOHIIeHTpaIllii HAHOYACTUHKYU OK-
cuny upxkonio (Zr0,) #t okcuny Kympymy (CuO), 110 oxomiatoBajiu Jidma-
30H Bim 0 mo 6 macoBux BimcoTkiB. HaHOCTPYKTypH, IO CKJIAZalOThCA 3
IIBC-Zr0,—Cu0O, neMOHCTPYIOTH IOMITHI XapakTepPUCTUKU, TaKi AK HUBBKY
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BapTiCTh, HNiBUINEHY CTiHKiCTh A0 KOPO3il, CIPUATIANBI ONTUYHI BJIACTUBO-
CTi Ta BiTHOCHO JIeTKY IPUPOAY IIOPiBHSAHO 3 aJbTEePHATHBHUMU HAHOCHCTE-
mamu. OOTHUYHI BJIACTHUBOCTI Mipaau B AiAmMasoHi MOBKUH XBUIb A Bim 200
HM 10 840 um. OUTUYHI BJIACTUBOCTI IOKasayu, 110 Koedil[ieHT IOTJIMHAH-
HfA, IMIOKAa3HUK 3aJJOMJIEHHSA Ta AificHA U ysSIBHA YaCTUHU IieJIEKTPUUYHOI IIPO-
HUKHOCTH AJA HaHoKoMmo3uty IIBC—Zr0O,—CuO 3pocTaioTh 3i 36iJbIITeHHAM
KoHIleHTpanii HanouactuHok Zr0,—CuO; Tak, onmTwYHi mapamMeTpu Ha IOB-
KmHI xBuai A =400 aM: KoedimnienT morauHaHHA (0), MOKA3HUK 3aJIOMJIEH-
Ha (n), KoedimieHT ekcTuHKIil (k), aificHa (g,) # yaBHaA (€,) YaCTUHU Hiejie-
KTPUYHOI MPOHMKHOCTU Ta ONTHUYHA HPOBigHicT®L (0,) Ana IIBC 36inbmry-
oThea npubausuo Ha 1540%, 100%, 2216%, 302%, 1116% i 3025% Bix-
moBigHO 3 momaBaHHAM HaHouacTHHOK Zr0O,—CuO (6 mac.%). Excmayara-
mitai mokasumku HaHokoMmuo3utiB IIBC-ZrO,—CuO HaBoAATh HA AYMKY,
IIT0 BOHU MAaIOTh CIPUATINBI XapakTePUCTUKU AK ONTUYHI HaHOMATepisau B
00J1aCTSAX €JIeKTPOHIKY I ONTUKU.

Key words: PVA, ZrO,, CuO, nanocomposites, optical properties.

KarouoBi caoBa: moaisimimoBuit cnupr, Zr0O,, CuO, HAHOKOMIO3UTH, OITH-
YHi BJIaCTHUBOCTI.

(Received 21 August, 2023)

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 (ZrO,), 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 (ZrQO,) 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 (ZrO,) 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 ZrO,-CuO nanoparticles to improve the nanocom-
posite’s optical properties PVA—ZrO,—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 (ZrO,), 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
(Zr0O,) 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-ZrO,—CuO were retrieved from the Petri dish
and employed for measurement purposes. The optical properties of
nanocomposites comprising PVA, ZrO,, 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 (o) of the current
materials is heavily reliant on the optical transmission, reflection,
and thickness of the film, as determined by the following equation
[23]: a=2.803A/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]:

_ o
4r’

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

k



EFFECT OF ZrO,—CuO NANOFILLER ON THE OPTICAL CONSTANTS 731

R K 2_(R+1),
(R-1) (R-1

n =

where R is the reflectance. The dielectric constant real and imagi-
nary parts are calculated by [27, 28] as follow: &, =n®—k?, &, = 2nk.
The optical conductivity (c,,) is obtained by using the relation [29]:
c,, = anc/4m, where c is the velocity of light.

3. RESULTS AND DISCUSSION
3.1. The Optical Properties of PVA—Zr0,—CuO Nanocomposites

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

1000

—a—Pure
-2 wt.%

800

600

a, cm™

400

200

E _, eV

ph

Fig. 1. Absorption coefficient for PVA-ZrO,-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 o
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=4 wt.%
2§ wt.%

1.2-103F

9.0- 10~

=
6.0-10+
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M 1 " "
220 320 420 520 620 720
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Fig. 2. Difference of extinction coefficient for PVA—ZrO,—~CuO nanocompo-
sites with wavelength.
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- ‘AAA‘A‘A‘A

2.8

24

20F

1.2F
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Fig. 3. The refractive index for PVA-ZrO,—CuO nanocomposites as a func-
tion of wavelength.
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values for the prepared films, which are less than 104 cm™, 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 ZrO,—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-
Zr0Q,—CuO is depicted in Fig. 3, illustrating its variation for wave-
length. The figure demonstrates a positive correlation between the
weight percentages of ZrO,—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 (g;) 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
(¢,) 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 (g;) and the imaginary compo-
nent (g,) of the dielectric constant for both pure polymer films and
nanocomposite films, as influenced by varying ratios of ZrO,—-CuO
nanoparticles. These variations are observed across different photon
energy levels. There is a rise in the values of ¢, 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 ZrO,—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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Fig. 4. The real dielectric constant (¢;) as a function of incident wave-
length for PVA-Zr0O,—CuO nanocomposites.
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Fig. 5. The imaginary dielectric constant (¢,) as a function of wavelength
for PVA-Zr0O,-CuO nanocomposites.

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
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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 ZrO,—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 ZrO,—CuO nanoparticles results in a higher density of
these localized states within the band structure. Consequently, the
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-2 wt.fo%:{/;
_—::4 Wtag}".:%
4.0-102F 6 wt. %

3.0-102

2.0.101

Optical conductivity, S

1.0-107

320 420 520 620 720

Wavelength, nm

Fig. 6. Difference of optical conductivity of PVA-ZrO,~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-ZrO,—CuO)
[43].

4. CONCLUSION

The current study involves the production of nanostructured films
composed of a combination of polyvinyl alcohol (PVA), zirconium
dioxide (Zr0Q,), 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 (ZrO,), 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-ZrO,—CuO nanocomposite exhibit a
positive correlation with the concentrations of ZrO,—~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 ZrO,—CuO nanoparticles are
incorporated. The findings of this study indicate that the material
exhibits potential suitability for various optoelectronic applications.
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In this study, titanium dioxide/multiwall carbon nanotube and silver na-
noparticles (TiO,/MWCNTs/Ag) nanocomposite is employed as photoanode
incorporated with polypyrrole/sodium dodecyl sulphate (PPy + SDS) coun-
ter electrode 1 (C,) and polypyrrole/sodium dodecyl sulphate/multiwall
carbon nanotube (PPy+ SDS+ MWCNT) counter electrode 2 (C,) 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:Sn0O, (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/cm?). The measured current—voltage (I-V) curve
shows that the efficiency of DSSCs in the case of Z907 dye with C; and C,
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%.

Y mpoMy mochiyKeHHiI HaHOKOMIO3UT AioKcupa Turamy/6GararomiapoBi ByT-
JerneBi HaHOTPYOKU Ta HaHouacTuHKU cpibaa (TiO,/MWCNTs/Ag) Bukopu-
cToByBanm sAK (OToaHOAy, 00’emHamy 3 mporuenerktTpomor 1 (C,) mourimi-
poa/momeniuicyabdar Harpito (PPy+ SDS) Ta nmporuenexktpomoio 2 (C,) mo-
gimipos/momenuicynabdar HaTpito/0araToCTiHHI ByrJielleBi HaHOTPYOKU
(PPy + SDS+ MWCNT) saK HeJOPOTMMH IPOTUEJEKTPOZAMM IIOPiBHAHO 3
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IJIATUHOBOIO TIPOTUEJNIEKTPOAOIO AJIA CTBOPEHHS CeHCuOiTidoBaHMX MO GapB-
HuKa coHauHux ejemeHTiB (DSSCs) 3 Buxkopucranaam OGapBHuKa Z907 Ha
ocuHoBi Ru, rpamatoBoro 6apBHHKAa, GapBHUKA-PYKOJIHU, GapBHUKA-TiIOiCKyCy
AK (QoroceHcubinizaTopiB. Pobounit eeKTpogHM KOMIO3UT OYB HaHECEHU
Ha MIPO30pY MPOBiAHY cKIAHY migkmaamuaKy 3 F:SnO, (FTO) meTomom Tepmi-
YHOTO XEeMiYHOI0 HAIIOPOIIeHHS, a IIOTIM 3aKpillieHuil OapBHMKAMU, TOZL
AK IIPOTHUEJEeKTPOAU OyJM IIiATOTOBJIEHI MEeTOZOM eJIeKTPOIoJiiMepuaaii.
CTpyKTypHi ¥ OOTUYHI BJIACTHUBOCTI Ta B3a€MO3B’SI30K MAaTepiANiB y cKJIami
KOMIIOBUTY PETEJHhHO AOCTiAKEHO 3a MOIOMOIOI0 PiBHMX METOXiB BU3HAUEH-
HS XapaKTepPUCTUK PeHTreHiBchbKoi audpakiii (XRD), kombiHaIlifiHoro pos-
CigHHSA, WOJBOBOI eMicifiHOI cKaHyBaJbHOI eJeKTPOHHOI Mikpockomii
(FESEM) Ta atromHo-cuoBoi mikpockonii (AFM). Hapemiti, ¢oToenekTpuyu-
Hi xapakTepuctTuku 3i6panmx DSSCs 6yi0 mepesipeno mim aiero ¢oroompo-
minerHa (100 mMBt/cm?). Bumipana BoabT-ammepHa kpua (I-V) mokasye,
mo edextuBHicTh DSSCs y Bumaarky Oapsauka Z907 3 C, i C, craHoBmiIa
2,537% i 2,453% BiAMOBimHO MOPiBHAHO 3 €TAJOHHOI0 KOMipKOIO Ha OCHOBi
Pt-nporuenekrponu, Axka mae edpexkTuBHicTh y 3,57%, a Ie CBiguuTH PO
xopoIiiry eeKTUBHICTh Hegoporux BurotoaeHux DSSCs. HarypanabHi 6apB-
HUKU [IOKasajIu IoMipHY epeKTuBHicTh y Me:xkax 1,44-0,53%.

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

Karouori caora: TiO,, Hamouactuaku cpiboa, MWCNT, Z907, SDS, PPy,
ceHcubiizoBaHUI 10 OapBHUKA COHAUYHUI €JIEMEHT.

(Received 20 July, 2023; in revised form, 26 July, 2023)

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 TiO, is used in DSSCs to con-
vert visible light into electricity,TiO, 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 Gritzel reported an
efficiency of 7.1% and a current density greater than 12 mA-cm?
for DSSC in which I'?/I" redox couple and TiO, 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 TiO, 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
TiO,. 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 TiO, 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 TiO, [4].

H. Hwang et al. [5] developed the efficiency of TiO, Photoanode
using the surface plasmonic effect of silver nanoparticles (NPs) and
the high electron mobility of CNTs with Pt counter electrode. The
TiO,/CNT composite working electrode with 0.5 wt.% CNTs had
increased efficiency over that of the conventional pure TiO, work-
ing electrode. Finally, a two-fold higher efficiency than the conven-
tional working electrode was achieved by using a TiO,/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 Is-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 TiO, (97% , PanReac), silver nanoparticles
Ag (299.9%, QSI, Nano), multiwall carbon nanotube MWCNT
(98.9%, Sigma Aldirch), ethanol (299.8%, Honeywell), pyrrole
(99%, Sigma Aldirch), Perchloric acid (99.9%, THOMAS BAKER),
sodium dodecyl sulphate SDS (299% , 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 TiO,/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 TiO, were added to the prepared MWCNTSs solution via ultra-
sonication.

Photoanode was fabricated using the prepared TiO,/Ag/MWCNT
composite solution with 140 ml ethanol. Firstly, the prepared
TiO,/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 PPyl onto FTO glass was carried
out in a deionized (DI) water containing 4 drops of perchloric acid
(HCIO,), 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 PPyl/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 (I%) 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 TiO, 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 TiO, electrode and Pt counter electrode were
used to assemble the cell and I®/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 cm?. 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:

D=FE\/BcosH, (1)

D is crystal size rate; K—the form factor, whose value is usually

0.9; L—the wavelength of x-rays, which has a value of 0.154056;

f—the total width is half of the greatest height; 6—deviation angle.
Crystal layers are also calculated by Bragg’s law:

d=n\/BcosB, (2)

d is the spacing between the crystal planes; n represents an integer
1, 2, 3, ..).

The x-ray diffraction (XRD) pattern of anode (TiO,, 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 TiO,.
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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 TiO, 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 TiO, 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. 2. XRD patterns of Cathode 1.
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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 20, degree d, A FWHM D, nm Intensity I/I, %
27.3397 3.25947 0.1596 17.9 36
38.1484 2.35715 0.2112 44 76
Anode 1
(TiO,, MWONT, Ag) 51.7875 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 29.8069 2.99505 0.1732 57.5 3532
(PPy, SDS) : ' ' :
o 35.3015 2.54045 0.2598 37.3 797
Cathode 50.6211 1.80177 0.2598 39.3 1628

(PPy, SDS, MWCNT)
32.2251 2.77560 0.1732 57.9 778
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XRD pattern of PPy is usually observed around 26 = 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/PPyl nanocomposite. Moreover, the shift in the
position of the XRD peaks of the fabricated nanocomposite indi-
cates the successful formation of the MWCNTs/PPyl 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/TiO, and
Ag nanocomposites show that the CNTs were linked to semi-spheres
of TiO,/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 MWCNTSs’ structure remained intact even after
being coated with TiO,/Ag NPs, as evidenced by the aforementioned
findings. The FESEM pictures at different magnifications revealed
the presence of uniformly distributed, spherical nanoparticles of
TiO,/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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Fig. 6. FESEM images of Cathode 2.

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™, with
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Fig. 8. Raman spectrum of Cathode 1.

additional peaks at 1185 cm ™ attributed to poorly structured graph-
ite or the D-band [25]. The Raman spectrum of TiO, is well-known,
with the rutile tetragonal phase containing four Raman active
modes (A, + B, + By, + E,) and the anatase phase having six Raman
active modes (A,, + 2B, + 3E,) [23].

Figure 9 demonstrates two distinct anatase phase peaks at 111
(By,) and 592 (B,,) E, in TiO, nanoparticle samples, with no rutile
phase Raman peaks observed. Vibrational modes in nanoparticle
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Fig. 9. Raman spectrum of Cathode 2.

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 TiO,, the surface band of Ag—
TiO, supported on CNT nanoparticles is red-shifted and widened.
The D-band and G-band of AgTiO,—CNT nanoparticle composites
display blue shifts, which can be attributed to adhesion between
Ag-TiO, nanoparticles and CNTs, as well as strain effects at the
Ag—TiO,—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 ' [29]. Additionally, the extent of conjugation in PPy can
be estimated by the intensity ratio of vibrations within the 1680—
2948 cm ' 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™* 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™ is associated with the E,, mode of the graph-
ite wall [32]. It has been theoretically predicted that a single-
cylinder nanotube would exhibit an E;, mode at 1930 cm™ [33]. The
Raman spectra of the composite films displayed bands correspond-



LOW-COST TiO,/MWCNT/Ag DYE-SENSITIZED SOLAR CELL 751

ing to both pure PPy and MWCNT. Additionally, the intensity of
the band located at 1451 cm™ 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

TiO, nanoparticles influence surface roughness and height metrics
including root mean square height (R,) and total height (R). TiO,
nanoparticles may provide a somewhat rough surface with large
height variations. TiO, nanoparticles can also have an impact on
spatial characteristics like autocorrelation length (R,) and dominant
spatial wavelength (R,,). TiO, nanoparticle size and distribution
may introduce periodic patterns and influence the overall surface
structure. The TiO, coating could have an effect on the material ra-
tio characteristics (R,,, and R,,.).
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Fig. 10. AFM images of photoanode: (a) surface topography; (b) 3D view of
the surface; (c¢) particle analysis; (d) histogram.
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TABLE 2. AFM parameters of photoanode.

Height parameter

R, 13.67 nm Root mean square height
R, 2.861 Skewness
R,, 11.45 Kurtosis
R, 75.99 nm Total height
Max of values on: . . .
R, 59.19 nm All 2, (1) Maximum hill height
Average of values on: . .
R, 59.19 nm All 2, (1) Mean hill height
Max of values on: .
R, 16.80 nm All 2, (1) Maximum dale depth
Average of values on:
R, 16.80 nm All 2, (1) Mean dale depth
Max of values on: . .
R,. 75.99 nm All &, (1) Maximum height
Average of values on: .
R, 75.99 nm All ., (1) Mean height
R, 8.312 nm Arithmetic mean absolute height
Spatial parameters
R, 492.6 nm s=0.2 Autocorrelation length
R,, 3012 nm Dominant spatial wavelength
Hybrid parameters
R,, 3.850 Root mean square gradient
R,, 1.968 Arithmetic mean absolute gradient
R, 23.30 Maximum absolute gradient
R; 14031 nm Developed length
R, 0.2231 % Developed length ratio
Material ratio parameters
R, 100.0 % ¢=1000 nm Material ratio
mr ' below highest peak
R,. 55.09 nm p=20% Inverse material ratio

R, 12583 nm p=20%, q=80% Profile section height difference
Feature parameters (element)

R,, 1410 nm Mean width of the profile elements
R,,. 3174 nm Maximum profile element width
R,,, 845.9 nm S‘gandard deviation of profile element
width
R. 21.00 nm Mean height of the profile elements
R.., 68.67 nm Maximum height profile elements

A uniform and evenly distributed TiO, layer would result in a
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greater material ratio and more even TiO, distribution across the
surface [35].

On the other hand, MWCNTs may affect the height parameters
(R,, R,) by introducing extra surface characteristics such as nano-
tube bundles or agglomerates. These characteristics may lead to
overall roughness and height differences.

MWCNTSs can also have an effect on hybrid parameters like root
mean square gradient (R,) and maximum absolute gradient (R,).
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,
MWCNTSs may alter the feature parameters (R,,, R;,., R,,,), result-
ing in wider and more diversified feature sizes [36].

Furthermore, Ag nanoparticles on the surface may contribute to
the height parameters (R, R;) 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-
isties (R,,, R,.) 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 (R,,, R,,., R,.,). 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 R, [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 R)) and smoother surface charac-
teristics, as shown by smaller changes in height metrics like R, and
R, [40].
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Fig. 11. AFM images of Cathode 1: (a) surface topography; (b) 3D view of
the surface; (c¢) particle analysis; (d) histogram.

3.4.3. Atomic Force Microscopy (AFM) of Cathode 2

The root mean square height (R) and total height (R,) 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 (R,) and dominant
spatial wavelength (R,,) 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 (R,,) 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 (R,.) parameter, which re-
flects the height difference between preset portions of the surface
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profile, may also be affected by PPy.
TABLE 3. AFM parameters of Cathode 1.
Height parameter
R, 51.46 nm Root mean square height
R, 0.001505 Skewness
R,, 2.018 Kurtosis
R, 213.7 nm Total height
Max of values on: . . .
R, 1169 n All 2, (1) Maximum hill height
Average of values on: . .
R, 116.9 All 2, (1) Mean hill height
Max of values on: .
R, 89.70 nm All 2, (1) Maximum dale depth
Average of values on:
R, 89.70 All 2, (1) Mean dale depth
Max of values on: . .
R,., 206.6 n All 2, (1) Maximum height
Average of values on: .
R, 206.6 nm All 2, (1) Mean height
R, 44.00 nm Arithmetic mean absolute height
Spatial parameters
R, 1736 nm s=0.2 Autocorrelation length
R,, 9882 nm Dominant spatial wavelength
Hybrid parameters
R,, 3.359 Root mean square gradient
R,, 2.381 Arithmetic mean absolute gradient
R, 13.55 Maximum absolute gradient
R; 19025 nm Developed length
R, 0.1721 % Developed length ratio
Material ratio parameters
R 100.0 % ¢=1000 nm Material ratio
mr ’ below highest peak
R,. 777.86 nm p=20% Inverse material ratio
R, 100.4 nm p=20%, q=80% Profile section height difference
Feature parameters (element)
R, 11506 nm Mean width of the profile elements
R,,. 11891 nm Maximum profile element width
R 11519 nm Standax:d deviation of profile ele-
smg ment width
R, 145.7 nm Mean height of the profile elements
R 152.6 nm Maximum height profile elements
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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 MWCNTSs contribute significantly to the roughness and
texture of the cathode surface. They contribute to the parameters
of root mean square height (R, total height (R,), and maximum
height (R,.), resulting in a rough surface morphology.

MWCNTSs have an effect on slope variations, as evidenced by the
root mean square gradient (R,) and arithmetic mean absolute gra-
dient (R,) parameters. MWCNTSs create linked networks or clusters
on the surface, introducing different slope angles.

MWCNTSs can also have an effect on the developed length (R,)
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 (R,,) demonstrates that MWCNTSs
are uniformly distributed across the surface characteristics, empha-
sizing their contribution to the roughness and elevations reported
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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.

757

TABLE 4. AFM parameters of Cathode 2.

Height parameter

R, 24.55 nm Root mean square height

R, 1.028 Skewness

R,, 3.861 Kurtosis

R, 104.1 nm Total height

R, 67.26 n Maxzfl X;\‘alzlle)s on: Maximum hill height

R, 67.26 nm AVerase of "f‘f;les on: Mean hill height
Max of values on: .

R, 36.88 n All 2, (1) Maximum dale depth

Average of values on:

R, 36.88 nm All 2, (1) Mean dale depth
Max of values on: . .

R, 104.1 nm All &, (1) Maximum height

Average of values on: .
R, 104.1 All 2, (1) Mean height
R, 18.76 nm Arithmetic mean absolute height
Spatial parameters
R, 1386 nm s=0.2 Autocorrelation length
R,, 12047 nm Dominant spatial wavelength
Hybrid parameters

R,, 1.826 Root mean square gradient

R,, 1.153 Arithmetic mean absolute gradient

R, 8.645 Maximum absolute gradient

R; 19021 nm Developed length

R, 0.05095 %

Developed length ratio

Material ratio parameters

¢ =1000 nm below

R,. 100.0 % highest peak Material ratio
R,. 56.73 nm p=20% Inverse material ratio
R, 31.45 nm p=20%, g=80% Profile section height difference
Feature parameters (element)
R, 7555 nm Mean width of the profile elements
R,,. 7555 nm Maximum profile element width
R R, Standar:d deviation of profile ele-
smg ment width
R, 93.60 nm Mean height of the profile elements
R., 93.60 nm Maximum height profile elements
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The metrics mean width of profile elements (R,,) and maximum
width of profile elements (R,,,) show the existence of broad surface
features, which can be linked to the presence of MWCNTSs [44].

SDS surfactant is often used to improve the dispersion and stabil-
ity of carbon nanotubes in solution, such as MWCNTSs. 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 C; has a higher
roughness (R,) and total height (R,) than C,, indicating a rougher
surface with larger height variability. MWCNTs in C; may aid in
the creation of higher structures and deeper troughs, resulting in
greater surface roughness. Also, C, has a lower autocorrelation
length (R,) than C,, indicating a distinct periodicity or spatial ar-
rangement of surface features. Furthermore, the dominating spatial
wavelength (R,,) in C, 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 C;) 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 C,, 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, TiO,—MWCNT-Ag
nanoparticles, plays a crucial role in enhancing the efficiency of
DSSCs. TiO, 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
MWCNTSs 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 C, except in the case of
PHOTOANODE + C; + Z907 DSSCs which me be attributed to syner-
gistic Interaction where the combination of C; (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 C,, including the
poly pyrrole and SDS surfactant, may be better aligned with the en-
ergy levels of Z907 dye and the photoanode material (TiO,—
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 C; 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 (I,.) and overall efficiency [49]. Eventually, the characteristics
of C; 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 C, (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 C,
and Z907 may be less favourable, resulting in lower efficiency com-
pared to the C, configuration [50].

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

Compounds Voe I, V nax 1.« FF | n, %
A +C,+7Z907  0.807 15.1 0.72 14.1 0.833 2.537
A, +C, +Hab. 0.52 9.8 0.49 9 0.865 1.102
A, +C;+Pom. 0.252 17.6 0.24 17.5 0.946 1.04
A+ Cy+ Aru. 0.326 7.6 0.3 6.5 0.86 0.535
A +Cy,+7907  0.496 24.5 0.45 21.8 0.807 2.453
A+ Cy+ Aru. 0.749 8.8 0.67 8.6 0.874 1.44
A, +C,+ Hab. 0.435 12.9 0.43 11.5 0.898 1.24

A;+Cy+Pom. 0.463 13.9 0.39 12.5 0.946 1.16
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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:

Zoor + BV — Zyy, - (1)

After that, the excitation sensitizer Z907" introduces an electron
into the semiconductor conduction band:
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Fig. 13. Current density—voltage (I-V) curves for DSSCs for counter elec-
trode C, employing different dyes.
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Fig. 14. Current density—voltage (I-V) curves for DSSCs for counter elec-
trode C, employing different dyes.
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Z;07 - Z;07 + eanjected) * (2)

Now, these electrons are transferred into the upper bands, called

the conduction band of TiO,. The liquid electrolyte I~ /I* couple
helps the electrons to return to the dye through external load:

IZ; + ze(counter electrode) - 3I7 ’ (3)
.3 1
Z907+_I _)Z907+_I3 ’ 4)
2 2
Z;07 +e;102 - Z907 ’ (5)
26;102 + I3_ - 3I(_TiOZ/A‘g/MWCNT)‘ (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].

C, is a simpler structure than C, since it lacks the incorporation

Phot de —-
otoano e. Glass FTO

o9 )elglelol ) © Dye Z907
@ 9k S8 Tio 4 Ag - MWONT

2

electrolyte PPy + SDS

I'—1I;
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%PPY +8SDS + MWCNT
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PR
Counter electrode “—Glass

Fig. 15. Dye-sensitized solar-cells’ scheme.
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of MWCNTSs in its composition. Polypyrrole (PPy) continues to be
the most important conducting polymer in C,, contributing to
charge transfer and electron transport mechanisms. SDS surfactant
is once again present in C, to aid in polypyrrole dispersion and sta-
bility [56].

Because carbon nanotubes have good conductive qualities, the in-
sertion of MWCNTs in C, 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 C, [567].

The presence of MWCNTs in C; 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 C; 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., TiO,). 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., TiO,). 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-
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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 (TiO,—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
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for electron injection. Because of increased charge transfer, extrac-
tion of photo-generated electrons, and optimal dye adsorption, the
cathode composition C,; (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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