Ol (D13Ka 1

I TBEPJIOIO .
& _TLIA

o— Chemustry of

SS-_ e SOlldS fate



MiHicTepcTBO OCBITH 1 HAyKH YKpaiHu
[Ipukapriarcbkuii HallOHAIBHUHN yHiIBepcuTeT iMeH1 Bacumns Credanuka
®i3UKO0-XIMIYHHHA IHCTUTYT
HapuanbHOo-10CTiAHUI TIEHTP HAMMIBIPOBIIHUKOBOTO MaTEPiaJIO3HABCTBA

Ministry of Education and Science of Ukraine
Vasyl Stefanyk Precarpathian National University
Physical-Chemical Institute
Research & Education Center of Semiconductor Material Science

ISSN 1729-4428
OI3UKA I XIMISA TBEPAOI'O TIVTA

PHYSICS AND CHEMISTRY OF
SOLID STATE

Ne 2
Tom 2 4
Vol.
Kypuan ®XTT iHgekcyeThCst MiXKHAPOIHUMH HayKoMeTpuaHuMu 6azamu WOS (mounnarouu i3 2017 p.)

Ta SCOpus (ingekcaris matepiaiis i3 2018 p.)

Kypnan BriroueHo y kateropito A Peectpy ¢axoBux BumaHb YKpaiHu:
Tamy3p Hayku: ximiuHi (02.07.2020), Texaiuni (02.07.2020), ¢pizuko-maTtemaruddi (24.09.2020)
CrenianeHocri: 102 (02.07.2020) 132 (02.07.2020) 104 (24.09.2020) 105 (24.09.2020)

PexomennoBano 10 Apyky BueHoro panoro
[IpukapniarceKoro HalioHaJbHOTO yHiBepcHuTeTy iMeHi Bacuis Credannka

CBiZIOITBO PO JEPKABHY PEECTPALIi0 Certificate of State Registration
KB Ne 24247-1408711P Bix 27.09.2019 KB No. 24247-14087 ITP from 27.09.2019
[epennnaTauii ingexc: 22938 Subscription index: 22938

© [Ilpukapnarchkuii HarioHaILHKH yHIBepcuTeT iMeHi Bacuist Credanuka, 2023
dizuko-ximMiuHM# iHCTUTYT, 2023

AJipeca peaxirii: Editorial address:

IMpukapnaTchKuii HAIOHAIBHUHN YHIBEPCUTET Vasyl Stefanyk Precarpathian National University,
imeni Bacuns Credanuka, 57, Shevchenko Str.,

Byin. lleBuenka, 57, lvano-Frankivsk,

IBaHO-DpaHKiBCHK, 76018, Ukraine

76018, Ykpaina

Ten.: +380 (342) 596082 Tel.: +380 (342) 596082

®axkc.: +380 (342) 531574 Fax.: +380 (342) 531574

E-mail: pcss@pnu.edu.ua E-mail: pcss@pnu.edu.ua

https://journals.pnu.edu.ua/index.php/pcss https://journals.pnu.edu.ua/index.php/pcss



mailto:pcss@pnu.edu.ua
https://journals.pnu.edu.ua/index.php/pcss
mailto:pcss@pnu.edu.ua
https://journals.pnu.edu.ua/index.php/pcss

IIpukapnarcbkuii HaioHanbHUI yHiBepcuTeT iMeHi Bacnas Credpanunka
@i3uKo-XiMiYHMI IHCTHTYT
HaB4ajbHO-I0CTiTHNI HEHTP HANIBIPOBIITHUKOBOI0 MATEPiaJl03HABCTBA

HayxkoBuii ;KypHaJ
“@di3uka i ximia TBepaAOro Tija”

PEJAKIIIMHA KOJIET'IA
I'OJIOBHUM PEJJAKTOP

JIrooomup Huxkupyii (IBano-®PpankiBchbk, YKpaina)
PEJAKTOPU

Anppiii 3aropoaniok (IBano-®dpankiBcbk, YKpaina)
Boraan Ocradiiiuyk (IBano-®paHkiBChK, YKpaiHa)
I'kerom Bim (JKemnys, ITosbmia)

YJIEHU PEJAKIIMHOI KOJIETTi

®PizuKo-MaTeMaTH4YHI HAYKH

BeasieB O. (KuiB, Ykpaina), becrep M. (Kemrys, [lonbima), Byn3yasik 1. (IBano-®paHKiBChK,
VYkpaina), Baab A. (Kemys, [lonsma), l'anymak M. (IBano-®pankiBcek, Ykpaina), I'aciok 1.
(IBano-®pankiBcbk, Ykpaina), I'omoBko M. (JIsBiB, Vkpaina), I'ypeBuu FO. (Mexiko,
Mekxkcuka), Labuyk I'. (JIsBiB, Ykpaina), Kmroii M. (Hanruyn, Kuraii), KoBanenko O. (Iuimnpo,
VYkpaina), Kopoyrsak . (Kuis, Ykpaina), Jlady3 M. (OKeurys, [Tonbima), Jlimmucbkuii I. (IBano-
®pankiBchbK, Ykpaina), ManamkeBuu I'. (Mincek, binopycs), llapamyk T. (Kpakis, [Tonsia),
Inox JI. (Kemrys, Ilonsima), Ilpouenko I. (Cymu, Ykpaina), Pyoim B. (Yxropon, Ykpaina),
Cadar K. (bxonain, Innis), Cadiii SI. (IBano-®pankiBcek, Ykpaina), CBboHTek 3. (Kpakis,
[Moneima), Crpixa M. (Kuis, Ykpaina), ®oxuyk I. (UepHisii, Ykpaina),

XimiuHi HayKkH

Ba6anau M. (baky, Azepbaiimxan), 'nagumesBcskuii P. (JIbBiB, Ykpaina), I'opiuok 1. (IBano-
@paHkiBCbK, YKpaiHa), 3indenko B. (Opeca, Vkpaina), Jlodanos B. (KwuiB, VYkpaina),
Muponiwok I. (IBano-®pankiBebk, Ykpaina), Heminabko C. (KuiB, Ykpaina), Tarapuyk T.
(IBano-®pankiBcbk, VYkpaina), Tomammk B. (KuiB, VYkpaina), Typoscbka JI. (IBaHo-
®pankiBcek, Ykpaina), @ouyk I1. (Yepnisui, Ykpaina), luiiuyk O. (buaromt, [Tonbima).

TexHiuHi HayKn

Anarnuyk JI. (UepniBui, Ykpaina), Axicka P. (Ankapa, Typeuunna), AmeyaoB A. (UepHisii,
VYkpaina), JdameBcokuii 3. (ben-llleBi, I3painp), Kykoscbkmii II. (JIro0Omin, Ilombma),
Koryr 1. (IBano-®pankiBcek, Ykpaina), Kprounn A. (Kuis, Ykpaina), HoBocsigamii C. (IBano-
®pankiBcbk, Ykpaina), Pomaka B. (JIeBiB, VYkpaina), Yrpum P. (Hwio J[Ixepci, CIIA),
Xapuenko M. (XapkiB, Ykpaina).

TEXHIYHUHA PEJAKTOP

FOpunmmn JI. (IBano-®pankiBebk, YKpaiHa)


mailto:center.uzh@gmail.com
mailto:drkcsabat@manit.ac.in
https://ru.wikipedia.org/w/index.php?title=%D0%94%D0%B0%D1%88%D0%B5%D0%B2%D1%81%D0%BA%D0%B8%D0%B9,_%D0%97%D0%B8%D0%BD%D0%BE%D0%B2%D0%B8%D0%B9_%D0%9C%D0%BE%D0%B8%D1%81%D0%B5%D0%B5%D0%B2%D0%B8%D1%87&action=edit&redlink=1

®di3uka i ximist TBepaoro Tijia
2023. - T.24. — Ne 2

Oco0JIMBOCTI TEXHOJIOTIYHOI0 CHHTe3y Ta BJACTHBOCTI MarepianiB Ha ocHoBi ZnO-Cd nns
¢oToxaramituunoro 3acrocyBanns. Oriasjg

P.I Hioyce, /I. B. Mupownioxk , JI. A. Muponiok, A. I. €emyuenxo

BrnuiuB kpucTadiyHoOl CTPYKTYpH Ta XiMiYHHX 3B’A3KIiB Ha €JIEKTPOHHI Ta TeMJI0Bi BJaCTHBOCTI y
mnineasax CuzMeHf3;Sg (Me — Mn, Fe, Co, Ni)

O. Cuimrox, O. Copoka, O. Mapuyx

CuHTe3, MarHiTHi, JieleKTpHMYHi BJIACTHBOCTI Ta XapaKTepUCTHKH 3MIHHOIO CTpyMy
HAHOKPHUCTATITIB reMaTuTy

H.B. I'amuakasna, P.C. Jaxypy

@pakTajlbHUil aHAJTI3 QpakTOorpaM AJIOMiHI€EBHX CILUIABiB, MOAM(DIKOBAHMX CHJIBHOCTPYMOBHMM
€JIeKTPOHHHUM IYYKOM

C.€. [loneywv, B.B. Jlumsunenxo, O.A. Cmapyes, FO.®. Jlounin, A.I'. I[lonomapwvos, B.T. Yeapos
InakTuBanis 6akTepiii 3a 10MOMOroI0 MIMNiHEJHHOT0 KO0AJBLT-(ePUTHOr0 KaTadizaTopa

H. Janunwx, 1. Jlanuyk, T. Tamapuyx, P. Kyyuk, B. Manosiok

®@i3uy4Hi BJIACTUBOCTI HAHOKPUCTAJIYHOrO CyJb(iay CBHHLIIO OTPUMAHOIO €JEKTPOJITHYHHUM
MeTO10M

O.A. Kanyw, HB. Masyp, A.B. Jlucuysa, M.B. Mopos, b.J]. Heuunopyk, b.Il. Pyoux, B.M. /[xcacan,
M. Banax, B.O. FOxumuyx

KBanToBo-XiMiuHi 10caiI7KeHHS B3a€EMO/IIl YaCTKOBO OKMCHEHUX rpadeHonofioHuX IVIOIMH MiK
cobor0

IO.B. I'pebenvna, €.M. [em’anenxo, M.I. Tepeys, FO.I. Cemenyos, B.B. Jlobanos, A.I. Ipebeniok,
B.C. Kyyw, C.B. XKypascovxuii, O.B. Xopa, M.T. Kapmenv

Po3po6ka BHCOKOTOYHHX NPOrpaMHO-aNapaTHUX 3aC00iB 11 aBTOMATH30BAHOI0 BH3HAYEHHS
XapaKTePUCTUK TePMOeJeKTPHYHUX NPUCTPOIB

b.C. [I3ynosa, O.b. Kocmwok, Y.M. [ucknuneys, 3.M. /lawescokuti

CrpykTypHi qociimzkents i Maruerusm cranixy DysNi243Snos

JI. Pomaka, X. Minisnuyk, B.B. Pomaxa, JI. I'asena, FO. Cmaonux

YacToTHi 3cyBM NOBEPXHEBUX IIA3MOHHUX Pe30HAHCIB NPHU 004U CJIeHHI KoeillieHTY NOTJIMHAHHS
KOMIIO3UTY Ha OCHOBi OiMetasiynux 1D-cucrem

A.O. Kosanw

®opMyBaHHs CyOMIKPOHHMX pebe(HUX CTPYKTYP Ha NMoBepXHi candipoBux miakaagox

B.B. Ilempos, A.A. Kpiouun, IB. T'op6oe, A.B. Ilanxpamosa, /.FO. Manvko, FO.O. Bopodin,
O.B. lluxoseyv

Oco0,IMBOCTI XeMO-MeXaHO-aKTHUBALiiiHOI TeXHOJIOTil oJepkaHHA NOJIMEpPHUMX KOMIIO3MTHHX
MarepiauiB

O.B. Komauwxo, I'.O. Cipenxo, M.F. Cxraoanrox

AmHauti3 BiOpauii 6araTomapoBoi NIACTHHY i3 BIAKPUTOIO Ta 3aKPUTOI0 KOMipKaMM

X. Paao, E.K. Hxcim, M J. J[oicsie, M. Anb-Betini

BaacTuBocTi KpeMHe3eMHMX MOPHCTHX CTEKOJ 3 aHCAMOJISIMM HAHOYACTHHOK AESIKHX CHOJIYK.
Orasag

A1 Jlenix, 1. K. Jlotiko

Bnuiue napiB pTyTi Ha eJIeKTPUMYHUI ONipP XaJdbKOTreHiAHUX aMOPGHUX MITiBOK

B.M. Pyb6iw, B.K. Kupurenxo, M.O. /[ypxom, B.B. bopux, P.O. /[3ymeoszeii, M. IOpxin, M.M. Ilon,
FO.M. Mucno

BupoOHUITBO cni1aBiB HA OCHOBI HITMHOJIY HAa OCHOBI Cy4acHMX TexHoJoriii: Orusig

Y. A. Imamanizade

CTpyKTYpHO-cOpOULiiiHI BJIACTHBOCTI HAHONMOPUCTHX BYIVIeEBHX MaTepiajiB, OTpUMaHUX 3i
HIKAPAJYIH ropixa

C.A. Jlicoecvka, P.B. Inbnuyexuti, P.I1. Jlicoecekuti, H A. Ieaniuok, X.B. banoypa, b.1. Pauiii
Emnitakciiini nmiaiBku 3a/i30-iTpi€eBoro rpaHatry 3 OJHOPiIHHMM BJIACTHBOCTSIMH Ta BY3bKOIO
IHUPHHOIO JdiHii PMP

C.I. Owyx, C.A. IOp'es, B.B. Moxnax

Hotpiiina cuctrema Hf-Re—Al npu 1000 °C

Jliana 3invko, I'anuna Huuunopyx, Oxcana Mayenxo, Poman I naduwiedcoxuii

HusbkoremnepaTypHi aHomanii Ta HaHopo3Mmipui piBHi ¢opmyBaHHS caMoOpraHi3oBaHHX
CTPYKTYP B HekpucTajdiunux Tisax cucrem As(Ge)-S(Se)

M. Map ’sn, H. FOpxosuy, B. [llebens

CrpykrypHi, Mopdosioriyai Ta  QOTOKATANITHYHI BJACTHBOCTI HAHOCTPYKTYPOBAHOIO
¢dorokaranizaropa TiO2/Ag|

1. Muponwx, H. lanuniox, JI. Typoscwka, 1. Muxumun, B. Koyrobuncokuil

BB BHCOTH IIACTHH HA e)eKTHBHICTH NPOHNKHOI0 TEPMOEIEMEHTA B PEKUMI 0X0JI0/NKEHHS
B.A. Cemewrxin, P.I". Yepxes, A.C. XKykoea, B.B. Cmeghrox

219

235

244

249

256

262

269

278

284

290

298

304

312

323

335

341

348

354

361

367

374

385



CnekTpockoniyHi, MartiTHi Ta MopgoJioriuni gocaimxenns Hanonopomky MgFe2O4 392
@. Haas, I1. Jlaxipi, 4. Kymapi; X. K. /[ybeii

CTumyJsinis npouecy JieryBaHHS MeTaJaMU HAHOMOPHUCTOr0 BYIJIelleBOI0 MaTepialy Ja3epHUM
OnpoMiHeHHAM 403
LM. Byosynsax, JI.C. Hbonrons, M.M. Xewmiii, B.O. Koywobuncoxuu, b.I. Pauiii, P.B. Inbnuyvkui,

P.I. Kpusynuu

Indopmanis s apTopis 410



PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 2 (2023) pp. 219-234

Section: Physics

DOI: 10.15330/pcss.24.2.219-234

PACS: 68.55.ag, 68.55.Ln, 78.66.Hf, 82.65.r

Vasyl Stefanyk Precarpathian
National University

PI3UKA I XIMIA TBEPJOI'O TIJIA
T. 24, Ne 2 (2023) C. 219-234

Dizuko-mamemamudti HayKu

ISSN 1729-4428

R. I. Didus, D. V. Myroniuk, L. A. Myroniuk, A. I. levtushenko

Features of technological synthesis and properties of ZnO-Cd based
materials for photocatalytic applications. Review

I.M. Frantsevich Institute for Problems of Materials Science, National Academy of Sciences of Ukraine,
3 Krzhyzhanovsky Str., 03142, Kyiv, Ukraine, romanik619@gmail.com

Abstract: In this review, the current state of ZnO-Cd based materials for photocatalytic applications is
summarized. Relevant technological synthesis methods such as pulsed laser deposition, magnetron sputtering,
electrodeposition, sol-gel, metalorganic chemical vapor deposition, evaporating, spray pyrolysis, reflux are
considered, and recent developments in effective and reproducible synthesis technology of nano- and
microstructured zinc oxide, doped with cadmium and solid solutions of Zn1xCdxO for photodecomposition of
organic pollutant molecules are discussed. The synthesis technology and level of Cd doping has a significant effect
on the structure and morphology of zinc oxide and, as a result, on the optical and photocatalytic properties. The
figures of merit, the theoretical limitations and rational control of the concentration of the cadmium alloying
impurity is necessary to create a material with balanced optical properties and photocatalytic activity. Lastly, the
importance of doping ZnO by isovalent Cd impurity significantly improves its photocatalytic properties due to a
narrowing of the band gap, a decrease in the rate of recombination of electron-hole pairs, which increases the
efficiency of spatial charge separation, the formation of active oxide radicals and an increase in the specific surface
area. Thus, ZnO-Cd based materials are the most promising photocatalytic materials for organic pollutants.
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Introduction

Toxic organic air and water pollutants pose a
significant danger to both human health and the eco-fauna
as a whole. In this regard, the development of the latest
environmental technologies for quick and safe
deactivation of organic pollutants is a particularly relevant
scientific task. Currently, the main efforts of the world
scientific community are focused on the development of
photocatalysis technology as a highly productive process
of decomposition of organic compounds under the
influence of light. Therefore, the realization of a reliable
and reproducible synthesis of materials with high
photocatalytic properties becomes important.

Due to its unique physico-chemical properties,
biocompatibility and availability of synthesis methods,
wide bandgap (~ 3.3 eV) zinc oxide is one of the most
promising photocatalytic materials of the future [1]. Due
to its multifunctional properties, ZnO is promising for use
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in solar cells, medical equipment, automotive industry,
semiconductor industry, optoelectronics, biomaterials and
for photocatalytic applications [2,3,4,5,6]. From an
industrial point of view, ZnO is considered a very
important material due to a number of advantages, such as
low production cost, efficiency and non-toxic catalyst and
environmental safety [7]. ZnO has high radiation
resistance, good thermal properties, structural stability,
biological compatibility, and effective optical absorption
in the UV range [8]. It can be doped with impurity
elements to obtain films with high conductivity and
optical transparency [9,10]. However, the main
disadvantage of zinc oxide is that this semiconductor
material is able to effectively absorb light exclusively in
the ultraviolet region of the optical spectrum, which
significantly limits its use for photocatalysis.

Over the past 20 years, researchers have studied the
alloying effect of Cd, Cu, Mg, Mn, Ni in zinc oxide on its
optical properties. Among the above-mentioned alloying
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elements, especially Cd provides the smallest bandgap
value in the material, so it has many applications in
industry and the environment protection. Bandgap tuning
is desirable for wavelength stability and achieving a
bandgap that matches the visible spectrum. Mosquera et
al. [11] found that the band gap decreased from 3.21 eV to
3.11 eV as the evidence of influence Cd on the sample
increased. With the correct Zn/Cd ratio, the band gap can
be reduced to 2.92 eV [12,13,14].

I. Technological methods of synthesis of
ZnO-Cd thin films (nanomaterials)

To date, several research articles have been published
on the synthesis of the ZnO-Cd system using a variety of
deposition methods, such as pulsed laser deposition (PLD)
[5,15,16,17,18,19], electrodeposition [20,21,22],
hydrothermal  synthesis [21,20], sol-gel process
[11,12,22,20,21,22,23,24], direct current [13,14,25] and
radiofrequency magnetron deposition [27,28], spray
pyrolysis (SP) [3,22,26,27,28,29], thermal co-evaporation
[22, 36], molecular beam epitaxy (MBE) [2,5,36], remote

plasma-enhanced metalorganic chemical vapor deposition
(RPE-MOCVD) [5,37,38], ion layering (SILAR) [34,39],
spin-coating [4,40] and even reflux method [42] (Fig. 1,
2).

The article [22] describes the production of ZnO-Cd
films by the SP method. This method is based on the
preparation of homogeneous precursor solutions from
salts, thin films of which are deposited on preheated
substrates (Fig. 3). During the processes of deposition of
thin oxide film, both chemical and thermal reactions
occur. Using SP, relatively uniform films are grown with
very high growth rates of the order of several hundreds of
nanometers per minute. Therefore, it is an attractive and
widely used method in industry for covering large areas.

Among the listed methods, sol-gel is a simple and
suitable for large-area deposition method, which is
useness for almost any transparent conductive films. The
spin-coating technique is simple, as it does not require a
vacuum or high temperature to deposit the films. The
technology of films deposition by this method is shown in
Fig. 4.

Magnetron Sputtering
Physical
Physical Layer
Deposition
Sol-gel
Nanomaterials Chemical
Synthesis Methods
Spray Pyrolisys
Thermal Evaporation
Hybryd

Metalorganic Chemical
Vapor Deposition

Fig. 1. General scheme of nanomaterial synthesis methods [43].

Physical
Synthesis .

method Chemical

ZnO Hybrid

nanoparticles
Antibacterial
activity
Application

Photocatalyc
activity

Fig.2. Synthesis methods of zinc NPs and their potential use [43].
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Spray Gun
A pray
Precursor Compressed
Solution < Carrier Gas
Reservoir Pressure
Regulator
Spray
Nozzle
Thermocouple
Pl
Steel Plate _Jﬁ— Power
supply

Fig. 3 Scheme of the installation for obtaining thin
films by the spray pyrolysis method [22].

Il. Physical properties of thin films of
the ZnO-Cd system

2.1.Microstructure and chemical composition of

ZnO-Cd thin films.

The article [43] proposes growing nanostructures
(NS) by the evaporation method on anodic aluminum
oxide (AOA) substrates with gold (Au) particles deposited
on it. SEM images of the obtained NS are shown at Fig. 5.

It was established that temperature is a key factor in
the morphology of catalytically grown ZnO NS. At the
higher temperature (700 °C), only ZnO nanowires were
formed. At the lower temperature (680 °C) nanobelts
appeared. ZnO nanocombs were formed when the
temperature was 660 °C.

Undoped and doped ZnO samples (Fig. 6) with
different doping concentrations (1-5% by weight of Cd )
are labeled CZ0-0, CZ0O-1, CZ0-2, CZ0O-3, CZ0-4, and
CZO-5, respectively. Sample CZO-0 deposited at 450 °C

Sewp 0T paeadey

Fig. 4. Block diagram of deposition of ZnO:CdO
sol-gel thin films by the spin-coating method [27].

on a glass substrate (Fig. 6, a), consists of various tiny
spherical grains. A similar morphology is observed for
sample CZO-1. For the CZO-2 sample, the morphology of
which is shown in Fig. 6, ¢, the grain density is higher, and
the grain size is 50 nm. Surface morphology changes with
3% Cd doping (Fig. 6, d). Agglomeration of grains is
observed on the surface of CZO-3 films. With a higher
cadmium doping of CZO-4 and CZ0O-5 samples, a smooth
surface covered with many spherical grains of 80-100 nm
in size was observed. Among all the samples, the CZO-2
film shows a well-distributed granular morphology [40].

SEM images presented in the article [39] for undoped
and Cd-doped ZnO films are shown in Fig. 7. It can be
seen from this figure that the surface of the zinc oxide film
is rough and consists of large and faceted grains (Fig. 7,
a), and the thin ZnO-Cd film consists of almost hexagonal
crystallites, mainly oriented perpendicular to the surface
of the substrate, that is, along the ¢ axis (Fig. 7, b). This
change in the shape of the grains is probably related to the
inclusion of cadmium, which disrupts the arrangement of
atoms.

Fig. 5 SEM images of ZnO NSgrown on substrates filled w1th Au partlcles at a— 700 °C b 680 °C;
C- 660 °C [44]

Fig. 6. SEM |mages of Cd ZnO thln fllmsdep05|ted by pyroly5|s sputterlng W|th dlfferent concentrations
of Cd doping: a— CZ0-0; b — CZO-1; ¢ — CZ0-2; d — CZ0O-3; e — CZ0O-4; f— CZ0-5 [40].
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The authors [42] synthesized ZnO and ZnO-Cd
nanoparticles by the reflux method. ZnO nanoparticles
were obtained, as well as nanoparticles with 5 % and 10 %
by weight fraction of cadmium doping.

In Fig. 8 shows X-ray patterns of synthesized undoped
Zn0O and doped ZnO with different Cd content. All the
obtained peaks are in good agreement with the hexagonal
crystal structure of ZnO. No other impurity peak was
observed in the X-ray pattern, indicating ZnO
nanocrystals that have a pure hexagonal crystal structure.
No impurity peaks were observed. The observed ZnO
diffraction reflections appear at 31.71 °, 34.41 °, 36.24 °,
47.52°, 56.6 °, 62.8°°, 66.3°, 67.9°, 69.1°, 72.4° and
76.9 ° and correspond to the orthogonal planes (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202), respectively.

—— ZnO
= 5% Cd-doped
g = —— 10% Cd-doped
=ay7 a S & a s ~
T il S = £ = 2 8
= 1T e = g )
E
=
£
:- l L
E I A 1 A
=
| L
A A A .
L v L v L v L . L
20 30 40 50 60 70 80
26 (degree)

Fig. 8. Combined X-ray patterns of synthesized thin films
[42].

An increase in the Cd content causes decreasing in the
intensity of all diffraction peaks. This decrease is
explained by the effect of defects created by cadmium ions
included in the structure of the ZnO lattice. Compared to
the pure ZnO film, the intensity of the (002) peak
decreases for Cd-doped ZnO films, which is confirmed by
the X-ray patterns in Figure 8. It is worth noting that the
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relative intensity of the (101) peak increases for Cd-doped
ZnO films. Thus, doping with cadmium leads to the loss
of the predominant orientation along the ¢ axis . These
observations, combined with a decrease in the relative
intensity of the (002) peak, confirm that the inclusion of
Cd increases the degree of polycrystallinity of the films.
Therefore, the synthesized nanocrystals retain a stable
hexagonal ZnO phase.

The grain size of the samples was calculated using
Scherrer's formula. The obtained crystallite sizes of the
(002) plane of pure ZnO, ZnO doped with 5 % Cd, and the
ZnO sample doped with 10 % Cd are 32.19, 48.23, and
57.94 nm, respectively. It is shown that doping with
cadmium leads to an increase in the size of crystallites.

To investigate the overall morphology, the as-grown
undoped and cadmium-doped ZnO nanoparticles were
examined by SEM, and the results are shown in Fig. 9.

In Fig. 9, a, shown that undoped ZnO is synthesized
in nanocrystalline structures of high density. The SEM
image shows a polycrystalline morphology of
nanocrystalline size with interconnected grains present on
undoped ZnO nanoparticles. In Fig. 9, b shows highly
agglomerated particles with a size of 400-500 nm for ZnO
samples doped with 5 % Cd. It should be noted that the
samples look like particles oriented in different directions.
In Fig. 9, ¢ shows highly agglomerated quasi-spherical
particles with a size of 600-700 nm for a ZnO sample
doped with 10 % Cd. Some of them connected together to
form secondary particles derived from tiny particles with
a high surface tendency to cluster. It is obvious that the
crystallite size gradually increases with increasing Cd
doping. The full array of one crystal structure is in the
range of 2 um [42].

Quite the opposite result, in contrast to those shown
in Fig. 8 [42] demonstrated the samples synthesized in
[35] by the SP method. The samples in this paper
demonstrated an increase in the intensity of the (002) peak
when doped with cadmium (Fig. 10). This behavior
indicates a decrease in the level of crystallinity of the
structure.

In Fig. 11 shows that the positions of the diffraction
peaks systematically shift towards smaller angles with
increasing cadmium concentration. This testifies to the
successful replacement of Zn?* by Cd?* ions.
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Fig.9. SEM photograph of nanoparticles synthesized by the method dephlegmation: a — undoped ZnO; b — ZnO
doped with 5 % Cd; ¢ — ZnO doped with 10 % Cd [42].
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10. X-ray diffraction of Zn..xCdxO thin films with different atomic fractions of doping:

a—0%; b —5%; c - 10 %; d — 20 % [35].
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Fig. 11. Shift of the (002) peak position of Zn;.,CdxO
when the level of cadmium doping changes [35].

The resulting structure was studied by SEM. The low-
magnification image shows the uniformity of the
formation of the microstructure without any holes or
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cracks. At higher magnification, it can be observed that
the film consists of densely packed and randomly arranged
lamellar structures. When adding 5 molar Cd %, the
surface is modified with grains of arbitrary shape, as
shown in Fig. 12, b. Increasing the cadmium concentration
to 10 and 20 molar % results in a thin films with a grainy
morphology. This granularity in structures can be
observed in Fig. 12, c,d . These results show that the
concentration of cadmium changes the surface
morphology of the films. The resulting structures are of
great importance due to their high specific surface area
and adsorption capacity. In general, SEM image in Fig. 12
can be called similar to the results shown in Fig. 7 [39].

2.2. Optical properties

Optical transmission spectra of Cd-doped ZnO thin
films synthesized by the sol-gel method is considered in
the article [28]. In Fig. 13 shows the transmission spectra
of samples with different molar Cd %, as well as PL
spectra.

The films are 198, 205, 180, and 140 nm thick with a
cadmium weight fraction of 0 %, 0.45 %, 0.51 %, and
0.56 %, respectively. All films demonstrate transparency
of 80-90 % in the visible and infrared regions of the
spectrum. High transparency is associated with good
structural homogeneity, crystallinity and thickness.

It was found that the transparency decreases if the



R. I. Didus, D. V. Myroniuk, L. A. Myroniuk, A. I. levtushenko

,.30_9'an

Fig. 12. SEM image of Zn1.,CdxO with different atomic fraction of doping:
a) — 0 %,; b) — 5 %; c) - 10 %; d) - 20 % [35].
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Fig. 13. Spectra of ZnO thin films with different levels of Cd doping:
a) — optical transmission spectra; b) - PL spectra [28].

annealing temperature is more than 450 °C. On the optical
transmission spectra at cadmium concentrations of 0.51 %
and 0.56 % in Fig. 13, a, an interference pattern is
observed, which is characteristic of thin films [16]. Also
at 370 nm, a sharp absorption edge is observed, which
shifts towards a higher wavelength with doping
increasing. This red shift of the absorption edge indicates
a decrease in the optical bandwidth of ZnO thin films [28].

PL excitation spectra were recorded for emission at
385 nm, equivalent to the optical transmission band of
3.22 eV of the ZnO film in this study. The corresponding
photoluminescence spectra are shown in Fig. 13, b.

A similar PL spectrum is observed when studying the
sample that was synthesized in [17] by the method of
pulsed laser deposition on a quartz substrate.

Experimental PL spectra of Zn1.4CdxO with different
concentrations of Cd are shown in Fig. 14. At Cd
x =0.074 and less, the near band edge (NBE) emission
peak shows a red shift from 381 nm to 426 nm or from
3.252 eV to 2.908 eV. When the Cd concentration is
further increased to 0.151, a very broad emission band
extending from 400 nm to 530 nm in visible range of the
PL spectra.

PL spectra of undoped and Cd-doped ZnO
nanostructures synthesized by the evaporation method
were measured and shown in Fig. 15 [44]. The curve in
Fig. 15, a with the center of the emission band at 494 nm
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and the curve in Fig. 15, b with the center at 505 nm refer
to undoped ZnO samples and ZnO-Cd in accordance.

x=0.151

x=0.024

x=0
1 i 1 n 1
400 500 600

x=0.044

PL Intensity (a.u.)

700

Wavelength (nm)
Fig. 14. PL spectra of Zn;«CdxO films with different
concentrations of Cd [17].

The green emission band around 500 nm arises as a
result of the recombination of holes with electrons
occupying a singly ionized oxygen vacancy. According to
the PL emission band on the ZnO curve, the emission band
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of ZnO nanostructures doped with cadmium has a red
shift. In opposite to [17] at [28], no emission in the 375
nm region was detected, which could be a consequence of
the high density of oxygen vacancies.
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Fig. 15. PL spectra of undoped and Cd-doped ZnO

nanostructures [44].

In Fig. 16, all samples show similar broad emission
bands with different maxima associated with exciton
recombination [29], edge emission (NBE), as well as
maxima from transitions from deep defect levels, such as
oxygen vacancy traps. The specific peak, its position and
the corresponding mechanism observed in the resulting
Zn1.xCdyxO (0 < x < 1) structure are given in table 1.
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Fig. 16. PL spectra structure of Cd1xZnxO (0 <x < 1) [45].

PL spectra of the Zn1. xCdxO structure with cadmium
content 0 < x <1, can be seen in Fig. 20. More detailed
information on PL mechanisms and peaks is given in table
1.

CdO sample has two peaks at 422 and 448 nm, which
correspond to undoped CdO. Since CdO is a direct-band
semiconductor nanomaterial, a slight shift of the exciton
emission peaks is observed when substituted with zinc. In
addition, with increasing Zn content, the emission edge by
recombination of excitons in ZnO (sample Zne2CdogO),
shifts toward shorter wavelengths. In Fig. 16, it can be
seen that the shift of the emission peak of CdO is
insignificant compared to the shift of the exciton peak of
ZnO [45].

Table 1.

Description of observed PL peaks in the structure Zni.xCdxO (0 <x < 1) [1]

Peaks of FL

Mechanism
radiation

CdO Cdo_gzno_zo Cdo,sZﬂoAO Cdo,4Zno,50

Cdo,4zno,eo Zn0O

1 - - 387 382

The edge emission of

380 378 undoped ZnO is
associated with the

recombination of excitons

2 | 422 420 419 417

The emission is associated
415 - with charge transfer in
undoped CdO

3| 448 - - -

The emission is associated
with transitions of charge
carriers from the defect
level of internodal
cadmium to the valence
band

4 - 486 486 486

The emission is associated
with the transitions of
486 486 charge carriers from the
defective level of
internodal zinc to the
valence band

5 - 520 520 520

The emission is associated
520 520 with singly ionized
oxygen vacancies (Vo)
existing in Zn;xCdxO
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In Fig. 17 shows the transmission and absorption
spectra of ZnO and ZnggCdo10 films, which were
synthesized by the spin-coating method. It can be seen that
both films have a transparency of 80-90 %. It was also
found that cadmium doping causes a slight decrease in
transmission in the visible region. ZnO-Cd film shows a
shift of the absorption edge by about 80 nm compared to
the ZnO film [30]. A similar result was obtained in [17],
where the films were synthesized by pulsed laser
deposition method.

Undoped ZnO shows absorption at 367 nm. This is
shown in Fig. 18. After adding 5 % and 10 % Cd to ZnO,
it shows a higher absorption band at 377 and 385 nm,
respectively. Undoped ZnO and ZnO doped with
cadmium have a large optical transmission window in the
region of 400-800 nm. No visible absorption band was
detected in this region. A wide transparency area is
nessessary for fabrication nanodevices and is applicable to
optoelectronics.

The energy gap width (Eg) of undoped ZnO and Cd-
doped ZnO nanoparticles is shown in Fig. 19, were
calculated according to the formula:

)

where h — Planck's constant,

100 T T T T T T T T

80

ZnO
Zn, Cd O
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40

Oy,
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j T
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0 T
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1000

¢ — speed of light,
A — wavelength.

The appropriate values of the energy gap width of
undoped ZnO and Cd-doped ZnO nanorods are shown in
Fig. 19. It can be seen that with an increasing level of
cadmium doping, the edge of the fundamental absorption
decreases. The value of Egfor undoped ZnO is 3.24 eV. It
decreases to 3.21 eV for ZnO doped with 5 % Cd and to
3.18 eV for ZnO doped with 10 % Cd. This decrease can
be explained by the large difference in E4 values for zinc
oxide and cadmium oxide [34,37,38,40].

The effect of an increased dose of doping, which was
considered in [37] on optical properties, can be seen in Fig.
20 and Fig. 21.

Optical analysis in the wavelength range of 200-800
nm at room temperature of CdO-ZnO films deposited on
a glass substrate is shown in Fig. 20, a. All films have a
high transmittance in the visible area, which decreases
with an increasing concentration of cadmium impurity.
This change was a consequence of the large gap in
electronic band structure of CdO and ZnO. The ZnO thin
film has the highest transmittance, while the minimum
transmittance was observed in the CdO film in the visible
region.

From the dependence (a4v)? to Ao for the films shown
in Fig. 20, b, received values of 2.10, 2.40, 3.01 and 3.20
eV. This sequence corresponds to thin films of CdO, No.1,
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Fig. 17. Spectra of ZnO9Cdo.10 thin films : a) — optical transmission; b) — absorption spectra [41].
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Fig. 20. Summary graphs of the optical characteristics of the obtained samples: a — optical transmission spectra;
b — dependence of (a#v)?to hv [25].

No.2 and ZnO. The width of the energy gap is inversely
proportional to the concentration of Cd in the thin film.
The electron binding energy of CdO may be responsible
for the narrowing of the bandgap because, due to the large
atomic radius, conduction electrons require less energy to
move into the valence band compared to ZnO.

PL spectra of CdO-ZnO at room temperature are
shown in Fig. 21. Wide mission peaks were observed in
the 380—440 nm region, which corresponds to excitonic
emission near the band edge. The spectrum also shows
emission in the visible region centered around 720 nm (red
light), as shown in Fig. 21. The maximum intensity of the
PL peak for red light was observed for thin film Nel with
a ratio of Zn:Cd = 3:1. This emission occurs due to the
transition of electrons from the bottom of the conduction
zone to the level of vacancies - defects in the crystal
structure of CdO and ZnO.

+ CdO
NO1 (Cd:Zn = 3:1)
N22 (Cd:Zn = 1:3)
—=— Zn0

PL Intensity (a.u.)

400 450 500 550 600 650 700 750 800 850

Wavelength (nm)
Fig.21. PL spectra of CdO-ZnO thin films [25].

It is also appropriate to consider the study optical
properties of Zn1xCdyO thin films in the article [36], in
particular to investigate the spectra of optical
transmittance and the dependence of (ahv)? to hv for the
films that were deposited by spray pyrolysis method. The
corresponding curves are shown in Fig. 22.

Comparing the graphs shown in Fig. 20, a, and Fig.
22, a, you can see the similarity of the results obtained by
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different methods and at different doping concentrations.
In addition, films synthesized by the spray pyrolysis
method show greater transparency in the ultraviolet
spectrum (Fig. 22, a, c).

Thin films were deposited by synthesized by the DC
and RF reactive magnetron co-sputtering Zn;xCdxO in the
article [30]. The peculiarity of this work is that it used two
metal targets made of undoped zinc and cadmium. 80 W
was applied to the zinc target and to modulate the molar
fraction of cadmium in the structure, the power applied to
the cadmium target was varied from 0 to 120 W. Table 2
shows the ratio of the composition of elements in
Zn1xCdxO films applied at different powers of sputtering
a cadmium target (Pcq). Using the method of energy
dispersive X-ray spectroscopy, it was found that the Cd
content increases with an increase Pcg.

As a result of increasing the proportion of cadmium in
the structure, the width of the energy gap decreases. This
is demonstrated in Fig. 23.

On the basis of all considered materials and synthesis
methods, a summary table can be compiled that will
demonstrate the effect of cadmium doping on the width of
the energy gap (Table 3).

2.3 Photocatalytic activity

Photocatalysis appears to be an interesting approach
to water purification with the possibility of using sunlight
as a sustainable and renewable energy source (Fig. 24).
This technology is based on the use of a semiconductor
that can be excited by light with an energy higher than the
band gap, inducing the formation of electron-hole pairs
that can participate in redox reactions. Nanoscale
semiconductors typically have high activity and high
degree of functionality, large specific surface area, and
size-dependent properties, which making them suitable for
water treatment applications.

In recent years, most photocatalysts have been
specifically designed for applications under sunlight, but
many researchers have focused their attention on UV-
active systems. Thus, nanoscale semiconductors sensitive
to UV and visible or sunlight should be considered.

Some publications have demonstrated a better
photoresponse for ZnO compared to TiO, for the
photocatalytic decomposition of some dyes in water [43].
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Fig. 22. Optical transmission spectra (a), dependence (a/v)?to v (b) and appearance of deposited
Zn1.xCdxO thin films (c) [35].

Table 2.
Composition of Zn;xCdxO films according to energy dispersive analysis [300mmu6ka! 3akyiagka He onpeaeseHa.]
Atomic fraction, %
Pca, W 0 Zn Cd
20 50.68 48.67 0.65
40 51.24 47.45 1.31
60 51.59 46.07 2.34
120 51.99 40.48 7.53
Table 3.
Comparative analysis of different doping concentrations and different synthesis methods [18]
Ca](c:ii?wnl]u;r:] Egggi'gll[)}othe Synthesis technique v?/? dn'c(rj],g;\r; Link
x = 0.45 atomic 3.20
x = 0.51 atomic Sol-gel method 3.19 [28]
x = 0.56 atomic 3.15
X = 16 atomic 2.75
X = 25 atomic Pulsed laser deposition 24 [17]
X = 50 atomic 2.19
x =10 atomic Sol-gel spin coating 2.66 [41]
XX: 150?10;?; Reflux method gié [42]
i ; g; xg:ﬂm:zgﬂz Sol-gel spin coating method 2;' [25]
x = 0.65 atomic 3.21
X = 31 atomic High-frequency reactive magnetron 3.16 [30]
X = 2.34 atomic sputtering 3.07
X = 7.53 atomic 2.82
xxz_foa;?on;?c Pulsed laser deposition 2%27 [19]
X = 5 atomic 3.2
x = 10 atomic Spray pyrolysis method 2.91 [35]
X = 20 atomic 2.82

Several literature studies determined the method of doping
Zn0-Cd to achieve a good photocatalytic effect. Despite
this, the properties and the mechanism behind have not
been fully explained [43]. It should be noted that the
improvement of photocatalytic efficiency is closely

related to structural properties, such as morphology,
particle size, crystal orientation, degree of crystallization
and oxygen defects, which greatly affect the activity and
stability of photocatalysts [44].

Effect of doping with Cd ions on the photocatalytic
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properties of ZnO nanoparticles obtained by the
deposition method is described in [47].
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Fig. 23. Dependences (ahv)? to hv for Zni«CdxO films at
different sputtering powers of the cadmium target [30].
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To study the photocatalytic activity of ZnO-Cd
nanostructures, the absorption spectra obtained during the
degradation of crystal violet in an aqueous solution at
ambient temperature were used (Fig. 25). The dye solution
containing photocatalyst was exposed to UV irradiation
with a 6 W mercury lamp and samples were collected at
regular intervals to determine the photocatalytic behavior.
The sample was centrifuged for 3 minutes at 2500 rpm to
separate the catalyst particles from the aqueous phase to
determine the degree of discoloration.

In Fig. 25, and in the Table 3 shows the percentage
degradation of crystal violet for undoped ZnO and Cd
doped ZnO with different molar fractions during 120 min
of illumination.

The results showed that the best dye degradation in
cadmium-doped ZnO catalysts occurs in the following
order: 0.5 mol %, 0 mol %, 2 mol %, 1.5 mol %, 1.0 mol
% cadmium doping. It can be concluded that the

=
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Fig. 24. Photocatalytic mechanism of degradation of crystal violet using ZnO - Cd nanoparticles [47].
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Fig. 25. a — diagram of photocatalytic degradation of crystal violet depending on the time of irradiation;
b — a graph of the dependence of the concentration of crystal violet at different molar ratios of ZnO doped with Cd

[47].
Table 3.
Influence of molar fraction of cadmium on photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %
Cd=0% 56.88 73.57 85.17 92.47
Molar fraction Cd=0.5% 66.14 75.87 90.4 92.13
of Cd. mol % Cd=1% 36.88 63.85 73.94 79.08
' Cd=15% 5.82 62.0 71.0 81.0
Cd=2% 42.56 60.91 77.24 86.23
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implantation of 0.5 mol % cadmium improves the
photocatalytic activity of ZnO in the crystal violet due to
the increased charge separation potential. Excessive
inclusion of Cd leads to an increase in the rate of
recombination of electrons and holes, which leads to a loss
of photocatalytic activity. The authors of the article [47]
suggested that this may be due to the presence of cadmium
nanoparticles in the volume of zinc. The presence of a Cd
impurity of more than 0.5 molar % in the photocatalyst
leads to a decrease in the efficiency of the photocatalyst.
Undoped and cadmium doped ZnO samples were able
to degrade the crystal violet dye, as seen by the decrease
in concentration, which indicated that the chromophoric
groups of the dye were converted to intermediate products.
Fig. 25, b shows that more than 80 % of the dye
decomposes within 120 minutes in ZnO-Cd nanoparticles.
The results in Fig. 26, and showed that nanoparticles
of the ZnO-Cd series can destroy approximately from 53
to 67 % of alizarin red (AR) dye during irradiation with an
ultraviolet lamp. In Fig. 26, it is shown that a significant
decomposition was observed in the ultraviolet in the
absence of a catalyst. The rate of decomposition reached
84 % in 120 minutes. These results show that a series of
Zn0O-Cd compounds can be effectively used to destroy
cationic dyes, but not anionic ones.
The work also investigated the influence of the
100

a) —a— 7n0
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catalyst dose in the range from 0.5 mg to 3.0 mg on the
decomposition of crystal violet. In the Table 4 shows the
efficiency of dye degradation. Increasing the amount of
catalyst in the range from 0.5 mg to 2.0 mg led to an
increase in photocatalytic degradation. This suggests that
the rate of degradation improves with increasing amount
of catalyst. In turn, this result can be caused by an increase
in the number of active centers on the surface of the
catalyst. Since a higher dose of catalyst blocks the rays of
the ultraviolet lamp from penetrating the solution, it also
leads to a decrease in catalytic activity.

The pH level is one of the most important factors that
can affect the process of dye degradation on the surface of
the photocatalyst. The influence of different pH values in
the range from 2 to 12 (in acidic, neutral and alkaline pH
environments) on the efficiency of dye degradation was
investigated. The obtained dependencies were presented
in the Table 5.

In an acidic environment, the degradation efficiency
of crystal violet was 90%, but in an alkaline environment
it was higher and amounted to 100 % for 12 pH (Fig. 27).
The efficiency of crystal violet decomposition was
increased from 85% at pH 8 to 100% at pH 10 in pure ZnO
solution. 100% decomposition was achieved in less than
60 min at pH 12. During the same time, 0.5 mol % Cd in
the ZnO structure allows the dye to be decomposed by
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Fig. 26. Percentage diagram of the photocatalytic decomposition of alizarin red with:
a — different concentration of the catalyst in UV; b — only in UV without catalyst [47].

Table 4.
Influence of the catalyst content on the photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %

0,5 69.2 77.6 87.2 90.4

Catalyst content, 1 66.14 75.87 90.4 92.15
mg 2 79.6 86.2 95.6 100

3 69.6 77.7 88.5 88.5

Table 5.
Influence of the acidity of the medium on photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %

2 71.28 82.12 88.26 92.15
pH level 4 48.62 73.39 83.3 93.76
6 44 80 85.13 86.23
8 59.81 85.87 88.44 94.31

10 64.4 100 100 100

12 100 100 100 100
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approximately 94 % at pH 8, 100% at pH 10 and 12 in 60
and 30 minutes respectively.

Fig. 27. Results of photodegradation of crystal violet [47].

From the Table 4 and 5 clearly show that 2 mg of the
catalyst doped with 0.5 mol % Cd at pH 10 and 12 have a
higher decomposition efficiency for 60 min and 30 min
compared to 1, 1.5 and 2 mol % Cd in the ZnO structure.

The photocatalytic activity was also studied in the
article [23]. ZnO and ZnO-Cd nanoparticles were
synthesized by the hydrothermal method.

The photocatalytic activity of hydrothermally
synthesized ZnO doped with cadmium was evaluated by
testing the degradation of rhodamine B. The diagram of
the decomposition of the ZnO-Cd photocatalyzed dye is
shown in Fig. 28. Also, for comparison, a graph of dye
decay on a sample of undoped ZnO is given. The time
diagrams demonstrate a significant enhancement of the
photocatalytic activity when ZnO is doped with cadmium
using the hydrothermal method.

=8=Zn0
=8=Cd-ZnO

[Dye] (ppm)

60 80 100

40
Time (min)

Fig. 28. Photocatalytic degradation of rhodamine B [23].

20

In Fig. 29 residual concentration of methylene blue
(MB) was obtained for all samples and compared with the
results decomposition of MB without a photocatalyst. It
was observed that the MB dye decomposed by 99% within
180 minutes using the Cdo2ZnosO sample as catalyst,
while only 28, 48, 65, 88 and 94 % of the dye decomposed
when the zinc samples were used x = 0; 0.2; 0.4; 0.6 and
1 in Cd1-xZnxO, respectively, as a catalyst under the same
experimental conditions [45].
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Fig.29. Graph of the residual concentration of methylene
blue (MB) during photocatalysis by structures with

different content of cadmium doping [45].

Conclusions

Materials based on ZnO and cadmium, are gaining
increased attention as promising photocatalytic material
and can be successfully applied for organic dyes
degradation. This review considers the influence of
cadmium doping on morphology, structure and optical
properties of ZnO obtained by various techniques. It was
discussed that Cd-doping modifies the characteristics of
ZnO and enhances its suitability for photocatalysis due to
suppressing the recombination rate of electron-hole pairs,
increasing charge separation efficiency, and improving the
production rate of hydroxyl radicals. The band
engineering of ZnO toward visible range by Cd-doping
leads to the increased ability to absorb more irradiation of
the solar spectrum. Additional research is needed to
evaluate how photocatalyst properties of Cd-doped ZnO
correlate with their optical properties. It was shown that
Cd-doped ZnO is the perspective multifunctional material
for wide-scale environmental, technological, and
biomedical applications.
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P. L. dixyce, 1. B. Muponok, JI. A. Mupontok, A. . €BTyeHko

Oco00TMBOCTI TEXHOJIOTIYHOI0 CHHTE3Y Ta BJIACTHBOCTI MaTepiaJiB HA OCHOBI
Zn0O-Cd nist poTOKATATITHYHOIO 32CTOCYBAHHS.
Orasia

Inemumym npobnem mamepianosnascmea im. M. @panyesuna HAH Yrpainu, Kuis, Ykpaina, romanik619@gmail.com

Y mpoMmy Orjsai y3araabHEHO MOTOYHHMN CTaH MaTepianmiB Ha ocHOBI ZnO-Cd s ¢oToKaTamiTHIHUX
3aCcTOCYBaHb. PO3TIsIIaroThes BiAMIOBIHI TEXHOIOTIYHI METOAU CHHTE3Y, TaKi K IMITYJIbCHE JIa3epHE OCAKCHHS,
MarHeTpOHHE PO3MIWICHHS, €IEKTPOOCAIKEHHS, 30JIb-Tellb, METAJIOOPTaHIYHE XiMiYHE OCaKEHHS 3 MapoBOi (asu,
BUNIAPOBYBAHHS, PO3MIIIOBAIBHUNA IIpOJi3, a TAaKOX OCTaHHI pO3poOKH B €QEKTHUBHIM Ta BiATBOPIOBaHIH
TEXHOJIOT1] CHHTE3y HaHO- Ta MIKPOCTPYKTYPOBAHOTO OKCHJY I[HHKY, OOTOBOPIOIOTHCS JIETOBaHI KaaMieM TBep/i
po3urHu Zn1xCdxO i poToposmamy MOJEKYJl OpraHiuHMX 3a0pyaHioBadiB. TEXHOJIOTis CHHTE3y Ta DPiBEHb
JIETYBaHHs KaJIMi€EM iCTOTHO BIUTMBAE Ha CTPYKTYPY Ta MOP(OJIOTiI0 OKCUTY IIMHKY i, SIK HACJIJIOK, HA ONTHUYHI Ta
(doTokaTaiTH4HI BIacTUBOCTI. [IOKa3HUKN TOOPOTHOCTI, TEOPETHYHI OOMEXEHHs Ta paliOHaJbHHH KOHTPOIb
KOHIICHTpAIIii JIETYyI04Y0i JOMIIIKA KaJMit0 HEOOXiqHI sl CTBOPEHHS MaTepiany 31 30aJaHCOBaHUMH ONTUYHUMH
BJIACTHBOCTAMHU Ta (HOTOKATATITHYHOI aKTUBHiCTIO. Hapemri, BaxiuBicTe neryBaHHS ZnO i30BaJ€eHTHOIO
nomimkoro Cd 3Ha4HO MOKpaIIye Horo GpoTOKATATITUYHI BIACTHBOCTI 3a PaxXyHOK 3BYXKEHHS 3a00pOHEHOI 30HH,
3HIKEHHS [IBHIKOCTI PEKOMOIHAIi eNeKTPOHHO-IIPKOBHX Map, IO MiIBUINYe e€()EeKTHBHICTH MPOCTOPOBOTO
PO3MiJICHHS 3apsiiiB, YTBOPEHHS aKTUBHUX OKCHIHHMX PAJUKANTIB i 301bIICHHS MTUTOMOT MOBEpXHi. TaKMM YHHOM,
Marepiany Ha ocHOBI ZnO-Cd € Hal0iIbII EPCIeKTUBHUMH (POTOKATATITHYHUMH MaTepiaiaMy JUIsl OpraHiYHUX
3a0pyIHIOBAYiB.

KorouoBi ci1oBa: okcu HMHKY; JIeTyBaHHS KaaMieM; MOPQOJIOTis; HAHOCTPYKTYPH; ONTHYHI BIACTHBOCTI;
(doTtokaraiis.
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Establishing the relationship between crystal structure and transport properties is an important issue that is
directly connected with the applicability of functional materials. In this work, we present the analysis of the crystal
structure, chemical bonding, and electronic and thermal transport properties of CuxMeHf3Ss (Me — Mn, Fe, Co, Ni)
compounds. The increase of weighted mobility in the Mn — Fe — Co — Ni series as well as the change of the
dominant scattering mechanism of charge carriers from scattering on point defects to the scattering on acoustic
phonons explains the best electronic transport in CuzNiHf3Ss. Moreover, bonding inhomogeneity between the
covalent 8(Co — S) and §(Hf — S) from one side, and more ionic 8(Cu — S) interactions from the other side leads to
low lattice thermal conductivity in Cu2MeHf3Ss (Me — Mn, Fe, Co, Ni) materials. The work also suggests the link
between the occupation of the octahedral 16d site and the thermoelectric performance of the investigated
thiospinels. Particularly, the best thermoelectric performance is observed in the case of the presence of two valence
electrons in the d-level of atoms in octahedral voids, which can be essential for further enhancement of the

thermoelectric performance in thiospinels.
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Introduction

Development of the new materials with ultralow
thermal conductivity for thermoelectrics and thermal
barrier coatings is among the hot topics in modern
materials science [1-4]. However, materials with low
thermal conductivity usually contain heavy and hazardous
elements [5-8], which is in contradiction with the required
low weight of thermoelectric devices [9,10] and even
more crucial for the thermal barrier coatings used for the
protection of aircraft turbines [4]. However, a lot of recent
works show that ultralow thermal conductivity can be
achieved even in materials consisting of lightweight
elements through the crystal structure complexity
engineering and chemical bonding hierarchy [3,11-15].
Among the most successful approaches for the reduction
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of lattice thermal conductivity are the phonon-liquid
electron-crystal (PLEC) concept (which is based on the
liquid-like  behavior of  superionic  conductors)
[2,12,13,16], bonding anisotropy in layered structures
[8,17,18], lattice anharmonicity induced by the lone-pair-
electrons [5,19-21] and bonding inhomogeneity [22-24].
Following the market requirements, sulfides attract more
attention recently and they are frequent objects of current
investigations [25-28].

A lot of promising environmental-friendly sulfides
with low thermal conductivity were explored recently.
Among them, special attention was devoted to the binary
copper-based sulfides CuyS [29], chalcopyrites [30,31],
ternary Cu-Sn-S semiconductors [32,33], colusites [34],
tetrahedrites [13,35], argyrodites [12,36], and some others
[37]. However, often low thermal conductivity in these
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compounds is caused by weak chemical bonding which in
turn leads to the low thermal stability of the majority of
these compounds (e.g. CuzS, Cu-rich tetrahedrites, and
argyrodites) [2]. This reason restricts the wide utilization
of such materials for energy converters and thermal barrier
coatings due to the structural degradation of the materials
at elevated temperatures [38,39]. Therefore, the effective
compromise between disturbed phonon transport and the
thermal stability of materials is still a great challenge.
Ternary and quaternary transition metal thiospinels are the
perspective materials that can effectively meet both
requirements [40,41].

The phases based on the MgAl,O4 crystal structure
type attract special attention. The structure of spinels with
the general formula AB2X4 is based on the diamond
structure. The 8a site of A atoms corresponds to the
diamond structure, B atoms occupy the 16d site, and X
atoms are in the 32e site. The unit cell of the AB2X4
structures can be expressed as AsBisXz. The cations
occupy one-eighth of the tetrahedral sites and half of the
octahedral sites. Such a structure favors the low thermal
conductivity in the Cu,MeHf;Sg materials (Me = Mn, Fe,
Co, Ni) [9]. However, the finding of the correlation
between the crystal structure and the transport properties
of the spinel structure is an important task.

Aiming to find stable materials with low thermal
conductivity, this study is dedicated to the investigation of
the relations between the crystal structure of Cu,MeHf3Ssg
and electronic and thermal transport properties. With this
goal, we performed the analysis of structural parameters,
chemical bonding, charge carrier mobility, and lattice
thermal conductivity. The effective engineering of carrier
mobility is crucial for designing electronic devices, while
low thermal conductivity is necessary for efficient energy
converters and thermal barrier coatings.

I. Experimental details

The concentration tetrahedron of the sulfide systems
Cu — Me — Hf — S (Me — Mn, Fe, Co, Ni) is presented in
Fig. 1.

Fig. 1. Quaternary diagram Cu — Me — Hf — S and the
quasi-ternary section Cu,S — MeS — HfS; (Me — Mn. Fe,
Co, Ni).

The quaternary sulfides Cu,MeHf3Sg are formed in the
quasi-ternary systems Cu,S — MeS — HfS; that are one of
the possible sections of the concentration tetrahedron. The
CupMeHf;Sg  sulfides can be obtained by various
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techniques:

a) synthesis from the elementary substances Cu, Mn,
Fe, Co, Ni, Hf and S;

b) interaction of the binary sulfides Cu,S, MeS (Me —
Mn, Fe, Co, Ni) and HfS; taken in the ratio of 1:1:3;

¢) the CuMnHf;Sg and CupFeHf3Sg sulfides can be
synthesized from the Cu;MeS; (Me — Mn, Fe) and HfS;
sulfides taken in the ratio of 1:3.

In the present work, we obtained the samples for
investigation from high-purity elements. The total mass of
a sample was 3g. Co-melting of the elements was held in
evacuated ampoules (residual pressure 1072 Pa) in an MP-
30 programmable electric muffle furnace in two stages.
The first stage was heating to 1423 K (heating rate
12 K/h); exposure to 1423 K for 4 h; cooling to room
temperature (cooling rate 12 K/h). At the second stage to
obtain homogeneous samples, pre-synthesized ingots
were ground into powder and pressed into tablets. These
were again placed in evacuated containers, reheated to
773 K at the rate of 12 K/h, annealed at this temperature
for 500 h, and quenched into room-temperature water
(without depressurizing the containers).

Phase identification was performed with a BRUKER
D8 Advance X-ray diffractometer using CuKa-radiation
(A=1.5418 A, A26 =0.005° 26 range 10 — 120°) with
Bragg-Brentano geometry. Rietveld refinement of the
crystal structure was performed in the WinCSD program
package [42]. Visualization of the crystal structure utilized
VESTA program [43].

Quantum chemical (QC) calculations were performed
using the Firefly QC program package [44], which is
based on the GAMESS (US) source code [45]. The
calculations were performed based on the hybrid
functional B3LYP that used the Becke GGA functional for
the exchange energy, and the Lee-Yang-Parr GGA
functional for the correlation energy [46,47]. For the
calculations, we employed lattice parameters, symmetry
information, and atomic coordinates obtained during the
crystal structure refinement of the Cu,CoHf3Sg and using
literature data for CuCo,Ss and CuHf,S4 compounds. The
basis sets for the self-consistent calculations can be
obtained from the authors. The analysis of the chemical
bonding for the investigated materials was performed by
the electron localization function. For this purpose, the
electron localization function (ELF) maps were calculated
and visualized using the specialized module implemented
in ChemCraft [48] and Vesta [43] software.

I1. Results and discussion

2.1. Chemical bonding analysis in the Cu2MeHf3Sg
(Me — Mn, Fe, Co, Ni) sulfides

Multicomponent chalcogenides are interesting objects
from the point of view of the nature of chemical bonding.
To a large extent, the nature of the bond is determined by
the features of the crystal structure. It is known that the
spinel structure can be represented as a stacking of face-
centered unit cells in which sulfur atoms form a three-
layer closest packing of the ABCABC type (Fig. 2).
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Fig. 2. Closest-packed structure of Cu,MeHf3Sg (Me—Mn,
Fe, Co, Ni) compounds.

To consider the nature of chemical bonding in the
CuMeHf;Sg (Me — Mn, Fe, Co, Ni) structure, we
employed the data on atomic and ionic radii (Table 1).
From the results of the calculation of experimental
diffraction patterns, it can be seen that the Cu — S bond has
mostly covalent component, with the bond ionicity
increasing in the Mn — Fe — Co — Ni series of the
CupMeHfsSg  compounds. The opposite situation is
observed for the Hf — S bonds where the covalent

component increases in this series. For the Me — S bond,
the ionicity fraction increases in the Mn — Fe — Co —
Ni series. Considering the above analysis, an important
role in the structure plays the Me metal atoms, which cause
the strengthening of the ionic component. If we consider
the formation of these phases from the point of view of a
three-component system, it is appropriate to compare the
values of interatomic distances (Table 2) of the
experimentally obtained starting phases Cu.S, HfS;, MnS,
FeS, CoS, and NiS (Table 3). Hence, in binary
compounds, the covalent component prevails.

The crystal structure of the quaternary phases
Cu,MeHf3;Sg (Me — Mn, Fe, Co, Ni) has cubic symmetry.
The calculated and experimental diffractograms of the
compounds are presented in Fig.3. Having the crystal
structure with high symmetry of the structural elements, it
is simplier to find the relationship between crystal
structure and properties because each elements (atomic
site, plane etc.) is responsible for appropriate properties

The lattice parameter a changes substantially in the
Mn—Fe transition. The stable d°-state in which all
electrons of the d-sublevel are valence electrons
transforms to dS-state with 4 valence electrons with
subsequent reduction of valence electrons (Co—d’, Ni—d®).
Thus, Ni atoms have only two valence electrons. Hf atoms
also have a d>state (two-valence electron state).

Table 1.
Data for analysis of the nature of chemical bonds
Electron Electron N
configuration of | r*cov, A | meta, A ion, A configuration r(Me) r(MeZ_X)+
- +r(S) r(s%)
atoms of ions
Cu [Ar]3d*%4s? 1.17 1.28 0.98 (Cu*h [Ar]3d*04sP 2.19 2.8
Mn [Ar]3d°4s? 1.17 1.30 0.91 (Mn*?) [Ar]3d34s? 2.19 2.73
Fe [Ar]3d®4s? 1.17 1.26 0.80 (Fe*?) [Ar]3d*4s? 2.19 2.62
Co [Ar]3d74s? 1.16 1.25 0.78 (Co*?) [Ar]3d°4s? 2.18 2.6
Ni [Ar]3d®4s? 1.15 1.24 0.74 (Ni*?) [Ar]3d®4s? 2.17 2.56
Hf [Xe]4f“5d%6s? 1.44 1.59 0.82 (Hf*) [Xe]4f145d%s? 2.46 2.64
S [Ne]3s23p* 1.02 - 1.82 (S?) [Ne]3s23p° —
*- Bokiy G. B. Kristallokhimiya. Izd. Tretye. pererabotannoye i dopolnennoye. izdalstvo «Naukay. 1971 g.. str. 400
Table 2.
Interatomic distances in the Cu,MeHf;Sg (Me — Mn, Fe, Co, Ni) structure
Bond 6(Me -X )exp, A
CuMnHf3Sg CuzFeHfsSg Cu2CoHf3Sg CuzNiHf3Sg
Cu-S 2.302 2.318 2.334 2.344
Hf - S 2.571 2.538 2.524 2.511
Mn-S 2.571
Fe-S 2.538
Co-S 2.524
Ni-S 2.511
Table 3.
Interatomic distances Me — S
Compound Bond d(Me — X)exp, A
Cu,S (Fm-3m) Cu-S 2.3155
HfS, (P6s/mmc) Hf - S 2.51278
MnS (P63/mmc) Mn—S 2.4264
FeS (P63/mmc) Fe-S 2.4529
CoS (P6s/mmc) Co-S 2.3412
NiS (P6s/mmc) Ni-S 2.3779
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Fig.3. The calculated and experimental diffractograms of
Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni) compounds.
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Accordingly, the filling of the 16d site with Hf and Ni
atoms contributes to the reduction of the thermal
conductivity of Cu,MeHf3Sg thiospinels. The change of
lattice parameters, interatomic distances, atomic
coordinates, and bond angles of the compounds are
presented in Fig.4(a)(b).

The interatomic distances d(Me/Hf — S) decrease with
the decrease of Me atomic radii, whereas the 3(Cu-S)
distance increases which indicates increasing bond
ionicity. The arrangement of atoms in this structure
indicates that the change in the 32e site coordinates should
be considered since the first coordination environment for
this site consists of (Me/Hf) and Cu atoms. The analysis of
graphical dependence (Fig. 4(b)) indicates that the 32e site
shifts in the direction of the 16d site in which the Me/Hf
statistical mixture is located. Moreover, the Cu — S —
(Me/Hf) angle decreases in the Mn — Fe — Co — Ni
series, and the decrease is almost linear. At the same time,
the value of the (Me/Hf) — S — (Me/Hf) angles increases
linearly in the Mn — Fe — Co series, stabilizing at 90° for
CUzNingSg.
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Cu,MeHf3;Sg (Me — Mn, Fe, Co, Ni).

The nature of the change in isovalent parameters of
atoms is ambiguous. This can be ascertained by analyzing
the dependence of thermal oscillations of atoms on the
qualitative composition of the studied sulfides (Fig. 5). It
can be concluded from the presented dependences that the
largest oscillations are shown by copper atoms. It is worth
noting that the respective Bis value is stabilized at 1.03 A2
in the CupNiHf3Sg structure. Expectedly, the lowest Biso
value is for heavy Hf atoms. The value of the isovalent
parameter of S atoms has a tendency to increase in the
structure of Cu,MnHf3Sg, Cu,FeHf3Ss, and Cu,CoHf3Sg
while this parameter is decreasing to 0.70 A? in the
CuzNiHfsSg structure. Clearly, copper atoms will have the
largest effect on weighted mobility.

@B -Cu
1.1 o -Hf
10| A-°
= 09 |
2
B as |
0.7 V
0.6 ] ] ] ]
Mn Fe Co Ni
Me in Cu,MeHf,Sg

Fig. 5. Dependence of isovalent atomic parameter on
composition.

The weighted mobility of state-of-the-art
thermoelectric materials decreases with temperature as
T7%2 pecause the electrons are scattered by phonons [49].
To calculate the weighted mobility for Cu,MeHf3Sg
samples, we used numerical data of temperature-
dependent Seebeck coefficient and electrical conductivity
from our previous work [9]. The change of weighted
mobility of the Cu,MeHf3Sg phases (Fig. 6(a)) shows that
the increase of mobility with temperature indicates, that
the carrier scattering on defects (ionized impurities or
grain boundaries) is dominating [49]. The low mobility
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Fig.6. The properties of Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni): a) weighted mobility, b) thermal conductivity, and (c)
the composition and thermal conductivity at 300, 400, 500, and 600 K.

below room temperature could be a sign of grain boundary
scattering. However, in contrast with Cu;MeHf;Sg (Me —
Mn, Fe, Co) phases, CuzNiHfsSg shows decreasing
tendency of weighted mobility above 400 K, suggesting
that electrons are mainly scattered by phonons as in the
state-of-the-art thermoelectric materials [50]. Such a
tendency of weighted mobility together with its highest
values in the series indicates the best electronic transport
in CuaNiHf;Ss.

Fig. 6(b) shows the lattice thermal conductivity (kiat )
of the studied Cu,MeHfsSg samples after sintering. All
specimens possess very low thermal conductivities, in the
range of 0.7-1.2 W m™ K at 300 K, decreasing to 0.4—
0.7 W m~ K- at 673 K which are among the lowest values
observed in spinel-type materials. Fig. 6(c) shows the
compositional dependence of lattice thermal conductivity
at selected temperatures for Cu,MeHf3Sg. The values of
Kiardecrease in series Mn — Fe — Co and slightly increase
for the Ni-contained sample.

Interestingly, such a compositional dependence of
lattice thermal conductivity reflects well the deviations in
bond angles and atomic coordinates from its ideal values,
asitis shown in Fig. 4(b). This observation suggests a very
strong interconnection between the crystal structure
distortion and lattice thermal conductivity in the
investigated materials. For the deeper analysis of
electronic and thermal transport in Cu,MeHf3;Sg materials
and their structural origin, we performed the analysis of
chemical bonding between atoms in studied thiospinels.

We decided to start the analysis of chemical bonding
from the ternary thiospinels CuCo0,S4 and CuHf;S.. In the
CuCo,S, structure, the overlapping of electron clouds
between Cu-S atoms is weaker than for Co-S, suggesting
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a more covalent nature of Co-S bonds. However, in the
case of CuHf,Ss, the overlapping of electron clouds
between different cations and anions is very similar,
suggesting small bonding inhomogeneity. To understand
the chemical bonding environment in Cu,MeHf3Sg (Me —
Mn, Fe, Co, Ni), we calculated the electron localization
function (ELF). The visualized 3D maps of the ELF sliced
on the planes [1 0 1] and [1 0 -1] are shown in Fig. 7.

In order to calculate the electron localization function
(ELF) maps for disordered Cu,CoHf3Sg with the statistical
occupation of the 16d site by Co/Hf, we created a
structural model with a random distribution of Co and Hf
over this site.

This analysis indicates that the electron clouds of Co
and Hf atoms strongly overlap with chalcogen atoms
highlighting the existence of strong covalent bonding
between d(Co — S) and d(Hf — S). In this pair of bonds,
3(Co — S) shows slightly stronger overlapping of electron
clouds than 8(Hf — S) in Cu,CoHfsSs. The overlapping of
electron clouds between §(Co — S) and 8(Hf — S) is much
stronger in Cu,CoHf3Sg compared to CuCozS4 [51] and
CuHf,Ss (Fig. 6 a-c). On the other hand, the weaker
overlapping of electron clouds between Cu and S atoms
reveals a more ionic nature of chemical bonding between
them. Such bonding inhomogeneity between the covalent
3(Co—S) and d(Hf-S) from one side, and more ionic
3(Cu—S) interactions leads to low lattice thermal
conductivity in Cu,MeHfsSg (Me — Mn, Fe, Co, Ni)
materials.

Moreover, even if the bonding inhomogeneity is
present in the CuCo,S4 structure, this material shows quite
high values of sound velocity (vi=4377m s%
vi= 2367 m st) which leads also to relatively high lattice
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Fig.6. Bonding analysis in Cu,CoHf3Sg (a), CuCo2S4 (b), and CuHf,S4 (c) by means of electron localization function
(ELF) with isosurface value of 0.02 e bohr sliced on the planes [1 0 1] and [1 0 -1], respectively.

thermal conductivity in this material (ranging from
1.48 W miK? at 323 K to 0.57 W m'K'* at 723 K) [51].
Interestingly, strong bonding inhomogeneity observed in
Cu,CoHf3Sg leads to the lowering of its sound velocity
(vi= 4072 m s%, vy = 2172 m s1) as was hypothesized by
Grin [22], this fact causes a significant lowering of lattice
thermal conductivity in the material (ranging from
0.78 W mK at 298 K to 0.50 W mK at 673 K). This
work confirms that bonding inhomogeneity can be
effectively used to disturb thermal transport in functional
materials.

Conclusions

The analysis of the crystal structure of Cu,MeHf3Sg
(Me —Mn, Fe, Co, Ni) sulfides indicates that if the 16d site
in spinel structures is occupied by a d-element, then the
number of electrons in the d-sublevel is important.
Additionally, the formation of a statistical mixture in this
site has an important effect on the electronic properties.
Specifically, it was established that the best electronic
transport is observed in the presence of the same two
valence d electrons in both [1Ni:3Hf] atoms. Moreover,
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random occupation of the 16d site by Me/Hf atoms in
Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni) leads to a strong
bonding inhomogeneity and one of the lowest lattice
thermal conductivity in materials with spinel structure
type. The best thermoelectric performance of Cu,NiHf3Sg
can be explained by its highest weighted mobility
described by electron scattering on phonons and the low
lattice thermal conductivity due to strong bonding
inhomogeneity.
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Omnexcanap CumiTiox!, Okcana Copoka?, Oner Mapuyk?

BruinB KpUCTAJIYHOI CTPYKTYPH TA XiMIYHHUX 3B’A3KIB HA eJIEKTPOHHI Ta
Tem10Bi BaacruBocti y mmineasax CuMeHf;Sg (Me — Mn, Fe, Co, Ni)

YDaxynomem ximii, exonozii ma papmayii, Boruncoruii nayionansuuii ynieepcumem imeni Jleci Yipainxu, m. JIyyok, Yepaina,

Smitiukh.Oleksandr@vnu.edu.ua
2Jgano-DpanxiecoKuii HayioHanbHuil Meouunuii yuisepcumem, leano-Dpanxiscok, Ypaina

BcTaHOBIIEHHST B3a€MO3B’SI3KIB MK KPHCTAIIYHOIO CTPYKTYPOIO Ta TPAaHCHOPTHUMH BIACTHBOCTSAMH €
B)XJIMBOIO MPOOJIEMOI0, IO Oe3MocepeHbO OB’ s3aHa i3 3aCTOCYBaHHAM (YHKIIOHAIBHUX MarepiaiiB. Y wii
poOOTi HAMK TPEACTaBICHO aHAJI3 KPHCTANIYHOI CTPYKTYpPH, XIMIiYHHX 3B’S3KiB, CNEKTPOHHHX Ta TEIUIOBHX
TpaHCIOPTHUX BiaactuBocteit cronyk CuzMeHfsSs (Me — Mn, Fe, Co, Ni). 36i1bIeHHs pyxanBoOCTi HOCIIB 3apsiay
B pany Mn — Fe — Co — Ni, a Takox 3MiHa JOMiHYIOUOr0 MEXaHi3My pO3CitOBaHHs HOCIiB 3apsiy Bin
POCitOBaHHA Ha TOYKOBHX JAe(pEeKTaX 10 PO3CIIOBaHHA Ha aKyCTHYHHX (DOHOHAX MOSICHIOE HalKpamuil pyx
enektpoHiB y cronyi CuzNiHf3Ss. Okpim 11p0ro, HEOAHOPIAHICT 3B’s13KiB MiK KoBaneHTHUM st 8(Co —S) i
8(Hf—S) 3 omuoro Goky Ta Oimbmr ioHHEM st 3(Cu—S) 3 iHOIOT CTOPOHM NPU3BOANTH O HHU3BKOI
TeronposinHocTi B Matepianax CuzMeHf3Ss (Me —Mn, Fe, Co, Ni). Y po6oTi Takox IPONOHYETHCS OTIISIX 3B’ A3KY
Mix 3aiiHaATICTIO OKTepryHOi 16d TICT i TepMOENeKTPHYHHME MTapaMeTpaMu JOCIIKeHHX Tiomimineneil. BapTo
3a3HAYNTH, 10 HAWKpalll TepMOENEKTPUYHI MapaMETPH CIIOCTEPIraloThCs y TOMY BUIAIKy, KOJH B CyMIIIi
MIPUCYTHI /IBa BAICHTHUX €JIEKTPOHH Ha O-TiApiBHI aTOMIB, 10 3adMAIOTh OKTASIPUYHI MO3HIIil, 10 MOXe OyTH
BaXITMBHUM JIJISI TOJABIINX JTOCTIKEHB 3 METOIO TIOKPAIIEHHs TEPMOCIEKTPUIHUX TIapaMeTpiB TiOIIiHeeH.

KiouoBi cioBa: HEOTHOPIMHICT 3B’SI3KiB;, KpUCTANidYHAa CTPYKTYpa, PYXJUBICTH HOCIIB 3apsmy;
TEIJIONPOBIIHICTh; TETPapHi Cybdiny.
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Introduction

Recently, iron (Fe) and its oxides (FesO4 and Fe;O3)
have attracted the field of research due to their potential
applications [1-10]. The most stable known Fe state due to
having lower Gibbs free energy and wide spread oxide
phase of iron is a-Fe;O3. They have been employed in
technology due to their non-toxicity and low cost as the
members of catalysis, magnetic storage, anticorrosive
agents and gas sensors. The crystal structure of a-Fe;Os is
rhombohedral or hexagonal with the space group R3c or
D®34 [11]. The magnetic state of bulk a-Fe,Os particles is
“canted antiferromagnetic (weak ferromagnetism)”
between 263 K and Neel temperature (~ 950 K) [12,13]. It
is because of their unique structural property of hematite
that the rhombohedral (1 1 1) planes form the layers of
Fe®* ions (T = 950 K to 260 K). These planes are separated
by layers of oxygen (O?") ions. The spins of Fe®* ions
remained parallel in any (1 1 1) plane, i.e., ferromagnet,
but adjacent planes are antiparallel, i.e., antiferromagnet.
The canting between (111) plane produces
uncompensated magnetic moments of Fe3* spins between
adjacent planes. Thus a weak ferromagnetism (or canted
antiferromagnetism) is observed in hematite. The spin
moments are completely turned perpendicular to the
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(1 1 1) plane below a typical temperature Tm ~ 260 K,
known as Morin temperature, and a-Fe;Os; becomes a
normal antiferromagnet [12,13]. This transition is a first
order magnetic phase transition, which is dependent upon
strain, particle size, crystallite, change at lattice
parameters, and particle shape. Compared with bulk a-
Fe,Os, the effects of lattice expansion, strain, defects,
unpaired spins and broken symmetries have a grounded
new magnetic behavior in nano sized a-Fe;Os. In this
paper, we present the synthesis along with the magnetic,
ac conductivity and dielectric properties of hematite
nanocrystallites.

I. Experimental Details

Fe,O3 nanoparticles were synthesized by co-
precipitation method. The metal nitrate
Fe(NQOs)s 0.02 mole were added into 100 ml distilled
water. A water solution of sodium hydroxide 50 ml with
molarity 2 M were slowly added into the iron solution
above. Precipitate is formed immediately. The precipitate
was washed thoroughly with distilled water then filtered
and dried at 80°C for overnight. After drying, the
hydroxed precipitate flakes were ground into powder. This
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powder was segregated into different parts and heated for
3 h at different temperatures ranging from 550°C to
1000°C in air. The ramping rate was set 2°C/min. and the
cooling rate was 5°C/min. After above procedure, the
powders were pressed into pellets (10 mm diameter and
1~2 mm thickness) and annealed at the corresponding
temperatures. These pellet samples were polished to
produce a flat uniform surface and electrode with silver
paint, then applied an AC voltage source for dielectric
measurement.

I1. Results and discussions

The a-Fe;O3 samples were prepared by co-
precipitation method, and annealed in five different
annealing temperatures Ta (550, 650, 750, 900, and
1000°C). The obtained nanocrystallites are of
Rhombohedral structure with space group R3-c [11]. X-
ray diffraction pattern of the different annealing
temperatures Ta (550, 650, 750, 900, and 1000°C) samples
are shown in Fig. 1 and no impurity being revealed. All
the obtained samples are revealed Rhombohedral structure
with space group R3-c [11]. The refined lattice constants
are decreasing slightly from a=5.028A, and
c=13.744 A for Ta=550°C to
a=5.024 A, c=13.713 A for Ta = 1000°C as shown in
Table I. The average crystallite sizes (determined from the
XRD peak width employing the Scherrer relation) were
found to be ~ 33 nm to ~ 110 nm with increasing annealing
temperature from 550°C to 1000°C, which is indicated in
Fig 1.
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Fig. 1. X-ray diffraction pattern of the a-Fe;O3

nanocrystallites with different annealing temperatures and
corresponding crystallite sizes.

Figure 2 shows the typical SEM micrographs for
a-Fe,0; particles prepared at different Ta’s (a) 550°C and
(b) 1000°C. The particle size and the morphology changes
with Ta were observed. These microstructures were
strongly influenced by Ta for all the particles.

The temperature dependence of magnetization of

Table 1.
The lattice constants of a-Fe;Osnanocrystallites
Ta =550°C Ta=650°C Ta=750°C Ta=900°C Ta=1000°C
d=33nm d=48nm d=65nm d=90nm d =110 nm
a=5.028 A a=5.027 A a=5.027A a=5.024 A a=5.024 A
b=5.028 A b=5.027 A b =5.027A b=5.024 A b=5.024 A
c=13.744 A c=13.726 A c=13.721 A c=13.714 A c=13.713 A
V=347.459 A3 V=346.866 A3 V =346.739 A® V = 346.149 A® V =346.124 A®

i e i4
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Fig. 2. SEM photos of thea-Fe O3 samples of (a) 33 nm and (b) 110 nm.
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a-Fe,0s with different Ta’s was depicted in Fig. 3. It
revealed a magnetic transition around 265 K, named
Morin transition for higher crystallites size of 110 nm
(Figure 3a) whereas this transition is decreased with
decrease in crystallites size for 33 nm particles the
transition is at 252 K as shown in Fig. 3(b) [12,13].
Moreover, the magnetization value has increased with
increase in crystallite size as observed in these
nanocrystallites, which is related to quantum effects like
surface effects.

(a) d= 110 nm
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Fig. 3. Temperature dependent magnetization of

o-Fe203(a) 110 nm and (b) 33 nm size crystallites.
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Fig. 4. ¢'-T and tand-T relation of all nanocrsytallites of
o-Fe;O3 at 1.5 kHz frequency.

Figure 4(a) shows the temperature dependent
dielectric permittivity £(T) at 1.5 kHz frequency for
a-Fe;03 with all crystallites sizes. £(T) curves indicate
that the & value increases with increasing crystallite size,
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which indicates the enhanced grain boundary. The
imaginary part of dielectric loss tan&(T) as a function of
temperature at 1.5 kHz frequency for a-Fe;O; with all
crystallites sizes as depicted in Fig. 4(b).

Figure 5(a) shows the temperature dependent
dielectric permittivity at different fixed frequencies for
a- Fe,O3 with crystallites size of 33 nm. Below 250 K,
£(T) is independent of temperature and frequency,
indicates intrinsic static dielectric constant value of
gs~ 7.1. Above 250 K, small increase in £'(T) is observed.
Figure 4(b) shows the data of loss tangent (tand) as a
function of temperature with selected test frequencies for
33 nm size crystallites of a-Fe,Os. The tand(T) curves also
exhibit similar behavior like &(T) curves and absence of
peak below measured temperature range.
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Fig. 5. &"-T and tand-T relation of 33 nm nanocrystallites
of a-Fe,0s3,

Figure 6 shows the temperature dependent dielectric
permittivity at different fixed frequencies for a-Fe;O3 with
crystallite size of 110 nm. Below 250 K, &(T) is
independent of temperature and frequency and a small
increase of intrinsic static dielectric constant value were
observed of es ~ 19. Above 250 K, small increase in £'(T)
is observed. Figure 6 shows the data of loss tangent (tand)
as a function of temperature with selected test frequencies
for 110 nm size crystallites of a-Fe»Os. The tand(T) curves
show a dielectric relaxation, where the step like increase
in &(T) curves. The relaxation is shifted to higher
frequency with increasing temperature.

Increase in & of all samples rapidly with temperature
at low frequencies could be either due to interfacial
polarization or due to the accumulation of charged species
at grain boundaries or dipolar polarizations which are
strongly temperature dependent. The dispersion occurring
in lower frequency regime may be attributed to interfacial
polarization due to the charge accumulated at grain
boundaries. The other reasons for dispersion may be due
to space charge polarization, Maxwell Wagner, long range
structural order and defect relaxations. The shifting of step
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like dispersion to higher frequency region in the real part
of the complex dielectric constant indicates that Maxwell
Wagner relaxation mechanism was responsible for
dispersive and large dielectric constant at low frequencies
[14]. The dielectric behavior of such a material consists of
a conducting or (semiconducting) grain separated by a
more insulating grain boundary. The permittivity
dispersion is insignificant at higher frequencies because
atomic, electronic and molecular polarizations are
responsible for high frequency permittivity which is
independent of measured frequency range. The increase of
£ with the rise in temperature over the entire frequency
range could be attributed related to the thermally activated
process like charge carrier transportation.
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Fig. 6. ¢-T and tand-T relation of 110 nm nanocrystallites
of o-Fey0s.

The AC conductivity ocac as a function of test
frequency f for different temperatures are shown in Figure
7 for a-Fe;O3 with crystallite size of (a) 33 nm and (b)
110 nm. The oac(f)curves show different behavior in two
ranges in all crystallite sizes. First, there is a strong rise at
low frequencies. This is the grain-boundary blocking
effect. Secondly, the conductivity does not increase as
rapidly at high frequency. It is the bulk conductivity
relaxation in which we are primarily interested. The cac
in the high frequency range can be described by “universal
dielectric response” (UDR) [15]

Oac = Opc + 0of* 1)
Where opc is the dc bulk conductivity, g, is a constant, f
is the rest frequency, and the exponent s is smaller than 1.
Equation (1) is a common feature for all amorphous
semiconductors and some other disordered systems. It is
typical of thermal assisted tunneling between localized
states.
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Fig. 7. Arrhenius plots for the observed relaxations of
a-Fe203 of 110 nm size crystallites.
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temperature of a-Fe;Oznanocrystallites (a) 110 nm and (b)
33 nm.

1NV

Conclusion

We report synthesis along with magnetic, ac
conductivity and dielectric properties of hematite
nanoparticles. As prepared Fe,Os crystallizes in corundum
structure which belongs to the rhombohedron system
(space group R3-c). The magnetization data shows a
typical Morin transition, Ty = 265 K for 110 nm
crystallites, whereas this transition is decreasing with
decreasing crystallite size, Ty = 252 K for 33 nm. The
value of magnetization is increased with increasing
crystallite size. The enhanced dielectric permittivity was
observed in higher hematite crystallite size. The overall
dielectric response has revealed conduction mechanism is
due to the extrinsic contribution from the dominant
Maxwell-Wagner polarization.
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H.b. I'atuyakasna,P.C. 1. Jakypy

CuHTe3, MArHITHI, IPOBIAHICTH 3MiHHOI0 CTPYMY Ta JieJJeKTPUYHI

BJIACTHUBOCTI Ta XapaKTCePUCTHKHU HaHOKpI/ICTaJIiTiB reMaTurty

Ximinuuti paxynomem, Yuieepcumemy Kpiwnu, Mavininamuam 521004, Anoxpa-Ilpadew, Indis,; dachuru@gmail.com

VY crarTi HaBeIeHO iH(OPMAIIiIO PO CHHTE3 Ta MarHiTHI BIACTHBOCTI, MPOBIIHICTE 3MIHHOTO CTPYyMY, a TAKOXK
JlieIeKTPHYHI BIACTHBOCTI HAHOKPHUCTAIITIB reMatuty. OtpuMannii Fe2O3 kpucTamizyeTsest B CTPYKTYpi KOPYHAY,
10 HAJIEXKHUTH JI0 CUCTEMH pOMOOE/IPIB 13 MPOCTOPOBOIO rpymoro R3-C. JlaHi HAMAarHiYeHOCTI MMOKa3ylOTh TUIIOBUI
niepexig Mopina, Tn = 265 K urst kpucraniTis 110 HM, TOAI K LIeH Tepexi] SMEHITY€ETHCS 31 3MEHIIIEHHSIM PO3MIpy
kpuctanity, Tn=252K mns 33 um. BenuunHa HamarHiueHocTi 30UTbLIyeThCs 31 30UIBLICHHAM pPO3Mipy
kpuctaiiTis. [TinBuIIeH] AieNeKTpUIHA NPOHUKHICTB i IPOBIIHICT 3MiHHOTO CTPYMY CIOCTEpIiTrallics y KpUCTaIIiB
reMaTuTy OIIBIIKMX PO3MipiB. 3aranbHa JieleKTpHYHA BiAMOBIAb MOKa3aja, 1[0 MeXaHi3M IIPOBiTHOCTI 3yMOBIEHHI
30BHIIIHIM BHECKOM JOMiHYIOUOi nossipu3anii Makcseiia-Baruepa.

KuwouoBi cioBa: Hanokpucramu rematuty; Touku Cole-Cole; mienexktpuuni BracTHBOCTI; 3MiHHA
MIPOBIIHICTB; IMITEIaHC.
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Beryn

OTpyMaHHsS 3aXUCHUX TOBEPXOHb € OJHIEI0 i3
KIIOYOBUX 3a/a4 Ui 3a0e3MeYeHHS Oe3MeKH 5K
JIIOZICKKOTO 370pOB'sI, Tak i TexHiuHux cucreM. Cepen
0araTbOX ICHYIOUMX TIAXOIIB 1O BHpIMICHHS Ii€i
mpoOmeMu Il MeTajiiB, MOXHa BUOpatH 0OpOOKy
MTOBEPXHi OTNIPOMIHEHHSIM. Hatimommpenimumu
migxomamu €: (i) mazepHa 0o0poOka, (ii) ONMPOMiIHEHHS
ronamu, (ili) o0OpoOKa ENEKTPOHHUMH ITyYKaMHU.
AKTyanbHHM HaNpPsSIMKOM JIOCTIKEHb € OTpUMaHHS
3MIIIHEHUX MOBEPXOHb METAICBUX IUIACTHH LUIXOM IX
OTPOMIHEHHS CHJIBHOCTPYMOBHUMH PEISATHBICTCHKIMH
enekrponnumu  nyukamu  (CPEII). PenstuBicTchka
EHEepris eNeKTPOHIB 3abe3neuye OiIbIn rIIMOOKUN BIJIUB
Ha marepian (100 mxm mpu 0,3-0,5 MeB mis serkux
METaliB), a BUCOKA CHJIa CTPYMY CTBOPIOE €KCTpEeMajbHi
o00'emHO-TepMoMexaHiuHi ymoBHu [1,2]. Lsg TexHOMOTISA
Moxe OyTH e(eKTHMBHUM IHCTpYMEHTOM Moauikarii
MTOBEPXHI METAaJIIB IUTS HaJaHHA MOTPiOHIX
BIIACTUBOCTEH: MIKpOTBEpOCTI, CTiliKoCTI il
3HOIIYBAaHHS, CTIHKOCTI 10 Kopo3ii Tomo. Kpim Toro, BoHa
MoOXe OyTH TO€lHaHa 3 JOJATKOBUMH TEXHOJIOTIIMH,
TaKUMH SK €JIEKTPOepOo3iiiHe meperiaBieHHs, o0
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MTOKPAIIUTH BIACTHBOCTI MOBEpXHi [3].

VY toit xe dvac Bimomo [2, 4], mo CPEII-06po6ka
MeTaJliB Ma€ HEOJHOPITHUHA BIUTMB Ha METalu uepe3 il
panianiiiHi, TeMneparypHi Ta yJ1apHO-XBHIILOBI eeKTH. Y
OMY BHIIAJKY, TTHONHA MOTM(IKOBAHOTO IIapy 3HAYHO
MIEPEBHIIYE CEPEIHIO JOBXUHY IPOOIry eNeKTpOHIB Y
Marepiaii. TakuM YHHOM, MIKPOCTPYKTYpa pa3oM 3 TAKUM
MIOKa3HUKOM SIK MIKpOTBEPIICTh, 3HAYHO 3MIHIOIOTHCS
BIIPOJIOBXK TIMOMHM BIuMBY. [lepenbauaerbes, 110
HOBOYTBOpPEHI 30HW HEOJTHOPIAHOT MIKpOCTPYKTYpPH Ha
MMOBEPXHI MOXKYTh 3HU3HMTH BIUIMB 30BHIIIHIX YHHHHUKIB.
Takoxx Busasneno, mo mnomepeaas CPEII-o6po6ka
AMOMIHIEBUX  CIUIaBiB  NPHU3BOAUTH JIO  3HAYHOTO
MTOKPAIICHHS CyepIiacTuaHo1 aedopmartii [5]. Posmomin
IITFHOCTI AUCIIOKAITii B 00'eMi OITPOMIHEHOTO MaTepiary
Ta IXHBOT MPOCTOPOBOi  OpieHTalil 3MIHIOIOTHCS
HenepenOagyBaHo. Posrmsmatounm mepermik egekTiB, mo
BHUHHKAIOTh TIiJl YaC ONPOMIHEHHS METaleBUX IUIACTHH 3a
noriomoroto CPEIT 3 Touky 30py MOKIUBOCTI OTpUMaHHS
yIapoCTIHKUX MartepialliB, MOXXKHa CKa3aTH, IO BOHHU
MPEACTABISIOTh TEXHOJIOTIYHI TMEPCHEeKTUBU. 3axHucHa
BIIACTHBICTh MaTepially 3aJIe)KHTh Bil WOTO 3IaTHOCTI
NEPETBOPIOBATH KIHETHMYHY EHEprilo 00'ekTa ynapy Ha
BIIACHY BHYTPIIIHIO €HEPTil0, a TaKoXX Ha EHEeprilo
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BIIacHUX JedopMaliii y BCiX HampsMKaX, 32 BHHITKOM
HATIPSIMKY, B SIKOMY PO3TAIIOBaHUI 3aXHUIICHUN O00'€KT.
Ilporo MOXHa JOCSTTH, CTBOPHUBIIM aHI30TPOMII0 B
MIKPOCTPYKTYpPi TBEpIOTO MaTepially 3 BHKOPHCTAHHIM
CPEIL

OCKiTbKM MH MaeMO CHpaBy 3 HEOIHOPIAHUM
po3moaioM BJIACTUBOCTEN 00'exTa, MOXHa
BUKOPHCTOBYBaTH amapaT (pakTaJbHOTO aHali3y sK
MaKpOCKOIIYHHNA IHCTPYMEHT JJisi OIIHKA BIUTUBY
onpominenns: CPEIL, nocinimkyroun 31aMu OPOMIHEHHX
MaTepialliB Ta €TaJIOHHOTO Marepiamy. @OpaxTambHUA
aHali3  MOXKE  HagaTh  KUIBKICHI  JIECKpUITOPH
(XapakTepUCTUKH U OMHCY) AOCHIIKYBAaHHUX 00'€KTIB.
BimHocHa 3MiHa [HMX JECKPHUITOPIB HACHpPaBIl €
pe3ysibTaToM 3MIHM MIKPOCTPYKTYpP Ta BIQIOBIIHHX
MeXaHi3MIB  pydHyBaHHA. OgHMM 3  3araJbHHUX
JIECKPHUIITOPIB (pakTainiB € (pakraibHa po3MipHicTs D.
Bona ommcye 3MiHM CKITagHOCTI MOBEpPXHi, IO
BUBYAETHCS. UMM CKJIajHilIa TOBEpXHS (HaIpHKIAL,
IIOPCTKICTh, BHIUMI 00 €KTH), THUM CKJIQJHIIIUM €
posnonin ¢pakransHOi po3mipHocTi [6]. OnHak, ciin
MaTH Ha yBasi, mo 3MmiHd D HacmpaBmi MOXYTh HE
MPU3BOIUTH ab0 HE KOPENMOBAaTH 31 3MiHAMH IIE€BHUX
MEXaHIYHUX BJIACTUBOCTEH, 1 HaBmaku. Lle mosicHIoeTbCS
THUM, III0 METOJIH, 10 BUKOPUCTOBYIOTHCS IS PO3PaxXyHKY
D, Moxyrp OyTH HEUYDIMBUMH [0 BKA3aHHMX 3MiH.
Hampukman, TBepaicTh MOXe 3MIHIOBATHCS, TOMI SIK
¢pakTanbHa  PO3MIPHICTH  3alMIIAETBCS  Maibke
HE3MIHHOIO.

Jns pocnmimkeHHsT BHOpanu 2 alOMIHIEBI CIUIaBU:
craB AMro6 cucremu Al-Mg ta 16 cucremu Al-Cu-Mg.
i crTaBu MIMPOKO BHKOPHCTOBYIOTHCS B aBiaKOCMIYHIH
rajgy3i Ta s BHPOOHMITBA CIELIaIbHUX JIETKHX
TpaHCIOPTHUX 3aco0iB. Haiior HayKoBOIO TpyIo BiKe
MIPOBOAMIINCS. JIOCHIDKEHHS IIMX CIUIABIB, PE3yJbTaTH
SIKMX ITPEJICTaBIIeH] B [ 7], TOMY BOHH MiIXOASTh JUIS LILOTO
OKPEMOTO JOCIIDKEHHS 00 BUBUYECHHS iX PO3JIOMIB 3
BUKOPHCTaHHSM anapary (pakTajibHOTO aHali3Yy.

|I. Marepianu i meToam

Jisi  TOTOYHOrOo  JOCHI/DKEHHS ~ BUKOPHCTAaHO
amominiesi crumasu J{16 (91,9% Al; 4,8% Cu; 1,5% Mg;
0,8% Mn; nmomimku Fe ta Si g0 0,5%, Bar.%) ta AMr6
(92,197% Al, 0,1% Cu; 6% Mg; 0,6% Mn; 0,4% Fe; 0,4%
Si; 0,2% Zn ; 0,1% Ti; 0,003% Be, Bar.%), siK y
MoTnepeIHbOMY JOCHipKeHH] [7]. 3pa3ku omnmpoMiHEeHHX
MaTepialliB MiATOTOBICHO Y BHIJISAMI, MPHIATHOMY IUISA
HaCTYMHHUX MEXaHIYHUX AedopMaLliil y pi3HUX pexKuMax.

OnpoMiHEHHS TNPOBOAMIIOCS HA  IMITYJIBCHOMY
enekTpoHHOMY npuckoproBaui TEMP-A HHI[ XTI [1]
i3 ctpymoM — 2 KA, eHepriero enexktponie 0,3 MeB Ta
TPUBATICTIO IMOYIbCY Omm3pko 5 MKc. OmnpoMiHEHHS
3IIIHCHEHO Y BaKyyMi.

Jnsg marotoBku 3paskiB 1o ¢pakrorpadidHoro
aHaJi3y, 3pa3KH 3JaMaHo NpU KIMHATHIA TeMmeparypi, a
37aMH  JOCTIDKEHO 3 BHKOPHCTAHHSIM CKaHYIOYOTO
enekrpoHHoro Mikpockoma (CEM) JEOL JSM-840.

®pakranpHUR XapakTep 300paxkens 3mamiB y CEM
BHBUCHO 3a METOJOJIOTi€r0, ommcaHor B [8]. 3wmiHa
IHTEHCHBHOCTI B  300paXEHHSX MIKPOCTPYKTYp Y
BiOTIHKax ciporo KOJIBODY, € CKIIaJTHOIO
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XapaKTEPUCTHUKOIO, KA 3aJICKHUTH Bill IIOPCTKOCTI 371amy,
CTPYKTYpH  3€peH Ta  TapaMeTpiB  CKaHyBaHHS
MIKpDOCKOMY, TakuX SK IMiJACBIYyBaHHS (CHUTHaN) Ta
¢okycyBaHHS.  SIKIIO  TPHUIYCTHTH, IO  YMOBH
300paKeHHS  MIKpOCKONa €  ONTUMAaJIbHUMH, TO
(bpakranbHUi aHani3 MoxkHa posecty it CEM 3HIMKIB,
00 onMcaTH MIKpPOCTPYKTYpH 00'€KTIB.

AHani3 (QpaxtanbHOI PO3MIPHOCTI NPOBEAEHO 3a
JIOTIOMOTOI0 BHYTPIITHBO PO3POOJIEHOTO MPOrPaMHOTO
naxkery, Ha ocHoBl Merony Kiapka — meTony noBepxHi
TpukyTHOi mpm3mu (MITTII) ta moxigaux meronis [9, 10].
VY3araneHeno, Knapk posmmpus miaxin ManaensOpora
Ha miomuHHy citky. MIITII mo3Bonsie po3paxoByBaTH
(pakTanbHy PO3MIPHICTE IUPPOBOi MOBEPXHI MUITXOM

moOyIOBH  BIPTyaJbHHX MpPU3M Ha IIOBEPXHI 3
BUKOPHCTAaHHAM 3HA4YCHb ITIKCENiB y BIATIHKax Ciporo.
[Tnoma moBepxHi A  TNOKPUBAETbCA  TPUKYTHUMHU

MpU3MaMHy Ha KBAIPATHOMY BiKHi 3 KpokoM d. [ToTim s
KiTbKOX 3HaueHb 0 Ha 10g-l0g mxaini Oynyerses perpecis
A-0 MeTonOM HaHMCHIIMX KBaIpaTiB dYepe3 OTpHUMaHi
TOYKM AaHux [11]:

A(8) = N(8)62 = K& 1)
(2)

©)

Log(A) =K + (2 — D)Log(5)
2-B

ne N(d) — KinbKicTh 3pobieHnx KpokiB, K — KoHCTaHTa,
D — ¢pakranbHa po3mipHICTb, a f — HaXuI JiHIT perpecii.
Skmo waxun il 10g(D)-log(d) mopiBHioe Hymio0, TO D
HaONMMKAETBCS 10 TEOPETUYHOTO 3HadeHHs 2. [Hakmie
KaXydd, 300paKeHHS Y BIATIHKAaxX CIpOTo KOJIBOPY
PO3MIIAAETHCS SIK MAaTPHILS 3 IEBHAM PO3MIPOM ITIKCEIiB
XXy, a  IHTeHCHMBHICTh  300paxeHHs  (1..256)
PO3IISIIAETHCS K BUCOTA. TaKuM YHHOM, MOYKHA IOKPUTH
300pa)KeHHs] BIPTyaJlbHUMHM NpU3MaMU 1 po3paxyBaTu
KapTH (hpaKTaIbHUX PO3MIPHOCTEH, SIK OMMHUCAHO BHIIIE.

BimnoBimgauii mporpaMHUE  MakeT — PO3POOIICHO
panime ©Ha Pascal/Delphi [12]. [ns po3paxyHKiB y
TENEePINHBOMY TocTimkeHHi Buopano MIITII meron Ha
KBaJIpaTHUX BiKHaX BUOIpku po3mipom 4x4 mikceniB 3
kpokoM 1 mikcens. aHi A-0 oOunciieHO 30UTHITYIOUH
Ppo3Mip Kpoky o Bin 1 10 4 mikceniB. 3a TOYKY MOYATKY IS
mpm3Mu 3 | TmikceleM B3ATO BEpXHIA JIBHH KyT
300paxkeHHsl. BuOip Takoi TOYKM IMMOYAaTKy Mae Majui
€(eKT CIIOTBOPEHHSI, OCKUIbKU PO3PaxXyHOK BUKOHYBABCSI
3 KpokoM | mikcens B HampsiMkax X Ta Y. HactymHum
eTanoM Oyno oOYMCIIeHHs Haxwily JiHii perpecii. Manuit
po3Mip BiKHAa MIHIMI3yBaB pPO3MHTTS Ta 3T KyBaHHS
00’exTiB. Bigomo, mo MIITII Meron HeIOOLIHIOE YH
CIOTBOPIOE (PpakTaibHy po3MipHIcT D, ToMy poBeaeHo
BIIIOBiHI TECTH Ui BCTAHOBJCHHS TakWX c(EeKTiB.
Hazaran, 1iiMoBipHi mepeoimiHku ab0  HETOOIIHKH
(¢pakTanbHOT PO3MIPHOCTI MEHII BaXKIHBI, OCKUIBKH
(dpakTadbHUIl aHaNi3 HAaMH BHUKOPHCTOBYETHCS  JUIS
MTOPIBHSHHS 3pa3KiB, a y BHIAAKY HAralbHOCTI KOPEKIii
Ha HEJOOLIHKY, PpEKOMEHIYEThCSI 3BEpHYTHCSA 1O
nociimkenHs B [13].

Mlono  mommiok  oOumcieHHs  (pakTagbHOT
PO3MIPHOCTI, iX MOXHA OI[HUTH O0E3MOCEePEaHBO 3
obuncienp, aje 1 poOUTh OOYMCIEHHS  OUIbII
CKJIaIHUMH, 1 BaK4e OCMHUCIMTH (I3UYHUI 3MICT
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HOMHJIOK. HaToMicTh, pPEKOMEHAOBAaHO HPOBOIHUTH
peanbHI TECTH Ha 300paXCHHSX, KOJHM (paKTalbHUH
po3Mip HaONMKAEeThCs 70 TIEBHOTO TEOPETUYHOTO
OYIKYBaHOTO 3HAYCHHA. ABTOPH 00palli OCTaHHIHN MiAXiJI.

HeoOxinni Biyaunizarii Ta 00poOka JaHNX BUKOHAHO
y Python 3, Brutouno 3 6ibmiorexoro plotly v5.11. Kon
nporpam HamucaHo B Jupyter notebooks, mo crpusio
PO3po0IIi 3aBASKH 3pydHOMY iHTEpdelcy Ta MOKpaIeHii
criBIpar(i Mi>k BUKOHABIISIMH.

Il. O6roBopenns

Ilepen amamizamMu peanbHHX 3pa3KiB, IPOBEIEHO
TecTn (pakTaibHUX oOuncieHb. Ockilbku 00'€ekTamu
MaHuX s aHamizy Oymm 3o00paxenHs CEM, Oymo
HEOOXiTHO BCTAHOBHTH SK AQITOPUTM  OOYHCIIOE
¢dpakranbHui po3mip D mis AesSAKUX THIOBHX BHUITAIKIB.
Hanpuknan, Ha Puc. la nmoka3aHo TecToBuil 3pa3ok 1,
skuii € BupizaHuM I1MatkoM CEM-3HiMKa BiTHOCHO
piBHOT TIOBEpXHI 371aMy, Ta 3pa30K 2, SKHH TaKoX €
gactuHOr0 ~ CEM-3HIMKa, ajie  HCUITKOK  4epes
nedokycyBaHHs. 3pa3ok 1 ¢akTmgHO OyB B3ATHHA 3
Puc. 26, a 3pasok 2 - 3 Puc.2a. Mami, oOuucieHo
¢bpakTa’gbHI KapTH Ticias pO3paxyHKy (pakTalbHUX
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PO3MIpiB i 00paHUX TECTOBUX 300paxkeHb. OCKUIbKU
BIiKHO BHOIPKH CTaHOBHIIO 4x4 MiKCeNiB, peaqbHNI edherT
3IJIa/DKYBaHHS He OYB BEITMKHM MOPIBHSHO 3 BUITAJAKaMH
3 BEJINKAMU BikHamu BHOipku, Hanpukian, 10x10. Ognak,
OCKUIBKM QJITOPUTM KOB3ae 1o aBox BuMipax CEM-
300pakeHHs ITpu 00poOIIi rpajaiiii ciporo, BigOyBaeTbes
Jiesike po3MUTTA. EQekT po3MHUTTS MOMITHMH Ha YiTKUX
Mexax. Hanpuxian, Ha 3pa3ky 1, ne mpucytHiid Oinmid
(oH gepe3 00pi3Ky, MeXa PO3ZMHUBAETHCS HA (BPAKTATBHIN
kapti. ToMy Ba»JIMBO MaTH 300paX€HHS 3 BHCOKOIO
PO3AUTHHOIO 3IATHICTIO Ta MIHIMI3yBaTH PO3MIp BiKHA
BUOIPKH, KOJIM € MoTpeda JOCIIPKYBaTH Maili 00 €KTH 3
OUIBIIOI0 TOYHICTIO.

[Ticns  po3paxyHKy (pakTaIbHHX KapT, MOXXHA
noOyayBaTH po3noiil  (pakTaJbHUX  PO3MIPHOCTEH
BimHOCHO KinmbKoCTi mikceniB. Taki GppakTambHi po3moaim
npeacraBneHi Ha Puc. 16. Bonu HopmamizoBaHi Ha
MaKCHMaJlbHE 3HAYCHHS YaCTOTH IKCENIB Yy KOXHOMY
PO3MOIiN, a/pKe IIe CIPOIIYE MOPIBHSIHHSA MK 3pa3KaMHu.
Po3mip Kpoky ycepemHEeHHs [Uisi CIEKTpIiB (ppakTanibHOT
po3MipHOCTi Ut Beix po3nozinis craHoBuTh 0,01. 'octpa
BepunHa ipu D ~ 2 yist 3paska 1 Bigmosinae 6inomy GpoHy
o0pizaHoro 300pakeHHS. BiacHe 1e minTBepIKye, IO
TUTOCKA ABOBHMIpHA MOBEPXHS HE MOBUHHA MATH JKOIHUX
ocobnmBocTel Ta 00’ €kTiB. Koy IHTEHCHBHICTD MIKCENIB

Puc. 1. Tectn na gacrurnax CEM suimkiB (a) 1 ix Bimmosigui (6) po3moainn HOpMaTi30BaHOT 9aCTOTH OGUHCIICHUX
(bpakranbaux po3mipHocreit, ne (1) — TectoBuit 3paszok 1, (2) — recroBuii 3pa3ok 2.
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Puc. 2. ®pakrorpamu 3mamis crutaBy AMr6. (a) onpomineHuit matepian, mpuoBepxHeBa o6nacts, (6)
€TAJIOHHUI MaTepiaa B LIEHTPaIbHIA YaCTHHI 3pa3Ka.
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MOYMHAE 3MIHIOBAaTHCH, TO D 3poctae. ITnocka moBepxHs
3maMy 3paska 1 mae npyry Bepmmny ipu D ~ 2,37. 3pazok
2 Mae HIMPOKY BEpIIMHY NHpu 2,46, 110 XapakTepU3ye
OUIbII XAaOTHYHMI 00'ekT. BwusgBuaoch, 110 MeETOX
YYTJIMBHUH JIO HEBEIMKHX BIAXHMJICHb IHTEHCHBHOCTI abo
mymiB, sik ovikyBajock [10]. CEM 3HIMKM 3 OinbLIMM
BKJIaJIOM LIYMY, MaTUMYTh IIMPUTY BepmnHy npu D ~ 2.5,
Baunmo, 1m0 po3paxoBaHe 3HAYCHHS 3 BepiuuHON D~2
HaONMMKAETBCSL IO TEOPETUYHOTO 3HAueHHs mpu D-~2.
[MoxuOKy po3paxyHKy MO’KHA OLIIHUTH SIK IOBHY IIUPUHY
Ha TIOJIOBHHI MaKCUMyMY, sIKa CTaHOBHMIIA Om3pKo ~ 0,01
(IpoTe IS BOTO TECTY PO3MIp KPOKY yCEpeIHEHHS ISt
po3noziny ¢pakranpHoi po3mipHOcTi craHoBuB 0,002).
BigHocHa mnoxmOka BCIX pPO3PaxyHKIB (DpaKTanmbHUX
PO3MIpHOCTEH y IbOMY IocimkeHHi ctanoButh ~ 0,01,

[Tin gac oGumcmenHs D, Qaxktuyni 3HAYCHHS HE
00MEXYIOThCSI MAaKCUMAaJIbHUM TEOPETHYHUM 3HAUCHHSIM
3 Ta MiHIMaJIEHUM 3Ha4eHHSM 2. AnroputM Kiapka mosxe
HE BPaxOBYBATH HAJIGKHUM YMHOM (DaKTHUYHY ITOBEPXHIO
3 BIPTyalbHHMH IpPU3MaMH, IO CHPHYMHIE MOMMJIKH.
Tomy 3HaueHHS MOXYTh OYTH TPIIIKH MEHLIMMH, HIX 2,
200 OUTBIIUMH, HDK 3 JIsI ICKUTBKOX TOUOK Ha BEIUKOMY
CEM 3HiMKy. 3 TakuMH NPHUITYIICHHSIMH, TETIEp MOXHA
MIEPEHTH JI0 aHaNI3y peaNbHUX (ppaKkTorpam.

Ha Puc. 2 moka3zano ¢pakrorpamy cmiaBy AMr6.
3niBa Ha Puc. 28, moBepxHs MillleHI IeperiaBieHa
IIy9KOM, IO XapaKTePHU3YETHCS 3€pHAMH BHIOBXCHUMH
NepHeHANKYISIpHO 10 moBepxHi.  lle  Tumosa

y (px)

x (px)

PEKpHCTATI30BaHa MIKPOCTPYKTYpa 30Hu Tieperuiay (3I1)
yepes HaMpaBJIcHY KpHCTali3amiro. ToBmuHa
peKpucTani3oBaHoi 30HU csira€ ~ 100 MKM B emilleHTPi
ONpOMiHEHHA. XOYa ITy4OK pO3IUIABIAE [0 TIMOMHH
npubmuzno 500-600 mMkwMm, Oilblia YacTHHA MaTepiaiy
BTpPayaeThCs yepe3 allsALilo B HABKOJIUIITHE CEPEIOBUIIIE.
Butsarayri 3epHa MaioTh TOBHIMHY ~ [-5 MKM i
MPOCTATAIOThCS 4epe3 BCIO PEKPHCTAN30BaHy 30HY.
CropaBa Ha Puc.2a, yrBopumace rpyda rinoOynsipHa
MikpocTpykrypa. Lle 30Ha TeroBoro BILIMBY i yAapHO-
XBHJIBOBOTO BILMBY ITy4ka (3TB). MikpoTBepamicTs Takoi
omnpomiHeHoi ob6nacti Ha 20% BHIIAa TOpIBHSIHO 3
HEOTIPOMIHEHNM MaTaiioM, SK 3a3HadueHo B [7]. Kpim
e(eKTIB peKpucTaiizalii, yTBOPEHHS XBHJIb CTHCKAHHS-
po3Try B 00'eMi MIllICHI CIPHUSIE 3MiHI MIKPOCTPYKTYPH,
sIK 11e Oyno o6roBopeHo B [14]. Mexanism pytinyBaras 311
€ KPUXKUM, 3 YITKUMUA MDKKPUCTAIITHUMHU TPILIMHAMH 1
Mk 3I1 ta 3TB. B ocraHHROMY BHIAIKY 3'SBIISIOTHCA
TPIIUHY, MATBEP/DKYIOYM TIOTaHy aJare3iro  MDK
pexpucranizoBanum nrapom ta 3TB, Puc. 2a.

Ha puc. 26, mokasaHo (¢parMeHT NEHTPaIbHOL
yacTUHM Iu1acTuHU. Ha 1ro yactuny He BrunHyino CPEII
OTNPOMIHEHHS 1 BOHAa € ETAJIOHHHM MaTepialoM.
Eranonnnii crutaB AMro6 mae (haceTKkoBY MiKPOCTPYKTYPY
po3mipom 2-8 MKM. MexaHi3M pyHHYBaHHS Mae
NepeBaKHO  IUIACTHYHUI  XapakTep 3 €JIEeMEHTaMu
KPUXKOTO pyHHYBaHHA. € 0araTo TOHKHX HE3aJEeKHHUX
SIMOK JllaMeTPOM ~2 MKM, PIBHOMIPDHO PO3IOAUIEHUX Ha

y (px)

y (Px)

Puc. 3. O6uncieni ¢ppakranphi posmiprocti CEM 3HiMKiB s crutaey AMr6: (2) onpominenuit Marepiai, (0)
eTAIIOHHUI HeompoMiHeHui MaTepian. [Tasitpa kKombopiB Wi PpakTanbHOi po3mipHocTi D BKiIrOYeHa B () A71st
HArSIHOCTI. (B) MOKa3ye PO3IO/IiT HOPMAaTi30BaHOo1 4acToTH B: 1) 30Hi mmeperuiaBy, 2) 30Hi TEMIOBOTO BIUIUBY, 3)
HEONPOMIHEHOTO eTaNoHYy. (T) 300paskeHo BindiapTpoBaHy KapTy (hpakTaibHUX po3MipHocTeit ot (0), ae D < 2.2.
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noBepxHi 3namy. Ha Mexax ¢aceTok HasiBHa TBepja (aza
y BHUIUIAAI JpiOHUX dYacTHHOK po3mipoM 0,5-3 MKM.
IMpunyckaerses, mo ne AloMgs, (Fe, Mn)Als, Mg2Si, six
3HaieHo B [15].

3aranom, CPEIl omnpomiHeHHsS TpHU3BENO  JIO
(opMyBaHHS TOHKOTO KPHXKOTO IOBEPXHEBOTO Ilapy
peKpHCTalli30BaHOr0 MaTepiany. MexaHiuHi BIacTUBOCTI
B 3I1 moripimincs B CeHC1 3aXxucHOTO Mapy. Bigomo, 1o
00poOka wmarepianiB meromom CPEIl mpuzBoauThs 10
YTBOPEHHS 3aIMIIKOBUX KOMIIPECIHHUX HAIpPyXeHb, SIKi
HACTIpaBAi 3yMOBIIOIOTH TIpITy aAre3il0 pO3IUIABICHOT
30HM Marepiajlly 10 OCHOBHOTO Marepiany. HanpyskeHHs
nocararoTh npuommzao 80-150 MIla [16].

Kaprin ¢pakransaoi posmipHocti uwactun CEM
3HIMKIB 110 Ha Puc. 2, HaBeneni Ha Puc. 3a-0. ['panaris
KOJBOPiB € OIHAKOBOIO I 000X 300pakeHb, TOMY
onyieHa Ha Puc. 30. SIk Oaunmo, ppakTanbHUA aHATI3 €
NOTY)KHHM I1HCTPYMEHTOM JUIS BHSBICHHS KpaioBHX
00’exTiB. BiH 4iTKO BUALISE IPpaHMIII 3€pEH Ta TPILIMH, K
TEeMHI pucd Ha cipomy ¢oHi. HopmanizoBaHi 4acTOTHI
pO3MONIIM  TOKa3aJld  piBHULIIO Yy  (pakTalbHii
poamipHocti st 31, 3TB Ta eramonHHoro marepiany.
BusiBrinocsi, mo aceTkoBa MIKPOCTPYKTYpa €TaJOHHOTO
MaTepiay Ma€ OUTbIINN BHECOK KPalOBHX O0’€KTIB UM
TpaHUIlb, IO MPU3BOAUTH 10 3MimeHHs D B Oik MeHIIHX
3HaueHb. 30HA MepersiaBy Mae HaiOUIbIINIA BHECOK
(OHOBOrO  IIyMy, OCKUIBKM BOHa Ma€  MEHIIe
ocoOmuBOCTel 1 00’€KTIB MOPIBHIHO 3 IHITUMH 30HAMH,
[0 BIA3HAYWIIOCH HA Tl MiKy, IUAPHHI 1 ‘“XBOCTax”

po3noainy. 3TB 3 (haceTKoBO-TII00YIISPHOIO
MIKpPOCTPYKTYPOIO Mae MIPOMDKHUH PO3IIOALT
(dpakTaJbHUX PO3MIPHOCTEH uepe3 CBOIO MPUPOAY
¢dopmyBanHs. 106 mpomeMoOHCTpYBaTH PI3HUIIO MK
(OHOBMM [IYMOM Ta Kpa€BHMH OCOOJIMBOCTSMH, Ha
Puc. 3r mokaszaHo BindinbTpoBaHi AaHi 300paXKeHHS MpH
D<2,2. 3naiineno BigminHOCTI Mix poramu (D>2,2) mns
BCIX 30H, ajie Hapa3i HEsCHO, SIKUM € peaJbHUI BIUIMB
ymoB CEM ckaHyBaHHS Ta (aKTHYHOI MIKPOCTPYKTYPH,
10 BUMara€ NoAaiblInX JOCIIHKEHb.

JocnimkeHHs pyHHYBaHHS aJIOMIHIEBOTO CILIaBY
J16 O0ymu posmouari paHime Hamow Tpynow [7]. Sk
BUAHO 3 Puc. 4a, pyliHyBaHHS OIPOMIHEHOI YaCTHHH
MIIIEHI  CYNpPOBOMKYBAJIOCS  BHIUIGHHSAM  €HEprii
BHYTPIIIHBOTO  HANpYXEHHS, [0 MPOsBISUIOCS B
nedopmanii Ha Me3omacmtabHOMYy piBHI. ETamoHHMiA
Marepias TnpencraBineHuid Ha Puc. 40, pyiiHyBaHHS
MPOXOJWJIO B MEPEBAKHO KPUXKOMY pPEXHMi, 3
MDK3€pEHHHM pyHHYBaHHSAM 1 JpIOHUMH SIMKaMH.
OnpoMiHeHHU#l Martepian XapakTepU3yeThCsl ILIACTHYHUM
MEXaHI3MOM pYHHYBaHHS B 30HI TEPMIYHOI'O BIUIUBY, III0
CYNPOBOJKYETBCSI BEJIMKUMH TIHOOKUMH SIMKaMu Ta
PO3pUBHUMH TpeOHSMH. 3 TOUYKH 30pY HOTJIMHAHHA
eHeprii 30BHINIHBOTO yJapy, OINpPOMIHEHWH MaTepiai
Moke OyTH KpamuM sIK 3aXHCHHH map. AHami3
¢pakranpHOi  po3mipHocTi (Puc. 5) BusBUB 3cyB
pO3MOALTy 10 HWXKYMX 3HadeHb D, K 3 TOUKH 30py
MTOJIOXKEHHS TIKY, Tak 1 “xBocta” 3 BummM D. 3HmKeHHS
y po3moauti (pakTagbHOi PO3MIPHOCTI B OCHOBHOMY

Puc. 4. ®pakrorpamu crutay J116: a) ormpomineHa 061acTh B 30HI TEIUIOBOTO BIUIUBY, 0) HEOMPOMIHEHHI
eTaJOHHUI MaTepial.

Puc. 5. Po3mioin HOpMaTi3oBaHHX 4acTOT 00UMcIIeHnX GpakTaabHux po3mipaocteii CEM sHiMkiB crutay J116: 1)
OIMpOMiHEeHHiT MaTepian B 30Hi TEINIOBOTO BILTUBY, 2) HEOTIPOMIiHEHH €TaIOHHUI MaTepia.
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BiOYyBa€ThCS 32 PaxyHOK 3MIHHM peXUMY PyHHYBaHHS i,
TaKAM YHHOM, Y IPUCYTHOCTI OLTBIIOT KLTEKOCTI TPaHUITh
YM IHIIUX KpaoBuX 00’ ekTiB. Ha OCHOBI pe3ynbTaTiB Jist
cmaBy AMr6 i crutaBy /{16, BusiBWIIOCS, IO YHM
KPHXKIII aTFOMIHI€B1 CIIJIaBH, TUM BHIIWI BHECOK LITYMY,
a (¢pakrorpamMu i3 pO3MOIUIOM, IO HAOIMKAETHCS 0

D~2, BIIHOCSTHCS hi(o) OUIBII IUIACTHYHOT
MIKpPOCTPYKTYpH.

[IponoHyeThCS PO3MUPHUTH HENIHIHHICTH TMTOBEIIHKH
MEXaHIYHHX  BJIACTUBOCTEH  allfOMIHIEBUX  CIUIaBiB

BpPaxOBYIOUH (DpaKTaIbHY PO3MIPHICTH MIKPOCTPYKTYpPH,
TOOTO iX 37maMiB. Y TakOMy BHIAJKY, MMOBEHIHKA MOXKE
BigmoBigatu MonudikoBaHoMmy piBHAHHIO Xoia-Ilerua,
sik orrcano Tian Ta iH. B [17]:

k

r2a-2

o= g(l + (4)
ne F e mpukiageHor0 CHiioi0 10 KPUCTAIIYHOTO 00 €KTa 3
nepepizom miomero A, K - koHcTaHTa, ' € po3MipoMm
KPHUCTAIITIB 91 3€peH, 1 a € (PpaKTaIbHOI PO3MIpPHICTIO.
PiBHSIHHS [TEpPETBOPIOETHCS Ha KITACHYHE MPaBHIIO X0JuIa-
Iletua mpu 0=5/4. Hasaran, MoOKHa TPHITYCTHTH, IO
(pakTanpHa pO3MIPHICTE BIUTUBAE HA JIOKATBHI MEXaHIUH1
BJIACTHBOCTI, 1 0yJI0 6 KOPUCHO NPOBECTH BUIIPOOYBaHHS
Ha po3Tar, abo TecTH MIKO- YW HaHO-TBEPAOCTI Yy
MalOyTEHROMY ISl IIATBEPXKCHHS I[i€i 3aJIe)KHOCTI.
Takox, OimbII TPYHTOBHE PO3YMIHHS (PaKTATBHUX
JIECKPHUIITOPIB  371aMiB 1 MIKPOCTPYKTYpH, MOXe
MOKpAIUTH TPOTHO3YBaHHS pYHHYBaHHS Marepialis.
OpHak HE3po3yMiNlo, SIK oOuMcieHi (pakTalbHI KapTh
MOXXYTh OyTH BUKOPHCTaH1 00 3HAUYCHHS MOXXYTh MiCTUTH
BEJIMKi BHECKH IIIyMY, XaOTHYHI 3MIHH YMOB CKaHYyBaHHS
CEM. I\/JIMOBipHI/IM MOKPAIICHHSIM €  BHIUICHHS
KOMIIOHEHT 3 (paKkTaibHUX pO3MOALIB sk Ha Puc. 3:
1rym/(poH Ik HOpMaIBHUH po3moii 3 mikom D~2.4-2.5, i
BHECKOM IHIIUX 00’€KTiB 3 mikamu 011t D~2-2.3. Hamoro
TPYNOIO 3aIUIAHOBAHO MPOBENICHHS OLIBIIE JOCTIKEHb B
it oGacTi.

[MotenmiitHi obmacti 3acTocyBaHHS (PAKTAITBHOTO
aHaJi3y 300paXKeHb MIKPOCTPYKTYPH MOKHA PO3LIMPUTH
Ha OUIBII TPOCTI NHWUTaHHS, OCKUTBKMA I TOJETIIYE
BUSIBJIIGHHST ~ TpaHMIb ~ MEX 3€peH  Ta  IHIIHNX
BHCOKOKOHTPACTHUX XapaKTePUCTHK 00 €KTiIB.
Hanpuknan, aBTOMaTtu3oBaHWK aHaii3 MIKpPOCTPYKTYpH
MOXXe OyTH peali3oBaHHM y IOEAHAHHI 3 IHIIUMH
MeTomamu. Takuii MiaXin HanacTh NeTalbHY iHPOPMAIito
po MeXaHI3MHU pyHHYyBaHHS, MOPIBHSHHS
MIKPOCTPYKTYP, KUTBKICHHH OTHC MIKPOCTPYKTYP.

BucHnoBkun

Mopundikanis MOBEpXOHb ANIOMIHIEBHX CILIaBiB
HUIIXOM O0OpOOKM 3a JOTOMOTOI0 CHIIBHOCTPYMOBOTO
PEIATHBICTCHKOTO  €IEKTPOHHOTO  ITy4Ka, 3MiHHJIA
MIPUPOLY MIKPOCTPYKTYPH iX IPHIIOBEPXHEBOTO 00’ €My.
CPEII-06po0xka crmmaBy AMr6 cripudiHAIA OKPUXICHHS
NeperiaBieHol 30HM. 30HAa TEIUIOBOTO BIUIMBY Y
Marepiamax TakoX HaOyna  CyTT€EBHX 3MiH B
MikpocTpykTypi. Ll 30Ha y cmmai JI16 crama Oumbmn
IUTACTUYHOIO Y TOPIBHSHHI 3 €TAJIOHHUM MaTepialloM.
OpakTanpHUI aHaJi3 MOKa3aB YiTKi BIIMIHHOCTI CINIaBiB
no Ta micns mogudikanii y TepmiHax QpaxranbHOT
po3mipricti CEM 3HIMKIB MOBEepXOHb 37aMiB. Bimbmr
IUTAaCTUYHI 30HM 3pa3KiB MaJld BaroMillMid BHECOK
(bpakTa’abHOI pO3MIPHOCTI OJIM3BKO 10 2, MOPIBHSHO 3
OUThII KPUXKUMH MIKPOCTPYKTypaMmu. lle MOosCHIOEThCS
BEJIMKOIO KUIBKICTIO KpaloBHX OO’€KTIB 1 IpaHHULb Y
NEepIIOMY BUITAJIKY.

Hoasika
Hocniooicenns, npeocmaenene 6 yil cmammi,
sukoHano 3a inancogoi niompumxu Jlepocasnoi

010021cemnoi npoepamu Yxpainu «Iliompumka po3eumxy
npiopumemHux — HAnPSIMi6  HAYKOGUX  OOCHIONCEHb»
(610021cemnuii ko0 6541230).

Moneyp C.€. — KaHI. T€XH. HAyK, CTapUIMi HayKOBUM
cHiBpOOITHUK, [HCTUTYT eneKTpodi3uKH 1 pamiaiiHux
TeXHoJIOTii HarioHanpHO1 akajgemii Hayk YKpaiHu;
Jlumeunenxo B.B. — NOKTOp TEXH. HayK., TUPEKTOpP,
[HCTHTYT enexTpodiBUKK 1 pamiamifHAX TEXHOJOTIH
HamionansHoi akanemii Hayk Ykpainu;

Cmapuee 0.A. — xaHA. Oi3.-MaT. HAyK, MOJIOAIIAN
HayKOBHMH cHIBpOOITHHK, [HCTHUTYT enekTpodiBukH i
pamianiiiaux TexHosoriii HarioHanpHOl akajgemii Hayk
VYkpainy;

Jlonin FO.®. — noKTOp TEXH. HAayK., HAYAJILHUK BIIILTY,
HHII  XapkiBchbkuX  (DiI3UKO-TEXHIYHHX  IHCTHTYT
HarionansHoi akazeMii Hayk YKpaiHu;

Ilonomapvoe A.I'. — kaHza. (i3.-MaT. HayK, HaYaJIBHUK
naboparopii, NSC HHII XapkiBcbKkux (hi3UKO-TEXHIYHUX
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The aluminum alloys D16 and AMg6 were irradiated using the high-current relativistic electron beam in
vacuum. Intense electron irradiation of the materials modified their physical properties. The fractal character of the
fracture surfaces’ images was studied. The change of the fractality is a distinguished descriptor of the materials
modification. The characteristic ductile and brittle fractures are accompanied with the change of the fractal
dimension.
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The E. coli inactivation using hydrogen peroxide (H202) and cobalt ferrite granulated catalyst was investigated
in a fixed-bed flow reactor. The CoFe204 catalyst was synthesized by the co-precipitation method, granulated, and
annealed at 1150°C. X-ray diffraction analysis was used to identify the crystal structure of the catalyst. CoFe204
catalyst demonstrates good catalytic activity for bacteria inactivation in the presence of H202. An increase in the
hydrogen peroxide concentration increases the inactivation efficiency. The reactor demonstrates the E. coli
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of 6:10% CFU/L. The water disinfection using a fixed-bed reactor demonstrates the broad prospects for industrial
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Introduction

Clean water is becoming less available to people [1].
Contamination of water with  chemical and
microbiological pollutants prompts people to solve this
problem, namely to find new effective methods of
cleaning and disinfection. Chemical pollutants are quite
dangerous, but microbiological ones, which include
bacteria and viruses, pose a greater danger due to their
rapid spread among humans. That is why it is important to
use innovative and highly effective methods for
wastewater disinfection, which contains a large number of
various pathogenic microorganisms.

Advanced oxidation processes are promising for
polluted water disinfection [2,3]. Reactive oxygen species
effectively neutralize the microorganisms that can harm
people [2,4]. Fenton systems, as demonstrated by recent
studies, are more effective, ecological, and economical
compared to ozonation, UV irradiation, electrochemical
oxidation, and sonolysis [5,6]. The catalyst plays an
important role in the Fenton processes. It should be non-
toxic, and effectively decompose used oxidants into free
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radicals (*OH, *OOH), which are responsible for the
pathogens’ inactivation. The most common option for
hydroxyl and hydroperoxyl radicals generating is the
decomposition of hydrogen peroxide [1,7]. Iron oxides
and spinel ferrites have met these requirements [6,8]. For
example, cobalt ferrite has been tested in real wastewater
and found to be excellent in peroxymonosulfate (PMS)
activation and Escherichia coli and Enterococcus sp
bacteria disinfection [1].

The hydroxyl radicals formed during the catalytic
decomposition of H2O, possess a strong oxidizing effect,
are toxic for biomolecules, and, therefore, easily damage
the cell walls of microbes, organelles, and DNA. In
addition, these radicals show a much higher reaction rate
than chlorine, ozone, or potassium permanganate [5,9].
The effect of hydrogen peroxide on bacteria inactivation
is evidenced by many studies [2,10-12]. L. Fernandez et
al. [2] inactivated E. coli bacteria using magnetite-based
nanoparticles. It was shown that the inactivation
percentage increased with increasing H.O, concentration.
Copper ferrite also actively generates hydroxyl radicals,
which resulted in cell membrane damage and inactivation
of E. coli (100 %) and S. aureus (96.4 %) bacteria [10].
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I. de la Obra Jiménez et al. [8] have chosen iron oxides
(hematite, magnetite) as heterogeneous catalysts for
Fenton processes. The disinfection of municipal
wastewater in reactors with natural catalysts was
evaluated. The research was carried out at neutral pH, in
the periodic and continuous flow modes. As a result, the
authors obtained a complete inactivation of E. coli
bacteria, namely a reduction of E. coli by 5-log. It is
important to note that different types of inactivation
mechanisms were observed in this case, but the
heterogeneous Fenton process is the key. Therefore, water
disinfection using the Fenton processes effectively solved
the polluted water problems.

The complete wastewater treatment technology
includes two processes: the degradation of organic
toxicants and water disinfection. To date, there is a very
small amount of research dedicated to E. coli inactivation
using fixed-bed flow reactors. G.D.L.P. Vargas et al. [13]
have shown that the rate of Escherichia coli inactivation
increases with an increase in pH and H»O2 concentration.
The presence of dissolved pollutants in domestic
wastewater decreases the effectiveness of E. coli
inactivation.

The key factors in evaluating whether a treatment
technology is suitable for industrial use are cost and
energy consumption. The paper [14] describes a
microbubble-gas plasma reactor that produces a large
amount of oxygen reactive species and nitrogen reactive
species for the bacteria inactivation in sewage. The reactor
reduces more than a 5-log of E. coli after 30 minutes at an
energy consumption of 68 kJ/L. The addition of humic
acid reduces the rate of E. coli inactivation: the
inactivation of E. coli at the humic acid concentration of
0.0015% was less than 50% compared to the inactivation
in pure water. L.Y. Ozer et al. [15] have used a fixed-bed
reactor to investigate the antimicrobial properties of the
nano-silver-4  wt.%-kaolin  (nAg-4-Kn)  composite
deposited onto borosilicate glass beads (BGB). The tests
were conducted in a fixed-bed reactor on effluent taken
from a secondary sewage treatment plant. The results
showed complete disinfection of the wastewater, which
was maintained for several days. The nAg-4-Kn/BGB
composites demonstrated high stability, which was
confirmed by the composites’ stability on the BGB
surface. C. Pablos et al. [16] investigated the
photocatalytic inactivation of Escherichia coli bacteria by
titanium dioxide in a fixed-bed reactor. The efficiency of
the reactor was studied and compared with the results
obtained in batch mode. In both cases, photocatalytic
inactivation was successfully achieved, for a 6-fold
reduction in bacterial concentration. A fixed-bed reactor
increases the rate of inactivation with increasing treatment
time. It can be explained by the fact that the fixed bed
reactor requires a longer irradiation time to completely
inactivate the bacteria. It allows the use of a continuous
process without the need for particle removal, making this
immobilized system a good alternative for the successful
scale-up of water disinfection technology. I. Thakur et al
[17] have presented a low-cost Fe-TiO, composite for E.
coli disinfection prepared by mixing clay with foundry
sand and fly ash. The constant leaching of iron ions in
acidic conditions into the solution led to the double effect
of photocatalysis and photo-Fenton in the purification
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system. The composite beads were used 30 times and
accompanied by a decrease in their photoactivity by only
11%. The corresponding results represent high prospects
for dual technology for E. coli inactivation. The study [18]
describes a reliable device for water disinfection using
silver nanoparticles (AgNP), immobilized on the glass
surface, in a continuous flow mode. It was found that the
cleaning efficiency increases with an increase in the
reactor contact time. A minimal release of silver
(100 pg/L) into the treated water was observed throughout
the test period.

Thus, the effectiveness of flow reactors depends on
various factors such as reactor volume, catalyst nature,
and treatment time. Bacterial inactivation is influenced by
a range of different parameters: temperature, pH, and
hydrogen peroxide concentration [19]. The peroxide
technique has already demonstrated high efficiency in
wastewater treatment due to the reactive oxygen species
(ROS) formation [11]. Today, it is important to evaluate
the suitability of the flow mode for industrial-scale use,
maintaining the high efficiency of bacterial inactivation. It
is assumed that the integration of flow reactors into the
wastewater treatment system will ensure efficient and
rapid treatment of effluents. Therefore, the aim of this
work is to investigate a flow fixed-bed reactor filled with
CoFe;04 catalyst and H,O, for water disinfection.

I.  Experimental

1.1. Chemicals and microorganisms

CoCl;-6H20 (Carlo Erba reagents), FeCls-6H,0
(Carlo Erba reagents), NaOH, and hydrogen peroxide
(31.5 %) were obtained from SferaSim (Ukraine). The
model bacteria were Gram-negative, non-spore-forming
bacteria Escherichia coli (ATCC 35218).

1.2. Catalyst preparation and characterization

CoFe;04 nanoparticles were synthesized by the co-
precipitation method. The precise amounts of iron(ll1)
chloride (27.05 g) and cobalt(ll) chloride (11.91 g) were
used as a source of Fe®* and Co?" cations, respectively.
Metal salts were dissolved in 500 mL of water and the
resulting solution was stirred for 30 minutes at 90°C. After
that, a NaOH solution (5 M) was added dropwise as a
precipitant to obtain a solution pH of 14. The mixture was
further stirred with an overhead stirrer at 600 rpm for
30 min to complete the reaction. During the entire
synthesis process, the solution was heated at 90°C in a
water bath. The resulting black precipitate of CoFe,04 was
separated using a magnet, washed three times with
distilled water, and dried at room temperature. The
obtained CoFe;O4 powder was pressed into pellets, the
pressing process is described in detail in our previous
work [11]. Pellets with a diameter of 10 mm and a
thickness of 3 mm were sintered for 6 hours at 1150 °C.
The sintered tablets were crushed into granules with a size
of 0.2-3 mm and filled into a flow-through reactor with an
inner diameter of 21 mm and a length of 60 cm. The total
mass of granules in the flow-through reactor was 445 g,
and the filling volume was 130.5 mL.

The phase analysis of the catalyst was performed by
X-ray diffraction analysis (XRD) using a Rigaku MiniFlex
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600 diffractometer. The CuKo radiation at a wavelength
of 1.5406 A with the scan step of 0.02° (20) and the scan
speed of 1°/min was applied.

1.3. Bacterial inactivation tests

Gram-negative Escherichia coli bacteria were plated
on a sterile nutrient medium and cultivated for 24 hours at
37°C. The bacterial dilution was used to prepare the
desired concentration of the bacterial solution. A bacterial
suspension was prepared from the former colonies, serial
dilutions were carried out, and 1 mL of the suspension was
added to 1 L of distilled water. As a result, concentrations
of 102 and 10 CFU/L were obtained. To inactivate E. coli,
a series of hydrogen peroxide solutions with a
concentration of 2.5, 5, 10, and 15 mM were used in the
experiments. The initial bacterial solution and H20;
solution were simultaneously fed into the reactor at a
constant speed of 1.25 mL/min. To study the effect of
temperature on E. coli inactivation, the experiments were
performed at 20°C and 25°C. Residual bacteria were
cultivated for 24 hours at 37°C. Endo's medium helps
identify E. coli bacteria by forming red colonies. Colonies
were counted and the inactivation percentage was
calculated according to the formula:

% inactivation = [1— Nouw/Nin] x 100% (€3]

where Ni, and Noyt are the concentration of bacteria at the
inlet and outlet of the reactor.

I1. Results and discussion

2.1. X-ray analysis

X-ray diffractograms of as-prepared and calcined at
1150 °C CoFe;04 samples are shown in Fig. 1. The
diffractograms contain peaks with indices (111), (220),
(311), (222), (400), (422), (511), (440), (533) and (622),
which belong to the face-centered cubic crystal structure
of spinel [20,21]. It can be seen that the rise in annealing
temperature leads to significant peaks’ narrowing. The
narrow peaks of the CoFe;04 (1150 °C) sample confirm
the formation of particles with a high degree of
crystallinity. The detected XRD peaks correspond to the
space group Fd3m. The lattice parameters equal
a = 83749 A and a = 8.3628 A for as-synthesized
CoFe;04 and CoFe20s-1150°C, respectively. The
crystallite size (D) was calculated by the Scherrer method
using the formula: D = k-M/(B1/2-cos), where k is the
Scherrer constant that takes into account the shape of the
particles (k= 0.94), A is the X-ray wavelength (nm); B1s IS
the width of the peak at its half maximum (in radians); 6
is an angle for peak (311) (in radians). The calculated
crystallite sizes of CoFe;04 and CoFe,04-1150°C samples
are approximately 14 and 98 nm, respectively.

2.2. Inactivation of bacteria E. coli using the
catalytic decomposition of H20:

The catalytic activity of CoFe,O, was studied on
opportunistic bacteria Escherichia coli. The work focuses
on water disinfection using a reactor filled with a spinel
ferrite catalyst using low concentrations of peroxide,
which will reduce the negative effects on human health
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[1,22]. It is known that the CoFe,O4 catalyst can
effectively decompose H.O, to aggressive free radicals.
These reactive oxygen species, as researchers have shown,
are the main reason for the destruction of bacteria, their
cell walls, DNA, and internal organelles [16]. Figs. 2a-f
show the main results of this study. The initial bacterial
suspensions contained 7-102 and 6-10° CFU/L of E. coli
bacteria. The concentration of hydrogen peroxide varied
from 2.5 to 15 mM. Studies at room temperature showed
a reduction of E. coli bacteria in water by 1.81-log and
1.96-log at a concentration of 15 mM H,0, for 7-10% and
6-10° CFU/L E. coli, respectively (Fig. 2a-b). The
inactivation percentage increases with increasing
concentration of hydrogen peroxide and is equal to more
than 98 % at 15 mM of H,0, (Fig. 2e). Thus, the higher
the concentration of H,0», the greater the number of ROS
generated on the catalyst’s surface [16].

311 .
~ 20000 CoFe,0, (calcined)
3
S 15000
>
@ 10000 - 440
c 511
3] 220
£ 5000 400
IS 299 422 533
111 1 622
0 A
T T T T T T
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G 4000 1
2 3000
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Fig. 1. XRD patterns for as-prepared and calcined at
1150 °C cobalt ferrites.

30 60 70 80

In addition, it was found that temperature change has
a significant effect on bacteria inactivation. Conducting
research on the catalytic activity of cobalt ferrite under
conditions of elevated temperature, namely 25°C, is more
favorable for E. coli inactivation (Fig. 2c-d). This is
evidenced by the inactivation %, which is equal 99.89% at
the initial concentration of E. coli 7-10> CFU/L and
99.94% at 6-10° CFU/L in the presence of 15 mM H,0;
(Fig. 2f). Presumably, as the temperature increases, the
catalyst more actively decomposes H,O; and generates a
higher amount of hydroxyl and hydroperoxyl radicals,
which inactivate gram-negative E. coli bacteria.

Fig. 3 shows the impact of experimental parameters
(initial H,O, concentration and temperature) on the E. coli
inactivation. An increase in the H,O, concentration and
temperature from 20 to 25 °C causes a gradual increase in
the inactivation effectiveness. The maximum efficiency of
E. coli inactivation is observed at [H202]o = 15 mM and
T = 25°C. The E. coli inactivation was mostly caused by
hydrogen peroxide, which is a ROS source. It should be
emphasized that the catalyst, prepared from sintered
CoFe;04 granules, requires rather low concentrations of
H,0, (10-15 mM) for the complete inactivation of E. coli
bacteria.
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Conclusions

Water disinfection using a flow fixed-bed reactor
filled with CoFe.QO4 granules showed good efficiency at an
initial bacterial concentration of 7-10% and 6-10° CFU/L.
The tests were performed at different hydrogen peroxide
concentrations (0, 2.5, 5, 10, and 15 mM) and different
temperatures (20°C and 25°C). The maximum efficiency
of the flow reactor is observed using 15 mM H,O2: the
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inactivation of E. coli is more than 99 % at the initial E.
coli concentration of 7-10? CFU/L and 6-10° CFU/L. The
contact time of 52.5 min was sufficient for the E. coli
inactivation. This approach can be used to treat industrial
wastewater without adverse effects on the environment.
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Hazapiit Janumok!, IBanna Jlamayk?, Tersna TaTapuyk?,
Poman Kyiuk?, Bojgogumup Manaszok?

InakTuBanisa 6akTepiii 3a 10NOMOT0K0 IMNMIHEJbHOT0 KOOAJIbT-(DEPUTHOTO

KaraJjizaTopa

! Ipuxapnamcoxuii nayionansuuil ynieepcumem iveni Bacuna Cmeganuxa, Isano-®panxiecok, Yrpaina,
danyliuk.nazariy@gmail.com
2 Jeano-Ppanxiscokuil Hayionarsruti meduunuti ynieepcumem, leano-@panxisecox, Ypaina, rkutsyk@ifnmu.edu.ua

B pobori mocmimkeno inaktuBamio Oakrepiii E. coli 3 Bukopucranusm mepokcuay Boanwo (H202) i
TpaHyJIbOBaHOTO KaTajizaropa (epuTy KoOambTy B NMPOTIYHOMY peakTopi 3 HepyxomuM mmapom. Karamizatop
CoFe204 cuHTE3yBall METOJOM CIIBOCA/DKCHHS, TpaHymoBany Ta BimnmamoBamu mpu 1150°C. Jlns aHamizy
KPHUCTAIIIYHOT CTPYKTYpH KaraiizaTopa BHKOpHCTOBYBaiu X-npomeHeBuil anami3. Karamizatrop CoFe20s
MPOJIEMOHCTPYBAB XOPOIIY KATaNITHYHY AaKTHBHICTh INOJO iHAaKTWBamii Oakrepiii y mpucytHOcTi H202.
30UIbIIeHHS KOHIIEHTPALil HEepOKCHAY BOJHIO MiABHINYE e(peKTUBHICTh iHakTHBauii. Peakrop memoHcTpye
inaktuBarito Gakrepiit E. coli ma pisui 99.94% npu KoHUeHTpauil TEPOKCHAY BOAHIO 15 MM i mouaTkoBiit
KoOHIeHTpanii 6aktepiii 6-10° KYO/n. 3He3apaxeHHS BOMM 3a JOMOMOTOKD PEAKTOPA 3 HEPYXOMHM IIapOM
JEMOHCTPYE LIMPOKI MEPCHEKTUBH AJIsI HOro IPOMHCIIOBOTO BUKOPHCTAHHSI.

KuarouoBi ciioBa: peakrop 3 Hepyxomum mapom; E. coli; ko6anpToBuii heput; mepoKCH/ ] BOAHIO; IHAKTHBALIis
OakTepii.
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The possibility of obtaining nanocrystaline lead sulfide by an electrolytic method using lead electrodes is
demonstrated, and the influence of temperature on the synthesis process is investigated. Based on the results of X-
ray diffraction studies, the chemical and phase composition of the obtained samples is determined, as well as the
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Introduction

Lead sulfide (PbS) belongs to narrow-bandgap
chalcogenide semiconductors, it has a band gap 0f0.41 eV
and crystallizes in a cubic crystal system [1]. Due to this,
PbS bulk crystals and thin films are widely used in IR
detectors, in particular for detecting radiation in the
wavelength regions from 1 to 3 pm, which can operate in
the temperature range from 77 to 300 K [2]. Due to its
unique optoelectronic properties, lead sulfide is also one
of the traditional photovoltaic materials [3], and promising
for numerous applications in modern optoelectronic
devices [3-5], for applications in global positioning
systems, software radio systems, environmental
monitoring satellites, etc.

In recent years, interest in the development of
semiconductor nanostructured materials has been growing
rapidly due to their unique physical and chemical
properties [6-12]. This is due to their potential application
in the field of solar cells of a new generation,
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optoelectronic devices, photoconductors, sensors, and
infrared detector devices. The attractiveness of PbS
nanocrystals stems from the dependence of their
properties on size, shape, doping, tunable surface
chemistry, and the low cost synthesis. The synthesis of
PbS nanocrystals with different morphologies and the
corresponding effect on material properties is of great
importance in the process of finding new applications in
electroluminescent devices, such as light-emitting diodes
[7-9]. PbS nanocrystals are especially attractive for
devices related to infrared radiation since the energy of
their first exciton transition can be easily varied from
visible to infrared ranges [7]. Lead sulfide has a large Bohr
radius (18 nm) [7], and therefore strong quantization
effects can be achieved even for relatively large sizes. The
possibility of multiphoton absorption in PbS is extremely
useful for the efficiency increase of photoelectronic
devices [10]. PbS has a huge potential also in the field of
electrochemical biosensors, as well as effective
antimicrobial drugs [6, 11].


https://www.scopus.com/affil/profile.uri?afid=60108457
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Semiconductor nanocrystals are obtained by various

methods, such as laser sputtering, electrochemical
deposition, thermal and magnetron  sputtering,
mechanical-chemical crushing, chemical deposition,

molecular beam epitaxy, synthesis in colloidal solutions,
hydrothermal synthesis, electric discharge in water, etc.
[12, 13]. In the synthesis of nanomaterials, the choice of
research methods is of great importance, especially for
controlling dimensional and structural characteristics. It is
known that transmission scanning microscopy, optical
studies, and X-ray structural analysis are the main
methods of studying the dispersion of particles [1,14-17].

I. Experiment and materials

Lead sulfide was obtained by the electrolytic method
in an open glass electrolyzer with lead electrodes. A
stabilized direct current source was used to power the
electrolyzer. Distilled water and the following reagents
were used to prepare the electrolyte: sodium thiosulfate
(NazS;03 5H,0), sodium chloride (NaCl), and sodium
carbonate (Na,COs). Electrolyte concentration was the
next: 12.5 g/l in the case of using Na,S,03; 0.625 g/l in the
case of NaCl; 6.25 g/l in the case of Na,COs. The synthesis
process was carried out at the temperature of the
electrolyte, which varied from room temperature to 100 C.
The duration of the synthesis process was 3 hours, and the
current density was 1.3x102 A/cm?. For uniform use of
the electrode material, the direct current was reversed after
30 min. After the end of the electrolysis process, the
electrolyte was filtered using a paper filter and the
resulting powder was washed with five times the volume
of distilled water. Samples were air-dried at room
temperature.

X-ray studies were carried out on a DRON-4
diffractometer using CuK, radiation at room temperature.
Scanning of XRD pattern was performed according to the
Bragg-Brentano scheme (6-20). The anode voltage and
current were 41 kV and 21 mA, respectively. The scanning
step of the XRD pattern is 0.05, and the exposure time is
5s.

For a detailed analysis of experimental XRD patterns,
each experimental reflex was described by a Gaussian
function, as a result of which the following information
was obtained: angular position 20, FWHM (full width at
half maximum) B, the integrated intensity I. Obtained
results were used to interpret experimental XRD patterns
and calculate the sizes of nanocrystallites.

Raman light scattering spectra of samples were
studied in the backscattering geometry at room
temperature. Experimental spectra were recorded using a
single-stage spectrometer MDR-23 (LOMO) equipped
with a cooled CCD detector (Andor iDus 420, UK). Laser
radiation with a wavelength of 457 nm (diode-pumped
solid-state laser, CNI Laser) was used as an excitation
source for Raman spectra.

I1. Results and discussion

Figure 1 shows experimental XRD patterns of
samples obtained by the electrolytic method using
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different compositions and temperatures of the electrolyte.
Using the known interplanar distances and the Wulff-
Bragg formula [17,18]:

2d-sin@ =k- A,

where d — interplanar distance; 6 — diffraction angle; k —
order of the diffraction maximum; A — wavelength of X-
ray radiation, the angular positions of the 20 reflexes for
lead sulfide were calculated. Experimental characteristics
of X-ray pattern reflexes (angular position and intensity)
were compared with calculations and literature data [6, 17,
19, 20]. It was established that the XRD patterns of the
samples shown in Fig. 1 (a) and Fig. 1 (b), contain intense
reflexes corresponding to PbS and, accordingly, have the
following angular positions 2 6 with Miller indices:
26.1(111); 30.2 (200); 43.2 (220); 51.1; (311); 53.5 (222);
62.7 (400). Thus, using an electrolyte based on Na,S,03 at
room and 98 C temperatures allows obtaining lead sulfide
without a noticeable content of other compounds.

wmmd

c

Intensity, a.u.

50 60

20 40

20, degree
Fig. 1. XRD patterns of samples synthesized by the
electrolytic method: a — electrolyte is made using
Na,S,0s, electrolyte temperature is 98 C; b —electrolyte is
made using NaS,0s, the temperature of electrolyte is
23 C; ¢ — electrolyte made using Na;COs, the electrolyte
temperature 20 C; d — electrolyte is made using NaCl, the
temperature of the electrolyte is 98 C.

30

The above XRD patterns (a) and (b) show low-
intensity reflexes that do not belong to PbS. It can be
assumed that they may refer to lead carbonate and oxide,
since we previously showed [21, 22] that when trying to
keep cadmium sulfide and zinc oxide by the electrolytic
method at room temperature, in addition to these
semiconductor nanocrystals, cadmium carbonate and
hydrozincite are formed, respectively. Therefore, in this
work, two control samples were synthesized - when using
an electrolyte based on sodium carbonate and sodium
chloride. The XRD patterns of these samples are shown in
Fig. 1 (c) and Fig. 1 (d), respectively. A detailed analysis
of these patterns showed that there are reflections on them
that belong to PbCO3 and two modifications of lead oxide.
Thus, when obtaining lead sulfide by the electrolytic
method, carbonate and lead oxide are minor impurities.
Carbon dioxide, which is necessary for the lead carbonate
formation, is one of the gases dissolved in electrolytes
during the electrolysis process since an open electrolyzer
is used in our case.

Parameters of the elementary cell are fundamental
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values in the identification of crystalline substances, as
well as in the determination of chemical bond lengths, the
study of transitions from one crystalline phase to another,
component composition of solid solutions, and the nature
of defects in crystals. The accuracy of determining
crystallographic parameters of the sample is affected by
several factors, including absorption and refraction of X-
rays in the sample, a divergence of the primary beam,
dispersion, Lorentz factor and polarization, temperature,
etc. [18]. Therefore, it is best to use single crystals to
determine the crystallographic parameters of alloys. In the
case of nanocrystalline samples, the task is complicated by
the large FWHM and low intensity of the peaks in the
XRD pattern. In addition, even in the region of large
diffraction angles, separation of K> doublet is not
observed. Therefore, we used the extrapolation method to
estimate the parameters of elementary cells, since almost
all systematic errors of X-ray measurements tend to zero
at the diffraction angle 6 = 90 [18]. Nanocrystalline PbS
obtained in this work, the XRD patterns of which are
shown in Fig. 1 (a)-(b), crystallizes in the sphalerite
structure, and therefore, using the Wulff-Bragg formula
and the quadratic form for cubic crystal system [18], it is
possible to calculate the value of unit cell parameter:

1/d? = (h2 + k2 + 1) /a?,

where a is the crystal lattice parameter; h, k, | are indices
of Miller planes.

As an extrapolation function, we used the function
[17, 18]

£(8)=0.5(cos? 6 /sin 0 + cos? 0 /).

Figure 2 shows the dependence of the unit cell
parameter of PbS nanocrystals determined from various
reflections on the value of the extrapolation function. A
slight deviation of experimental points from linear
dependence is visible, and therefore extrapolation line was
found by the method of least squares. Calculated values of
unit cell parameter are equal to a = 0.5938 nm and
a = 05935 nm for samples obtained at electrolyte
temperatures of 98 °C and 23 °C, respectively, which is in
good agreement with the literature data for single-crystal
lead sulfide a = 0.5936 nm [20].

The results of processing experimental XRD patterns

0.595 - a
0.594

0.593 -

a,nm

0.592 -

0.591 -

0.590 T T T T T T :
10 15 20 25 30 35 40 45

1o

were also used to calculate the size of nanocrystals using
Debye—Scherrer formula [23]:

D =0.891/(B - cosB),

where A is the wavelength of X-ray radiation; B is the
FWHM of the reflex; 0 is the diffraction angle. The
physical value of the FWHM is calculated by the formula:

B = (B — B2,

where B is the experimental value of the FWHM of the
XRD reflex FWHM; B, is the instrumental value of the X-
ray reflex FWHM. The instrumental value of the X-ray
reflexes FWHM was determined based on the analysis of
XRD patterns of silicon and Al,Os3 reference powders,
which were obtained under the same conditions.

Using Debye-Scherrer formula, the nanocrystallite
size was calculated from all six reflexes and the average
value of obtained results was found. As a result, the
following sizes of nanocrystals were obtained: 25.9 nm for
the sample synthesized at a temperature of 98 °C and 18.8
nm for the case of 23 °C.

The use of Debye—Scherrer formula is based on X-ray
reflex FWHM dependence on the particle size, and
FWHM increases as size decrease. In addition, it is known
that FWHM is affected by mechanical stresses that arise
due to defects in a crystal structure. In the case of
nanocrystals, defects can appear because a significant part
of atoms in them is on the surface, therefore, as the size of
nanocrystals decreases, the contribution of surface atoms
(surface stress) will increase.

Therefore, to determine the size and mechanical
stresses that may be inherent in PbS nanocrystals, we used
Williamson-Hall method [24]. In this method, the FWHM
of the reflex is described by the following formula:

B =0894/(D cosf)+4ctg?,

where A is the wavelength of X-ray radiation, and ¢ is the
relative elongation. In the last formula, the first term
shows contribute to the FWHM is caused by the
dimensional effect and the second — by mechanical
stresses. We write the last dependence in the form:

B cos8 =0.891/D + 4 £sin 6.

b
0.594 -
20.592
o
0.590 -
10 15 20 25 30 35 440 45

o

Fig. 2. Graphical extrapolation to determine the crystal lattice parameter of nanocrystalline lead sulfide, obtained at
the temperature of the electrolyte: 98 C —a, 23 C —b.
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According to Hooke's law, during elastic
deformations, the magnitude of mechanical stress is equal
to:

oc=E-¢,
where E is Young's modulus. Having determined the

relative elongation from Hooke's law, we obtain the
dependence:

B-cosd =0.891/D+4-0-sinb/E.

If this dependence is plotted in the coordinate system
<4 sinb/E, B cosb>, then we get a straight line from which
we can find the nanocrystal size D and the magnitude of
mechanical stress 6. For single crystals, Young's modulus
will depend on the direction inside the single crystal, that
is, on the values of the Miller indices (h k 1) and the type
of crystal system. This dependence for the cubic system is
described by the formula [18]:

E_l = 511 - (2 511 - 2 512 - S44)(h2 k2 + kz l2 + lz hZ)/(hz + k2 - l2)2 y

where s11, S12, Sa4 are coefficients of elastic compliance.
Using the known values of the coefficients of elastic
compliance for the cubic modification of lead sulfide
s11=1.23-10"2 pa’l, s12 =-0.33-10%2 Pal,
44 =4.0-10? Pal [25], as well as the Miller indices of
reflections observed on the experimental XRD pattern, we
previously calculated the values of Young's moduli
depending on the direction inside the single crystal.
Figure 3 shows the use of the Williamson-Hall
method to determine the size of nanocrystals and
mechanical stresses for two samples. The figure shows the
deviation of experimental points from the linear
dependence, and therefore the extrapolation line was
found by the method of least squares. As a result of using
the Williamson-Hall method, the size of PbS nanocrystals
was found to be 36.6 nm and the value of mechanical
stresses was 1.3x108 Pa (tensile stress) for the samples
obtained at a temperature of 98 C, as well as 39.4 nm and
2.5 x108 Pa for a temperature of 23 C. The sizes of
nanocrystals calculated by Williamson-Hall method are
larger than the sizes obtained based on Debye—Scherrer
formula. Mechanical tensile stresses for the sample
synthesized at a temperature of 23 C are almost two times
higher than for the sample obtained at a temperature of 98
C. The latter may indicate that nanocrystals obtained at
room temperature have significantly more defects.
Similar results were obtained by the authors of [1],
who studied the properties of PbS thin films formed on
glass substrates by a chemical method using solutions of
lead acetate and thiourea at room temperature. The sizes
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of nanoparticles in work [1] were also determined by
Debye-Scherrer and Williamson—Hall methods and their
values varied from 19 to 23 nm. The authors of the paper
[11] studied nanoparticles of lead sulfide obtained by
centrifugation of a lead chloride solution and sulfur
powder. When the temperature changed from 10 to 40 C,
an increase in size from 10 to 25 nm was observed.

Figure 4 represents Raman spectra of two samples of
lead sulfide nanocrystals synthesized by the electrolytic
method at temperatures of 98 and 23 C, XRD patterns of
which are shown in Fig. 1 (a, b), respectively. The figure
shows that the spectra of these samples are quite similar.
the observed Raman bands were best fitted with a
Gaussian function, from which frequency, FWHM, and
integral intensity was obtained. The spectra contain two
intense scattering bands with a frequency position of 153
and 218 cm'?, as well as bands of low intensity — 88, 191,
and 243 cm'™. In addition, the FWHMs are slightly larger
at the synthesis temperature of 23 C than at the
temperature of 98 C: 11.4 and 10.7 cm’, respectively, for
the band of 88 cm?, 8.2, and 7.9 cm™ for band 153 cm™.
In the case of a band with a frequency of 218 cm™, they
are the same and equal to 5.2 cm™.

Bands with frequencies of 88 and 218 cm™ can be
attributed to scattering by transverse (TO) and
longitudinal (LO) optical phonons at the center of
Brillouin zone [26]. The scattering band of LO phonons
for PbS is not active in Raman light scattering spectra but
is active in IR spectra. It can be manifested in Raman
spectra, as noted by the authors of works [27-29], under
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Fig. 3. Results of using Williamson-Hall method for PbS nanocrystals obtained at the temperature of the electrolyte:
98 C—a,23C-h.
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conditions of resonant or quasi-resonant excitation of
Raman spectra due to electron-phonon interaction. In
addition, the authors of [30] observed an absorption band
at LO phonons (210 cm?) in the IR spectra. The same
opinion on the nature of these scattering bands is held by
the authors of works [30, 31].

)\ ,,

Intensity, a.u.

1

a

100 150 200 250 300 350 400
Raman shift, em”
Fig. 4. Raman spectra of samples synthesized using
NazS,0s-based electrolyte at temperatures:
a-98C;b-23C.

In [27], the authors studied Raman spectra of natural
PbS and calculated the dispersion curves of lead sulfide
for three important directions of Brillouin zone: [100],
[111], and [110], as well as the total density of phonon
states based on the dispersion curves. They suggested that
the band at 190 cm? is due to the combination of TO + LA
phonons along the A or X direction, and the band at
155 cm? is due to the combination of TO + TA phonons
along the X direction. The authors of the work [31]
compared Raman spectra of polycrystalline and
nanocrystalline PbS and observed a higher value of the
scattering frequency for LO phonons in NC, 210 cm®,
compared to a bulk crystal, from 206 cm. In our samples,
the frequency of the corresponding band is even higher,
218 cm'?, although the size of NC is much larger than in
[31], about 20 nm. Therefore, the frequency position of
this band in our nanostructures can be determined not by
the size effect, but by the dominant contribution of
phonons from different dispersion branches of phonons
[27].

In [31], thin films of lead sulfide obtained by the
chemical method were studied, and scattering bands with
frequencies of 148, 192, and 201 cm™ were recorded in
Raman spectra. The authors of this paper believe that the
band with a frequency of 201 cm? corresponds to
scattering by LO phonons of the center of Brillouin zone,
and the band with a frequency of 192 cm™ corresponds to
scattering by surface phonons. The nature of the band with
a frequency of 148 cm is not discussed in [32].

In [33], it is believed that the scattering band of
151 cm® is due to the combination of TO + TA phonons,
and 194 cm™ is due to surface phonons. When studying
PbS films in [34], Raman spectra were interpreted as
scattering by LO phonons (210 cm™) and surface phonons

(205 cm™). An alternative explanation for the origin of the
band at 153 cm™ could be the PbO phase [35], but its
spectrum is expected to contain a band in the region of
270-280 cm?, almost equally intense, which is not
observed in the spectra of our samples.

For the weak band at 243 cm?, it is currently
impossible to establish the origin. In some works, weak
bands in the range of 240-260 cm™ were also observed,
but their nature was not discussed [28].

It is known that PbS nanostructures can undergo
significant oxidation, both during synthesis and
measurement of Raman spectra since the oxidation is a
photostimulated process [36]. However, in the spectra of
nanocrystalline PbS obtained in this work by the method
of electrolytic synthesis, there are no bands of any of the
oxide forms, at least for samples synthesized using an
electrolyte based on Na;S,0s (Fig. 4).

Conclusions

This work shows the possibility of synthesizing
nanocrystalline lead sulfide by the electrolytic method
using lead electrodes and an electrolyte based on sodium
thiosulfate. When the temperature of synthesis
(electrolyte) increases, the size of PbS nanocrystals
increases, and the mechanical tensile stresses acting in the
them decrease. The results of Raman scattering spectra are
correlated with the results of X-ray structural studies.
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JlocmimKeHo MOXKITUBICTh OTPUMAHHS HAHOKPHUCTATIYHOTO CYIb(iAy CBHHIIIO €IEKTPOTITHIHUM METOIIOM 3
BUKOPUCTaHHSIM CBHHIIEBHX EJICKTPOJIB Ta BCTAHOBJECHO BIUIMB TEMIepaTypu Ha mporec cuHTe3y. Ha ocHOBi
HPOBE/ICHUX PEHTTCHOCTPYKTYPHUX AOCHI/DKEHb BU3HAUCHO XiMIYHMH Ta (a30BMil CKIIaJ OTPUMAHHUX CIIOJIYK Ta
po3mip HaHOkpHcTamiTiB Meromgamu JleGas-Illeppepa ta BimpsimcoHa-Xomra, a TakoX BH3HAUEHO HapaMerp
CNIeMEHTapHOI KOMIPKH JIOCHIIKYBaHHUX KPHCTaliB. Pe3ynbTaTH pEHTTEeHOCTPYKTYPHHX JIOCHIIKECHBb
TTOPIBHIOIOTHCS 3 JAHUMH, OTPUMAaHUMH 31 CIIEKTPiB KOMOIHALIITHOTO PO3CiIOBaHHS CBITIIA IIMX 3Pa3KiB.

KorodoBi ciioBa: cynbdig CBHHIIO, pEHTTEHOCTPYKTYPHI JOCITIPKEHHS, pO3MipH HAHOKPHCTAIIB, Gopmyna
Jebas-1eppepa, meTox Binpsmcona-Xoia, komOiHaniiHe pO3CilOBaHHS CBITIA.
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Meromamu KBaHTOBOT XiMil 3’siCOBaHi eHepreTUYHi epeKTH B3a€MOIiT YaCTKOBO OKMCHEHHX rpad)eHONOAIOHIX
IUTOIIMH MK CO00I0 1 iXHS 3aJIeKHICTh Bil MPUPOAN OKCUTEHBMICHUX ()YHKIIOHAIBHUX TPYIL, SIKi HasBHI B HUX, &
TaKOX BiJl pO3MipiB caMuX rpadeHONOIOHNX MJIOMKH. BcTaHOBIEHO, 1110 HAHOLIBII TEPMOANHAMIYHO HMOBIPHOIO
€ peakliss MK TiIPOKCHJIBHOIO 1 aNbIETiAHOI0 TPYNaMH JABOX B3aEMOJIIOYMX Tpa@eHOMONIOHMX IUIOIIMH
HE3aJIeKHO BiJ IXHIX po3MipiB. HalimMeHI TepMoauHaMI4HO HMOBIPHOIO € peakilis MiX JBOMa KapOOKCHIbHUMU
rpynamu pisHux rpadeHonofioHux miomuH. sl CTBOpEHHsT HAHOKOMITO3UTIB MPHU B3aeMoii rpadeHonoioHIx
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(yHKIIIOHANIA TYCTHHU, KJIacTepHE HAOIMKECHHS.
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Beryn

CtBOpeHHs SP?-Ti6pHAM30BAHNX BYTJICIb-
BYIJICLIEBUX KOMIIO3ULIIHHUX HaHOMAaTepialiB
MEePCIICKTHBHUI HampsIMOK ~ cydacHOi Hayku [1-4].

HanokxoMnosuTy 3 Haniepe[| 3alaHMH BIIACTUBOCTSIMH, SIK
CBiUaTh JIiTEpaTypHi JaHi, MOXXHA CTBOPIOBATU
HAWpi3HOMAHITHIIAMHE  Ccroco0aMy,  30KpeMa  IIpH
B3aeMOIii SP2-TiOPUIM30BaHUX BYIJIEIIEBUX MaTepialis 3
HEOpraHIYHUMH CIOJIyKaMH Ta MeTamamu [5-6], 3
mostiMepamu [7, 8], a TakoX 3 HU3BKOMOJCKYIISIPHIMH
opraniunumMu pedoBuHamu [9, 10]. Takox, mpu
OTPUMAHHI ~ HOBUX  SP’-TiOpUIU30BAHMX  BYIJIELb-
BYIJICIICBUX KOMITO3UIIHHUX MaTepianiB 3 yHIKaIbHUMHA
BIACTHBOCTSIMH OCTaHHIM YacOM BHKOPHCTOBYIOTh
moTiepeIHbO (PYHKI[iami30BaHi ByrieleBi marepianu 11—
14], 30kpema, 4acTKOBO OKHMCHEHi (popmu rpadeny [15—
16]. OgHUM i3 TIEPCHEKTUBHHUX CIIOCOOIB CTBOPEHHS
BYIJICIICBUX HAHOKOMIIO3UTIB TPEICTaBICHO B pPOOOTI
[17], «cyrp Horo monsdrac 'y  BHUTOTOBJICHHI
BEJIMKOMACIITaOHUX rpadeHoBHX JIMCTIB npu
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JMCHepryBaHHi TpadeHOBUX YACTUHOK 3 TIEBHHMH
(YHKIIOHAJTBHUMH TPYIIaMH B OPTaHIYHUX PO3UMHHUKAX.

[HomMit  migxig om0  eKCIEepUMEHTAIBHOTO
CTBOPEHHsI BYIJICIEBUX HAaHOKOMIIO3MTIB 0a3yeThcsl Ha
TaK 3BaHOMY 3mIHMBaHHI rpadenoBux smcriB [18-20],
T00TO Ha KOBaJICHTHIN B3aeMOii pi3HHX
rpadenononionux mromuH (I'TI). 3okpema, B podori [21]
HaBiTh  3allpOIIOHOBAHA  KOHIEMIlE Tak  3BaHOI
KoH(pOpMaLiAHOT  iHXKeHepii, gKa  TIONIATaE B
KOHCTPYIOBaHHI HOBHX KOMITO3HUTIB 3 JIUCTIB OKUCHEHOTO
rpageny. B poGoti [22] mnoBimomisuioch, 1O
JeTifipaTaris, HallpUKIad, IIITXOM BaKyyMHOTO CYIIiHHS
BOJHOTO po34unHy okcuny rpadeny (GO), BHKIHKaE
HE3BOPOTHE CaMOJOBUIbHE 3IIMBAaHHS HOTO JIUCTIB.
3ueBomHeni wiBku GO  30epiraloTh  CTPYKTYpHY
LUTICHICTh Y BOJI, 1 BOHU OlIbIIE HE MOXKYTh IOBTOPHO
po3manaTrcs Ha OKpeMi ImapH micis nepeminryBanas. Ha
JIBOLIAPOBOMY PpiBHI micis Jjerigparauii QikcyroTbcs
ckianeri muctu GO, sKi pa3oM He po3’€IHYIOTHCS HABITh
micnst  oOpoOkm  ynbTpa3zBykoM.  CHIEKTpOCKOMIUHI
JNOCTIDKEHHS  IMIATBEPUKYIOTH  YTBOPEHHS  HOBHUX
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10.B. I'pebenbha, €.M. Jlem’ssaenko, M.1. Tepenp, FO.1. Cemennos, B.B. JlobaHnoB, Ta iH.

XIMIYHHX 3B’SI3KiB, MPUITYCKAIOYH PEAKIIiI0 KOHACHCAITi-
erepudikarii mix mucramu GO.

Jnst 3’scyBaHHS OCOOJMBOCTEH CTBOPEHHS HOBHX
BYIJICIIEBUX HAHOKOMIIO3HTIB yCIIIITHO BUKOPHCTOBYIOTh
METOAM  KOMIT'FOTEPHOTO  MOJICNIIOBaHHS,  30KpeMa
PO3PaxyHKOBI cXeMH KBaHTOBOI XiMmii [23—-26], a Takox
MOJIEKYJIApHOT quHaMiku [27-29].

Bigomo, mo mpoiec CTBOPEHHS KOMIIO3HIIHOTO
MaTepiary Ha OCHOBI TepMopo3mmpenoro rpadiry (TPT)
Ta ByrieneBux HaHoTpyOook (BHT) mossirae B o qHOYACH I
nearnomeparii BHT # iHTepkamoBaHHI NPHUPOIHOTO
rpadiry [30]. Taky nporenypy MO>KHa TIPOBOJIUTH B JIBOX
BapiaHTaxX: eJNeKTpoxiMiuyHe (aHomHe) abo XiMmiuHe
OKHCHeHHs. B monepennix Hammx pobortax [31-33]
MOKa3aHO, IO IpOLIEC CTBOPEHHS  BYIJICLIEBOIO
HaHokommosuty TPI-BHT BinOyBaerbcs HacTymHHM
YHHOM: OKHCHEHMH 10 mepmoi cranii rpadir
rimpomisyBanu, BiIMHBaNM [0 HeWTpaiapbHOTO pH,
BUCYIIYBAIM Ta TEPMOOOPOOISIIM 3a TeMIlepaTypu
~1000°C y ra3oBiif TOPU30HTAIBHIH TPOMHUCIIOBIN TIeUi.

Jani opepxaHuil nOpolmlok HaHokomnosutry TPIT
MpOKaTyBald Ha TOPU3OHTAJBHMX Balkax. byno
NPUIYNIEHO, IO  YTBOPEHHS  SP’-TiOpHIM30BaHUX

BYTJICIb-BYTJICIEBUX KOMIIO3UTIB TIOB’sI3aHE HE JIMIIE 3
niero  (IBMYHAX YWHHUKIB (THCK, TeMmIeparypa) Ha
BHUXIHUI Marepial, a TakKoXX BiIOyBaeThCs XiMivHA
B3aEMO/IISI OKPEMHUX YaCTKOBO okucHeHuX [ TI Mk coboto.
OCKiNIbKY Ha OBEPXHI YaCTKOBO OKHCHEHHX BYIJICLIEBUX
rpad)eHOBUX MarTepiaaiB HasBHI pi3HI OKCHIreHBMICHI
(YHKIIOHATBHI TPYIH, SIKi 30aTHI TPOSBIATH 3HAYHY
XIMIYHY aKTUBHICTb [34]. Ajie 3aIMIIacThCs HEBIJOMUM,
SKAM YMHOM MOJKJIMBE KOBaJIeHTHe 3B’si3yBanHs 11 npu
YTBOPEHHI  SP2-TiOpUIM30BaHUX  BYIJICIb-BYIJIEHEBUX
KOMIIO3HIIHUX MaTepianis. ToMmy, MeTor0 podotu 0yi0
METOJIJaMH KBAHTOBOI XiMii 3’SCyBaTH CHEpTir0
B3a€EMOJIi YAaCTKOBO OKHCHEHUX rpadeHonoqioHux
IUIOIIMH MDK CO0OI0 i BILUTMB HA II0 XapaKTCPUCTHKY

I'TI-OH + HO-T'II — T'TI-O-I'TI + HO.

3rigHo (cxemu 1) aToM BOIHIO OJHI€T T1IPOKCHIBHOT
rpynu (puc. 2, a) B3aeMoOJi€ 3 aTOMOM KHCHIO iHIIOT
TiIpoKcHIbHOI rpymu (pHc. 2, 6), BHACTITOK YOTO 3B’ I30K
MDK aromamu C—O OCTaHHBOI T'pYNH PO3PHBAETHCS 1
YTBOPIOETHCS MOJIEKyJa BOaU (puC. 2,2), a aTOM KHCHIO
IHIIOT TIAPOKCHIBHOI TPYMU YTBOPIOE KOBAICHTHHU

AEreact: [Eto[(FH*O*FH) +Et0{(HZO)] = 2 Etot(FH*OH),

ne Ewt(I'TI-O-T'TI) — moBHA eHeprist IPOAYKTY B3aEMOMI1
neox I'TI 3 rigpokcunpHuME Tpyniamu, Ewi(H20) — moBHa
eneprisa npoaykry peakmii — H2O, Ew(I'TI-OH) — moBHa
e”epris 'Tl 3 TiApOKCHIIBHOIO TPYIIOLO.

Eneprernunmii edexr 1iei peaxuii (Cxema 1),
po3paxoBaHoi 3a ¢Qopmymnoro (1), Mae TO3UTHBHE
3HAYCHHS 1 CTaHOBUTH 1+22,2 KJ[/MOJIb (IUB. TAOIHUINO).

[pu Buxopucranui moxaenert [Tl Gimbimoro po3mipy
JIOKAi3yI0ThCA TMPOAYKTH peakuii (puc. 3), momibHi 3a
Oy IOBOIO JI0 TIOTIEPEHBOTO BUITAAKY (pHC. 2, 6).

Sk BUIHO 3 pUCYHKIB 3, a Ta 3, 6, HE3BaKAOUHN HA
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pUPOIM QYHKITIOHATLHUX TPYII, K1 HAsIBHI B OKHCHEHUX
I'TL

. O0’exTH i MeTOAM PO3PAXyHKY

SAx moneni wactkoBo oxucHeHHX [Tl po3risHyTO
MoJliapoMaTU4Hi ~ MOJIEKYJIM  IIpeHy 3  pIi3HUMH
(yHKIIOHATPHUMH TPYIIAMH Ha iX Tepudepii, Ipu HboMy
(GYHKIIOHATBHI Tpynd BUOMpaIMCh Tak MO0 aToMm
Kapbony Oins HMUX MaB pi3HY CTYHiHb OKHCHEHHS,
HaliMeHy Oinst rigpokcunbol rpynu (puc. 1, a, 2, €),
6inbIy — B KapOOHiIBHIH (puc. 1, 6, 0, 3). 1 HAWOIIBITY —
B KapOOKCHIBHIM (puc. 1, 6, e, o).

Kpim toro, mist BpaxyBaHHsi po3mipHoro edexry ['T1
Ha CGHEPreTHYHI TMapaMeTph IOCTILKYBAaHMX pPEaKIil,
Oynu 3axisiHi rpadeHonoJi0H1 IIIONIMHN OPYTTO-CKIIagoM
Ca4H12 (xoponen) (puc. 1, 2—e). Ta CaoHae (puc. 1, e—orc).

Po3paxyHKH IPOBOIMINCE 332 JOTIOMOTOIO TIPOTrpaMu
GAMESS (US) [35] B Mexax Teopii (¢yHKIIiOHaIA
ryctuan (DFT) 3 ¢yskmionanrom B3LYP [36, 37] i
O6asucanm  HabGopoMm 6-31G(d,p), 3 BpaxyBaHHSIM
mucriepciitHoi mompasku I'pimme - D3 [38, 39]. Jlanwmii
METOJI PO3paxyHKy HEIOraHo cebe 3apeKOMEHIyBaB NpH
MoJienmoBaHHi rpadenonoaioaux kinactepis [40].

Il. Pe3yabTaT Ta iXHE 0OrOBOpPEHHS

[leprma i3 po3rasHYTHX peakiliii moJsIrae y B3aeMOIil
I'TI 3 rigpokcnibHOO TPYMNOIO Ha rmepudepii 3 Takorw X
rpadenononioHo0 miomuHoK (puc. 2). Ilpm 1mpomy
BinOyBaeThCs B3aEMOJIS [BOX TiAPOKCHIBHHUX TPYII
pizaux I'T] 3 BUALIEHHSIM MOJIEKYJIH BOJIY 1 YTBOPEHHIM
MPOAYKTY peakuii, B sskomy ['TI KoBaeHTHO 3B’s13aHI MK
co00l0 KHCHEBUM MicTKoM. JlaHy peakiito MoxHa
300pa3uTH cxemoro 1:

(Cxema 1)

3B130K 3 aromoM Byruerro napyroi I'Tl. Takum umHOM
YTBOPIOETHCSI MPOIYKT (pHC. 2,6), SKHH CKIIQNAETHCS 3
nBOX XiMiyHO 3B’s3aHmx [Tl 1mmommH 3a HOIIOMOTOIO
KHCHEBOTO MiCTKa.

Eneprernunnii edexr peakuiii po3paxoByBaBcs 3a

¢dopmymoro (1):

o))

pizui po3mipu I'Tl onmepxani nmpoaykTu peaxmii momioHi
Mix coboro. Ciix Bimmitutu, mo n8i I'TI B mpomykrax
peakuii He po3TalloBaHi B CHUIBHIA IJIOMUWHI, a
pO3MileH] MM HEBENUKAM KyroM. Jlnsd HaliMeHIoi
Mozieni (puc. 2, ) KyT MK TUIONIMHAMU CTaHOBHUTH 64,4°,
JUTSL IPOJTYKTY, 1[0 CKIIaA€ThCs 3 IBOX IUIOIIUH KOPOHEHY
(puc. 3, a) uei Kyt 3Ha4HO OLIBLIMY 1 csirae 90,2°; a st
HAWOLTBIIOTO 3a PO3MIpOM TIPOAYKTY peakitii (puc. 3, 6)
kyr mix [Tl momiOHHMI A0 TOMEPEIHBOTO 1 JOPIBHIOE
90,3°. Ile MOXe CBimUMTH, IO TOJANbBIIE 30LIBIIEHHS
po3mipiB I'Tl 3 TigpOKCHIBHMMH TpynamMH Maibke He
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Puc. 1. PiBHOBaxkHa reomeTpist 4acTKOBO okucHeHux ['T1 pi3HOTo po3mipy, 3 TiAPOKCUIILHOIO (4, 2, €),
aNbIETIAHOIO (6, 0, 3) Ta KAPOOKCUIILHOIO (8, €, Jic) TPyIaMH.
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Puc. 2. PiBHOBa)kHA reOMeTpis MOJICKYJI BUXiTHUX PEYOBUH (g, 6) 1 MPOIYKTIB peakiii (8, 2) B3aemomii apox ['TI 3
TiJIpOKCHIIBHOO IPYIIOl0 Ha nepudepii, (TyT i Aaii BicTaHi Mix aToMaMu mojaHo B A).
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Puc. 3. PiBHOBa)kHa reoMeTpisi MOJIEKYJ POIYKTIB peaKilii 1BOX rpa)eHONoMi0HIX IIIOMINH
(C24H12— (a), Ca2H16— (6)) 3 TiAPOKCHUIBHUMU TPYITIAMH.

BILTMBATUME Ha KyT Mk rutontuHamMu. OTKe, B MPOAYKTaX
peakmii (Cxema 1) TITI po3ramoByroTECS Makxe
MEPIICHANKYISPHO OJIHA BiTHOCHO OJHOT HE3aJIC)KHO Bil
po3mipy Buxigaux I'TI. Taka He kommuaHapHicTh 180X I'TI
00yMoBieHa, MaOyTh, 3HAYHUM BINIITOBXYBAaHHSM IapH
Onmu3pKO  po3MmimieHux aromiB  ['imporeHy cycigHix
rpad)eHOoNIOHNX TUIOMIHMH MO0 OJHOMY Bil KOXKHOI 3 HUX
(muB. puc. 2 Ta 3). 3i 30UIbIICHHSAM PO3MIpY
rpad)eHOMONIOHNX TUIOMIMH B TPOAYKTI peakmii Ix
B3a€MHE BINIITOBXYBaHHS 30UTBIIYETHCS, MO BHUIHO 3
BigcTaHei Mk aromamu BogHiO pizHuX ['TI (2,8 A — s

271

nipeny, 3,3 A — ana xopomenmy i 3,5 A ana ITI
MaKCHMAaJIHOTO PO3MIpy).

Eneprernunmnii edexr peakuii npu  yTBOpPEHHI
npoaykTy (puc. 3, a), po3paxoBanuii 3rigHo Gopmy.au (1),
TaKOXK sK 1 JUIA TONEPETHHOrO BUITAKY Ma€ TO3UTHUBHE,
alle  3HAYHO  MeEHIIE 3HA4YeHHs, Ta  CTaHOBHTh
+1,3 xJ[/MOJTb. Awnarnoriyaa BEJIMYMHA eHeprii
YTBOPEHHSI MpOAYKTY peakuii 13 3amydenHsm [TI
MaKCHMAaJIFHOTO PO3MIpY cepell PO3TISHYTHX B poOOTi,
e OUTBII HaOMkaeThes o 0, aje BOHA HE3HAYHO MEHIIIA
Bin momnepenHpoi i craHoBuTH nure +0,1 xJ[x/Mois (quB.
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Ta0JHIIIO).

Hactrymuoro Oyma posrmsHyra peakmis mbk [I1 3
T'1IPOKCHIIBHOIO IpyIoo Ha nepudepii Ta
rpadeHOnoNIOHOI0 IUIONIMHOIO, IO MICTUTh B CBOEMY

I'TI-OH + HOC-T'TI — I'TI-OC-TTI + H>0.

3a JaHOI0 CXEMOIO aTOM KHCHIO T'IIPOKCHIIBHOT IPyITH
(puc. 4, a) B3aeMoIi€ 3 aTOMOM BOJTHIO JIBJICT1HOT TPYyITH
(puc. 4, 6). Buacninok 4oro po3puBaerbes 38’130k C—O
MDK TipokcwibHOIO Tpynowo i I'TI, i, B cBoIO Hepry,
po3puBaerbesi 3B's130k H-C B anpheriguid rpymi 3
YTBOPEHHSAM MOJEKyli Boad. OMHOYACHO 3 IUM aToM
Byrnerro nepmoi I'TT (puc. 4, a) B3aemozie 3 atomMom

AEreac[: [Etot(FHﬁOC*rH) +Eto[(H20)] = [Etot(FHﬁOH) + Eto[(HOC*FH)],

ne Ewt(IT'TI-OC—I'TI) — moBHa eHeprist IPOIYKTY B3aEMOAIT
rigpokcuinbHOi Tpynu oxaHiel I'T] 3 anbaeriqHO0 TPYHO0
iHmoi I'Tl, Ewy(H20) — moBua enepris mosexkynmu H>O,
Ewt(I'TI-OH) — moBHa enepris [Tl 3 rizpoKCHIBHOIO

rpymoto, Eiw(HOC-I'TI) — mnoBHa eneprin [Tl 3
AJIBJIET1THOIO IPYIIOIO0.
Sk  cBimguaTh pe3yNbTaTH PO3pPaxyHKY 3TiTHO

¢dopmynu (2), enepreruynuii edekr peakiii (Cxema 2), Ha
BiIMIHY BiJ] aHAJIOTIYHUX BEIUYKH 115 peakiii (Cxema 1),
Ma€ HeraTUBHE 3HAYEHHS, JUIsl IPOIYKTY PeaKilii, B SKOMY
rpad)eHOMOMIOHI TUIONMHA HAWMEHINI, CTAHOBUThH -
17,1 xJIx/Momb (B, TaOIHITIO).

IMpn Bukopucranni sk BuxigHux [Tl monekynu
KopoHeHy (puc. 1, 2, 0) i monexynu cknanom CaHis (puc.
1, €,3) mna peaxuii (Cxema 2) yTBOPIOIOTHCS HPOIYKTH
peakiii (puc. 5), MOJICKYIH SIKHUX 3a OyIOBOIO MOIIOHI 10
BHIIE PO3MIIHYTHX (pucC. 4, 6). B Monexymax nmpoaykriB

cknaai ampAerigHy rpyny (puc. 4). Y nmaHiii peakiii
BinOyBaeThCs B3aEMOIisI TIAPOKCHIBHOI Tpymu onxHiel ['T1
3 ajbJeriaHo0 rpynoro iHmoi [T 3rigHo cxemu 2:

(Cxema 2)

BYIJIEIIO QJIBJIETIIHOT Tpynu Ipyroi rpadeHomnoaioHoi
wionHn (puc. 4, 6) 3 YTBOPEHHSIM IPOJAYKTY peakIil
(puc. 4, 6), B axomy aBi I'Tl koBaseHTHO 3B’s3aHi MK
co0oto uepe3 kapOoHUIBEHY rpyy (>C=0).

Eneprernunmii edexr peakuiii po3paxoByBaBcs 3a
¢dopmymoro (2):

@

peakuii (Cxema 2), sK BHOHO 3 IHMX pHCYHKiB, [TI
pOo3TaNIoBaHi OJHA BITHOCHO OJTHOT HE EPIIEHAUKYJIISIPHO,
SIK B IpoayKTax peakuii (Cxema 1), i He mapanensHo, a i
rOCTPUM KyTOM. 30KpeMa, IJisi CTPYKTYPH, 300pakeHoT Ha
puc. 4, 6, et Kyt ctaHoBUTH 47,8°, A TPOAYKTY 3
MOXIJTHUX KOPOHEHY (pHC. 5, a) BiH HE3HAYHO OUIBIIUH i
Mae 3HadeHHA 53,3°, a mig mpoaykry peakmii 3 ITI
MaKCUMaJILHOTO po3Mipy (puc.5, 6), — cTaHOBUTB 54,2°.
Eneprernunmnii  edexkr  peakuii  (Cxema  2),
po3paxoBaHHH 3a HOPMYIIOI0 2, IPH YTBOPEHHI IPOIYKTY
i3 MOXITHMX KOpOHeHy (puc. 5,a), Ha BIOAMIHY BiJ
a”arnorignoi BenmuuHu (-17,1 k/I>x/MoJB), e B MOJIEKYITi
npoaykTy peakmii (Cxema 2) rpageHONONIOH] TUIOIIUHA
HaliMeHIlll, Ma€ 3Ha4deHHs Oym3bke 70 0 1 CTaHOBUTH
+0,5 kJIx/mMounb. [Ipu noganeniomMy 30UTbIIEHH] pO3MIpY
I'Tl npu yrBOpeHHI MPOAYKTY (pHc. 5, 6), eHePreTHIHHIA
e(eKT HE3HAUYHO 3HIDKYETHCS 32 a0COIFOTHIUM 3HAUYCHHSAM
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Puc. 4. PiBHOBa)kHa TeOMETpist MOJIEKYJI BUXITHIX PEYOBHH 1 MPOAYKTIB peakii B3aemoxii aBox [T, siki MicTATH 3
T1IPOKCUIIBHY 1 albJeTiIHy TPYIIH.
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Puc. 5. PiBHOBa)kHa TeOMETpisi MOJIEKYI MIPOAYKTIB peakilii TBOX TpaeHONOqIOHIX TLIOTIIHH
(C24H12— (a), Ca2His— (6)) 3 TimpOKCHIIBHOIO 1 aJIbJICTIHOO TPYIIAMH.
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110 -0,9 xJ[/MOIIB.
B momanpmomy mocmimkyBamack peakmis mix ['TI 3
TIIPOKCWIBHOI rpymoro Ha mepudepii ta [Tl 3

I'TI-OH + HOOC-T'TI — T'TI-O-OC-TTI + H,0.

3a 1i€l0 CXeMOolo, MOMAIOHO [0 BUIIE PO3MIIIHYTOT
peakuii (Cxema 2), aTOM KHCHIO TIAPOKCHJIBHOI TpymH
(puc. 6, a) B3aeMoJli€ 3 aTOMOM BOJHIO KapOOKCHIIBHOI
rpynu (puc. 6, 6), BHACIIIOK YOTO PO3PUBAETHCS 3B’ 30K
C-O mikx rigpokcmisHOIO Tpynoto i I'Tl y momekymi
BUXIZHOT peyoBuHi (puc. 6, a), IpU LBOMY PO3PHBAETHCS
38130k H-O B KapOOKCWIBHIN TpyIi 3 YTBOPEHHSIM
MoJIeKynmd Bomd. OJHOYACHO 3 LUM arOM BYIJICIIO

KapOOKCHIILHOIO TIpymor0 Ha mnepudepii. B Hiid
B3aEMOJIIOTh TigpokcwibHa Tpyma ognHiei ITTI 3
KapOoKkcuIIbHOIO rpymoro iHmoi ['TI 3rinHo cxemu 3:

(Cxema 3)

nepmwoi I'TI (puc. 6, a) B3aemojie 3 aTOMOM KHCHIO
KapOOKCHIIbHOI ~ TIpymd  Apyroi  rpadeHomnomioHol
wionHn (puc. 6, 6) 3 YTBOPEHHSIM IPOJIYKTY peakIil
(puc. 6, 6), B sxkomy i I'Tl koBaneHTHO 3B’sI3aHi MK
coboto uepes ectepHy rpymy (—O-C(=0)-).

Eneprernunmii edexr peakuiii po3paxoByBaBcs 3a
(bopmymoro:

AEreaet= [Etot(TTI-O—OC-TTI) +Eot(H20)] - [Ewot(TTI-OH) + Eio HOOC-TTI)], (3)

ne Ew(TTI-O-OC-ITI) — mnoBHa eHepris HPOIYKTY
B3aeMOJi  TiApokcwinbHOi Tpymu omHiei [TI 3
kapOokcmipHOIO Tpymoro iHmoi I'TI, Ew(H20) — nmoBHa
enepris mouiekyini HoO, Eq(HOOC-T'T]) — moBHa eHepris
I'TI 3 kapOOKCHITEHOIO TPYIIOTO.

Sk cBimuaTh pe3ynbTaTH  PO3PAaxyHKY 3TiTHO
¢dopmymn (3), eneprernunuii epexr peaknii (Cxema 3),
noai0HO 10 aHanoriyHuMX BenudyuHU peakuii (Cxema 1),
Ma€ TO3UTHBHE 3HAYEHHS, K€ CTAHOBHUTH VISl IIPOAYKTY
peakiii, B sxomy [Tl Haiimenmi (puc. 6, &),
+26,0 x/Ix/Moub (1uB. Ta0I:.).

[Ipu Buxopucranuai moxaenert ['Tl Gimbimoro po3mipy
(Co4Hio Ta Cs2His) yTBOPIOIOTBCS MOJIEKYNIH IPOAYKTIB
peakuii (puc. 7), momiOHi 3a OyJOBOIO A0 MONEpenHbOL
(puc. 6, 6).
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[{ikaBoI0 0COOJNHMBICTIO T'eOMETpii MOJIEKYN NaHHX
MpoayKTiB peakiii € Te, mo [Tl po3ramoBani B OIHIHI
IUIOMIMHI, HE 3aJIeKHO BiJl pO3MIpIB BUKOPHUCTAHUX
rpadeHonorioHIx TUTOIINH, 10 00yMOBJIEHO
BUHUKHEHHSIM BOJHEBOTO 3B 53Ky Mk aroMoM [inporeHy
onuiel I'Tl Ta xapOOHUTEHUM aToMOM OKCUreHY IHIIOI.
JlopxuHa 1bOro 3B’sA3Ky ckmagae 2.152 A, mo e
XapaKTepHUM JUIS BHIAAKY, KOJIM Y BOJHEBOMY
3B’sI3yBaHHI NpHiiMae ydactb aroMm [iiporeHy 3B’s3Ky
C-H. Taka npu6ausno Bincrans O--H, 30epiraersces i npu
Bukopuctanni [Tl Oinbmioro po3Mipy, 30Kpema, B
mpoaykTi, e 3a I'Tl BUkoprcTaHO KOPOHEH Ls BiACTaHB
cranoButh 2,118 A (puc. 7, a), a anst npoaykTy, B SKOMY
I'Tl MakcumansHOTO posmipy — 2,110 A (puc. 7, 6).

Eneprernunmii edexr peaxmii (Cxema 3) npu
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Puc. 6. PiBHOBa)kHA reOMETpis MOJIEKYJ BUXITHUX PEYOBHH i IPOAYKTIB peaKilii B3aeMoIii IBOX rpadeHOnoJi0HIX
TUTOIIHH, 110 MICTSITh 3 T1IPOKCHIIbHY 1 KapOOKCHUIIbHY TPYIIH.
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Puc. 7. PiBHOBa)KHA TeOMETPist MOJIEKYJI IPOAYKTIB peakiiii ABOX rpa)eHONOAIOHUX IIIOIINH
(C24H12— (a), Ca2His— (6)) 3 TiApOKCHUIIBHOIO i KapOOKCHIBHOIO IPYITaMH.
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BUKOPUCTaHHI MOJEKyaHn KopoHeHy sk [Tl Takox
MTO3UTUBHUH 1 € Ha 4,1 K[>k MOJIb MEHIIINIA aHAJIOTIYHOT
BEJNIMYMHY JUTA 1€l % peakuii, B siKiil sk rpadeHonoioHi
IUIOIIMHA BUKOPUCTOBYBAJIHM MOJEKYIy IipeHy, i
cranoButh +21,9 xJx/mMonb. Sxmo 3a I'Tl npaButh
MoJIeKyia Gimbioro po3mipy, 3okpema CaoHis (puc. 7,6),
TO EHEpreTMYHWH eQeKT € TaKoX MO3UTHBHOIO

I'TI-COOH + HOOC-T'II — I'TI-CO-O-OC-TTI + H20.

3a miero cxemolo, atroM [inporeHy KapOOKCHIBHOT
IPYIX MOJEKYIH Mepiioi BUXigHo1 peuoBunu (puc. 8, a)
B3aeMojie 3 aTtoMoM OKCHIeHY KHCIOTHOTO IICHTPY
KapOOKCHJIBHOI TPy  MOJIEKYIH JApYroi BUXIZHOT
pedoBuHH (puc. 8, 6). BHaACHimoOK 9OTrO pO3pHBAETHCA
38’5130k C—O MDK TiIPOKCHIIBHOIO TPYIOIO i aTOMOM
BYIJICII0 B KAapOOKCWJIBHIM TIpymi MOJEKyId Apyroi
BHXITHO1 pEYOBHHHU, IIPH IEOMY PO3PUBAETHCS 3B's130K H—
O B KapOOKCWJIBHIM T'pyIli MOJEKYJIH IMepHIoi BUXIJHOT
pedoBuHH (puC. 8, @) 3 YTBOPEHHSIM MOJEKYIH BOJU.

BEJIMYUHOI0, sika Mae 3HadeHHs +19,9 xJ[x/Moab (auB.
TaOJHIIIO).

I HaocTaHOK, ISl MOPIBHSIHHS PO3IJISIHYTa B3aEMO/Iist
mBox [Tl 3 kapOOKCHIBPHMMH TpylmaMu Ha mepudepii
KOXKHOT 3 HUX. JlaHy peakiito MoxHa 300pa3uTH CXeMOIO
4:

(Cxema 4)

OnHovacHO 3 muM atoM OKCHUTEHY KHCIIOTHOTO IICHTPY
KapOOKCHJIBHOI TpyNH MOJIEKYJIH Iepiioi BUXIAHOT
PEYOBUHH B3a€EMOJII€ 3 aTOMOM BYTJIEIIO KapOOKCHIIBHOL
TPy MOJIEKYIIM APYroi BUXiHOT peuoBHHU (puc. 8, 6) 3
YTBOPEHHSAM MOJIEKYJIH HPOAYKTY peakuii (puc. 8, ), B
skii i I'TI KoBaleHTHO 3B’s3aHi MDK COOOKO Uepes
cumerpuuny rpymny (—C(=0)-O0—C(=0)-).

Eneprernunnii eexr peakmiii po3paxoByBaBcs 3a
¢dbopmyoro (4):

AEreac= [Exof( TTI-CO-O—OC-TTT) +Eioi(H20)] - 2 Exi(TTI-COOH), (4)

e Ew(I'TI-CO-O-OC-I'TI) — moBHa eHeprisi MpOIOyKTy
B3aemonii nBox [Tl 3 KapOOKCHJIBHMMH TIpynamu,
Ewt(H20) — noBHa enepris mpoaykry peakiii — HoO,
Ett(TTI-COOH) — noBHa eneprist ['T] 3 kapOokcHIbHOIO
rpymnoio.

Eneprernunnit  epexr peakmii [Tl 3 gBoma
KapOOKCHIIbHUMU rpynaMu (Cxema 4) mpu BUKOPUCTAHHS
SK TrpadeHOmoMiOHNX IUIOIIMH MOJIEKYJIH IpeHy,
po3paxoBaHHX 3a GOpMyIIoIo (4), € MAKCUMAaIBHHHI 3 yCiX
PO3TJISIHYTHX paHilie i CTaHOBUTH +74,5 kJ[/MOIb.

[Tpu 36inpmIeHA] pO3MIpIB IUX TPadeHOBHX ILIOIIH
YTBOPIOIOTBCSL MOJIEKYJIM NPOIyKTiB peakiii (Cxema 4),
SIKi TAKOK TIOI0HI 32 IPOCTOPOBOIO OYIOBOIO MDK COOOFO
(puc. 9, a Ta 9 6) i MOJIEKYJIOIO MPOIYKTY peakxiii, 3
KapOOKCHIILOBAaHUMH MOJIEKYJIaMH TipeHy (puc. 8).

Sk BUIHO 3 IIMX PHCYHKIB, HA BIIMIHY BiJ] MOJICKYJ
npoayktiB  peakuii  I'Tl 3 rigpokcmipHOO 1
kapOokcmipHOIO Tpymamu (Cxema 3), B ycix mmx
MoJIeKyIax MIPO/IYKTIB peakuii  (Cxema 4),
rpad)eHOMoNIOHI IIIOMUHN HEe TapalielbHi MK co001o, a
YTBODIOIOTh JESKHH KyT MDK HUMH, NMOJIOHO 5K 1 Y
MoJteKynaax mponaykTiB peakmii [Tl 3 rimpokcmmbHOIO i
anpaerigaolo rpynamu (Cxema 2) (puc. 4, 6 Ta puc. 5).
30kpeMa, KyT MK TrpadeHONOMIOHMMH IUIONIMHAMU B
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HallMEHIIOMY  IPEHBMICHOMY  TPOXYKTI  peakiii
(puc. 8, 6) cranoButh 77,2°. Y mpomykri OurbmIoro
po3Mipy, B sikoMmy 3a [Tl mpaBuin MoJeKy/nn KOPOHEHY,
AQHAIOTTYHUHM KYT € He3HaYHO MEHIIMH 1 Mae 3Ha4YeHHS
54,7°. Jlns npoAyKTy peakiuii MakCHMalbHOTO pPO3MIpy
el KyT Maibke He BiPI3HAETHCS BiI MOMEPETHBOTO i
craHoBuTh  55,9°.  Jlo Takoi HEKOMIUIAaHAPHOCTI
NPUBOJUTH HASBHICTE B  PO3MNITHYTHX MOJICKYJIax
O6nMM3bKO po3MimeHnX aromiB OKcureHy i3 3HAYHUM
HEraTHBHHUM 3apsIoM Ha KO)KHOMY 3 HHUX.

Eneprernunnii edpexr peakmii (Cxema 4) mis
KOPOHEHOBMICHOTO TPOAYKTY TaKOX Ma€ MO3UTHBHE
3HAYCHHS, fKe cTaHoBHTh +70.6 xJ[k/Monb, a s
MPOJIYKTY peakuii me OLIBLIIOro po3Mipy, Lisi BeIWYHHA
e MEHINA 1 11 BeInynHa Ma€e 3HaueHHs +69,3 kJ[x/MoJb
(muB. TaOMUINO).

3 TabaMui BUIHO, 10 He 3aJIeKHO Bix posmipy I'Tl,
HalfHIK4Ye aOCONIIOTHE 3HAYECHHS €HEPreTUYHOTr0 e(eKTy
3a y4acTi OJTHAKOBOi OKCUTEHBMICHOT I'PYIT XapaKTepHe
it peakmii B3aemonii I'Tl 3 rigpokcWipHOIO Ta
anpaerigHoto rpymamu (Cxema 2) Takox ciij 3a3HAYUTH,
0 JUIs BCIX PO3TIIAHYTHX peakuii kpim peakiii (Cxema

2), mnpu 30impmeHHi posMipie  ITl, BexwmuuHH
€HepreTHYHoro e(peKTy 3MEHINYIThCA.. Haiibiipma
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Puc. 8. PiBHOBa)XHa reoMeTpisi MOJIEKY)T BUXITHUX PEYOBHH 1 IPOJIYKTIB peakiii B3aeMo/Iil BOX rpadeHono ioHnX
TUTOIIMH 3 KapOOKCHIIBHOIO TPYIIOI0 Ha nepudepii.
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Puc. 9. PiBHOBaXkHa reoMeTpisi MOJIEKYJI POJIYKTIB peakilii 1BOX rpa)eHONoMi0HIX IIIOMINH
(C24H12— (a), Ca2His— (6)) 3 ABOMa KapOOKCHIIBHUMH TPYITAMH.
Tadanus
Eneprernuni epexTr B3a€eM01i1 4aCTKOBO OKMCHEHUX Tpad)eHONOII0HNX TUIOLIHH MK c00010.
No cxemu Cxema B3aeMoIii AE react, (xJ1x/MOTIB)
peakiLii CisHio | CosHiz | CaoHis
1 I'lT-OH + HO-I'll — I'TI-O-T'TI + H20 +22,2 +1,3 +0,1
2 I'TI-OH + HOC-T'I1 — I'TI-OC-T'II + H,0O -17,1 +0,5 -0,9
3 I'TI-OH + HOOC-T'TI— I'TI-O-OC-T'I1 + H,0 +26,0 +21,9 +19,9
4 I'TI-COOH + HOOC-TTI— I'lT-CO-O-OC-T'II + H,0 +74,5 +70,6 +69,3
3aJICKHICTh  CHEPreTUYHOTO ePeKTy BiT PO3MIpy AIIBJCTITHI TPYITH.
rpadeHono{iOHUX TUIOLIMH CHOCTEPIraeTbes ISl peaKiil
(Cxema 1) B3aemonii I'TI 3 rigpokcunsHIMHE TpymiamMu. B
JTAHOMY BHIAJAKY BETHMYMHU AEpca 3MEHIIYIOTBCS BiX I'peoenvna FO.B. — mpoB. imxeHep, lHcTuTyT XiMmil

22,2 nnsa mipeaBmicaux I'TI mo 0,1 x/[x/moms mms T'TI
CaoHie. A peakuii (Cxema 2), npu 30UIBIIEHH] pO3MIpy
rpadeHonoNiOHNX TIJIOMIMH HAaBMAaKW E€HEPreTHYHUN
epext 3pocrae Ha 16,2 x/x/Momb, Bim -17,1 mo -
0,9 xJIx/mMomb. [ns peakiii B3aemomii TiIPOKCHIBHOT
TPy 3 KapOOKCHIBHOIO B TPaeHONOJIOHNX TUIOIINHAX
AEpcan BinpizHstoTbess Ha 6,1 xJx/Monb mpu 3MiHI
po3mipy I'Tl Big MiHIMaIBHOTO 1O MAKCHMAIIBHOTO. A TIpH
B3a€EMOJIi MIXK JIBOMa KapOOKCHIbHUMH Tpynamu (Cxema

4) aHaNOTiYHI BENWYUHU 3MIHIOIOTBCS JIMIIE Ha
5,2 x]JI>x/MOIb.
BucHoBku

OTxe, 4K  CBigYMTH  aHali3  pe3yJbTaTiB
KBaHTOBOXIMIYHHX PO3paxyHKiB, HaWOUIbII
TePMOAWHAMIYHO  WMOBIDHOIO €  peakmii  MDK
TIIPOKCIIIBHOKO 1  aNmpJACTiMHOI  TpyHaMH  JIBOX
B3aEMOJIFOUNX I'T1 HE3aIEKHO BIZ po3MipiB
rpadeHOMONIOHNX  IUIOMMH. He3HayHo  MEHIIOH

TEPMOJVHAMIYHO HMOBIPHOIO € peakilisi B3aeMOJii
TIIPOKCIIIBHUAX TPYI ABOX CYCITHIX TpadeHOmomiOHMX
wiomuH. HalMeHIT TepMOIUHAMIYHO IHMOBIPHOIO €
peakiis MK JBOMa KapOOKCHMIIBHUMH TPYHaMH Pi3HUX
rpadeHonoIioHIx TUTOIIUH. Hdns CTBOpPEHHS
HAHOKOMIIO3MTIB IIISIXOM B3aEMOJii rpadeHONOTI0HNX
IUIONMH MDK CcO0OI HeoOXigHo, mo0 B CcKiIami
rpadeHonoiOHUX IUIOMKH Oyiny HasBHI TIAPOKCHIIBHI 1
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Using the methods of quantum chemistry, the energy effects of the interaction of partially oxidized graphene-
like planes with each other and the effect on this characteristic of the nature of the functional groups present in the
oxidized graphene-like planes, as well as the dimensions of the graphene-like planes themselves, were clarified. It
was established that the reaction between the hydroxyl and aldehyde groups of two interacting graphene-like planes
is the most thermodynamically probable, regardless of the dimensions of the graphene-like planes. The reaction
between two carboxyl groups of different graphene-like planes is the least thermodynamically probable. To create
nanocomposites by interacting graphene-like planes with each other, it is necessary that the graphene-like planes
contain hydroxyl and aldehyde groups.
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In this work, a high-accuracy setup was developed for the characterization of thermoelectric devices in the
temperature range of 300-900 K. The output parameters of the thermoelectric devices, including the thermoelectric
efficiency Z, Seebeck coefficient S, and internal resistance r, were measured. A technique, block diagram, and
computer tools for automated measurement and preliminary processing of experimental data were developed for
automated studies of the properties of semiconductor materials and thermoelectric power conversion modules. The
developed tools were shown to have high efficiency. The complexity of the process of measuring the main electrical
parameters of semiconductor materials was significantly reduced, and the accuracy of the obtained results was

increased.
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Introduction

Due to the increase in energy demand and depletion
of natural resources, the development of energy harvesting
technologies has become tremendously important [1]. The
application of thermoelectric devices, which convert heat
directly into electrical energy, has led to significant
progress in the development of cost-effective,
environmentally-friendly, and fuel-saving energy sources
for power generation, refrigeration, temperature sensors,
and thermal management [2—10]. The high reliability and
long operational lifespan of thermoelectric (TE) energy
converters make them ideal for use in the space industry,
gas pipeline systems, medical devices, and consumer
electronics [4,5,11,12].

The efficiency of such TE converter is determined by
the following equation [4,12,13]:

_ AT J1+(ZT)gp-1

=4 _ 1
nmax Th \/m+;_; ( )

where Th and T. are the hot and cold sides temperatures at
the ends of TE converter, respectively, AT = Ty — T¢, and
(ZT)av is the average dimensionless TE figure of merit,
which is determined as:

1
(ZT)ay = ThT.

2
7T = =77, ©)

[t 2T - dT @)

where S is the Seebeck coefficient, ¢ and « are electrical
and thermal conductivity.

Theoretical studies have shown that the most accurate
ZT value can be obtained using the Harman method [14].
There are many modifications of this method [15,16] that
allow for the direct estimation of the TE figure of merit on
a single sample. However, the use of measurements based
on the Harman method, especially at high temperatures,
has certain disadvantages [27]:

1. The effect of parasitic heat transfer between the
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sample and its environment has been determined to be
critical to the measurement accuracy.

2. This effect of parasitic thermal phenomena
increases  rapidly  with increasing measurement
temperature.

3. To determine thermoelectric parameters, it is
necessary to use correction factors of up to 80% of the
measured ZT value, which cannot be reliably estimated for
arbitrary temperatures and sample sizes.

To measure parameters of the thermoelectric devices,
direct methods were chosen, in which a heat flux is passed
through the thermoelement due to a certain temperature
gradient created between the heater and the cooler. Direct
methods require a gradient heater, precise temperature
gradient maintenance and measurement, and the
accounting of heat fluxes and losses, which may introduce
considerable errors in the estimate of the thermoelectric
figure of merit. The design and analysis issues of devices
concerning these problems are discussed in [18,19]. The
use of general tools for studying thermoelectric properties
poses several difficulties, primarily with regards to
adapting measurement techniques and integrating such
tools into pre-existing laboratory complexes [20].

The peculiarity of the developed method is the use of
two identical samples placed on both sides of the heater
and cooled by the same water radiators.

Due to the properties of semiconductors, n-type and
p-type materials have Seebeck coefficients of opposite
signs, respectively [21]. Consequently, thermoelectric
modules are composed of two distinct semiconductor
materials that are interconnected electrically in series and
thermally in parallel [21], as shown in Fig. 1.

Fig 1. Thermoelectric module [21].

Thermoelectric devices available in the market
typically comprise a series of thermocouples sandwiched
between hot and cold plates that conduct heat. In order to
maximize their efficiency, modern modules are sometimes
segmented or cascaded, wherein a single leg can
incorporate several materials consecutively. The rationale
behind this approach lies in the fact that thermoelectric
modules frequently experience temperature gradients of
several hundred degrees, and given that the figure of merit
of a given material may vary considerably across a range
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of temperatures, using more than one material becomes
advantageous [21]. Additionally, the metal-semiconductor
junctions present in a thermoelectric module are ohmic
contacts, thereby rendering the device essentially
symmetrical and enabling it to pump heat or current in
either direction.

I. Development of setup

The development and widespread use of
thermoelectric generation as a user-friendly technology
for direct energy conversion is mainly limited by a small
efficiency factor. Presently, scientists in the field of
thermoelectricity are primarily focusing on increasing the
thermoelectric efficiency Z across a wide range of
operating temperatures (300-900 K). The quality of a
thermoelectric material is determined by a set of key
parameters, including the Seebeck coefficient, electrical
conductivity, and thermal conductivity. Moreover, for a
thermoelectric converter to be fully functional, it must also
possess a range of electrical and operational
characteristics, such as internal resistance, generated
current and voltage, thermoelectric power, heat capacity,
and other performance metrics.

For the purpose of measuring all the aforementioned
parameters, direct methods have been selected, whereby a
heat flow is directed through a thermoelement in response
to a temperature gradient generated between the heating
and cooling elements. A noteworthy aspect of the
developed methodology lies in the use of two identical
samples positioned on either side of the heating element,
and subsequently cooled by identical water radiators. The
measuring cell is shown schematically in Fig. 2.

AN INARAINARAE
OOCOCOCKS |+

Fig. 2. Schematic representation of the measuring cell.
1 —copper electric heater with thermocouple, 2, 3 —copper
water radiator with thermocouple, 4, 5 — thermocouples or
single samples of thermoelectric material, 6 — electrical
contacts, 7 — heat shield, 8 — clamping pins, 9 — nuts,
10 — spring washers, 11 — vacuum cap, 12 — vacuum
gasket, 13 — base, 14 — fitting for pumping, 15 — fittings
for water supply and drainage, 16 — fluoroplastic
insulation.

The use of a water-based cooling system allowed to
maintene the stable temperature of cold junction. To
achieve uniform heating of cylindrical or rectangular
samples, a miniature copper heater with low power output
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was designed and coupled with a tubular heat shield made
of tantalum. This configuration was effective in in
reducing the impact of parasitic heat loss, which is often
challenging to accurately account for in thermoelectric
measurements.

To diagnose ready-made thermoelectric energy
conversion modules with a size of 40x40 mm, a
rectangular copper heater with a size of 40x40x8 mm is
made, which contacts the hot surfaces of the thermocouple
through the thermal interface. The general view of the
measuring cell is shown in Fig. 3.

Fig. 3. General view of the measuring cell with installed
thermoelectric elements.

The design further allows for the installation of an
extra heater on two threaded racks, positioned at the
interface level of the two radiators. This feature enables
the investigation of film thermomodules, wherein the cold
junction is secured between two radiators while the hot
junction is pressed against an additional copper plate that
is heated by the extra heater.

All electrical contacts are routed through two sealed
connectors located in the base. The setup supports up to 5
thermocouples, with one placed in the heater, another in
the radiators, and two more that can be drilled into the
sample for additional control of heat fluxes. When
investigating the electrical properties of semiconductors,
fundamental parameters such as electrical conductivity,
thermoelectric power, and thermoelectric EMF are
measured.

The principle of determining the coefficient of
thermal conductivity of stationary methods is based on the
measurement of heat flux and temperature difference
according to [22]

_ qd _ Pd
T2-T1  S(T2—T1)

Here q is the heat flux; P - measured power of the
electric heater; S is the area of the sample; T»-T; is the
temperature difference between two opposite surfaces of
the sample; d is the thickness of the sample. Usually, the
geometry of the sample and the configuration of the
measuring system have the strongest effect on the value of
the thermal conductivity. It is possible to implement
comparative methods in which the amount of heat that has
passed through the test sample is determined from the
known parameters of the reference sample, which is in
similar conditions. The method is quite well developed for
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different materials in a wide range of temperatures: from
a few degrees to ~ 1000 K.

Il. Design of software and hardware for

automated studies of the properties of
thermoelectric energy conversion
modules

The computer system designed for measuring
electrical parameters was developed with special attention
given to the versatility of solutions, which allows for the
study of both massive and film thermocouples, as well as
the diagnosis of thermoelectric modules. The block
diagram of the measuring system can be found in Fig. 4.

Cold water is running through two copper radiators, it
can be both flowing tap water and water cooled by means
of the cooling thermostat. The cooling thermostat is
constructed on the basis of 12 V Peltier elements. The set
temperature of the hot side is maintained by the
microcontroller by means of a precision PID thermostat,
the power of which is accurately measured and can be kept
constant, regardless of changes in external conditions or
the resistance of the heater. Feedback is carried out using
chromel-alumel thermocouples. The thermostat maintains
the set temperature with an accuracy of 0.1 K. It is also
possible to connect additional thermocouples drilled in the
sample, to accurately measure small temperature
gradients.

The measuring system is based on the UNI-T
UTM1805A digital multimeter, which supports data
output to a computer and provides a resolution of 1 uV
with an accuracy of 0.015% in the DC voltmeter mode and
has an automatic range selection function. The control
device for the system is a STM32F303 microcontroller,
programmed in C language, and communication with the
computer is enabled through the USB-UART converter,
coupled with a text command interpreter that facilitates
two-way data exchange between the device
microcontroller and control programs on the computer.

The thermo-EMF recording process on the samples is
executed sequentially with the aid of a switching unit
integrated with a reed microrelay. The system allows for
the measurement of voltage from each differential
thermocouple individually, or to take an average of the
readings. Furthermore, thermocouples can be connected in
series to obtain the sum of the thermo-EMF of both
thermocouples. The Seebeck coefficient is then
automatically calculated.

The measurement of thermoelectric power is
enhanced by the implementation of a load block, which
enables the determination of the operational parameters of
thermoelements. Additionally, studying the Peltier effect
under load presents further opportunities for analyzing
heat transfer parameters, particularly in determining
thermal conductivity.

The computer program provides automated control of
the measurement process, registration of data from a
digital voltmeter, pre-processing and visualization of data.
The program is developed in Delphi programming
language. The measurement results of each sample are
recorded in separate MS Excel-compatible files with the
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possibility of further continuation of the experiment. The
setup exhibits high reliability, stability, and precision of
results during prolonged and regular operation.

I11. Experimental research and discussion
of the obtained results

Let us examine the operational capabilities of the
computerized measuring system through a concrete
illustration, where a series of industrial thermoelectric
elements of the TEKB-1-1-(15.4-6.0-51.4)-40-71 type
were studied. Experimental data on the thermoelectric

power, maximum power, and efficiency concerning the
temperature difference applied to the module for the
studied modules are shown in Fig. 5.

In Table. 1. comparison of measured and passport data
for two thermoelectric modules TECB-1-1-(15.4-6.0-
51.4)-40-71 is presented. The relative measurement error
does not exceed 2%.

Upon analysis of the results and comparison of the
calculation results with experimental measurements, it
was observed that the measurement methods selected, and
their hardware and software implementation, despite the
relative simplicity of the implemented algorithms,
demonstrated high efficiency. The implementation of the
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Fig. 4. Block diagram of a computer system for automated diagnostics of thermoelectric modules.
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Fig. 5. Dependences of thermoelectric power (curve 1), maximum thermoelectric power (curve 2), efficiency (curve
3) and ZT (curve 4) on the temperature difference applied to the module. A — corresponds to sample Ne3 placed at
the bottom of heater, o — sample Ne4 placed at the top of the heater.

Table 1.
Measured and passport electrical parameters of industrial modules.
Sample s, 1/Q cm S, uV/K r, Q (25 °C) r, Q (50 °C) Zx10% K*!
Measured Passport M P M P M P M P
(M) (P)

3 1006 1000- 222.3 | 220-225 | 2.13 2.12 232 | 230 | 2.85 | 2.88
1020

4 1005 1000- 222.8 | 220-225 | 2.17 2.17 234 | 234 | 285 | 284
1020
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computerized measuring system significantly reduced
time and labor costs for experimental measurements, and
facilitated automated diagnostics and fault detection of
thermoelectric modules.

The advantage of the implemented research method is
the automation of both the measurement process and the
pre-processing of the result during the experiment,
depending on the material under study. Furthermore, the
representation of the acquired data through graphical
dependencies makes it possible to visually detect errors,
defective samples, even during the measurement process.
In contrast to general-purpose tools and mathematical
software packages, which offer much broader data
processing capabilities, the development of specialized
tools, despite the limited set of models, integrates well into
the developed measuring system and provides information
on electrical properties of the material with minimal effort
and reduces time required. for measurement and
processing.

Conclusions

characterization of thermoelectric devices.

2. The method, flowchart, and computer tools for
automated measurement and  pre-processing  of
experimental data for automated studies of the properties
of semiconductor materials and thermoelectric modules of
energy conversion have been presented.

3. The developed tools were used for experimental
research of thermoelectric modules with known
characteristics, and their high efficiency was
demonstrated. The use of these tools significantly reduced
the complexity of the process of measuring the basic
electrical parameters of semiconductor materials and
increased the accuracy of the obtained results.

The work was partially performed within the project
of the Ministry of Education and Science of Ukraine
«Elements of hybrid sensor microsystems for biomedical
applicationsy (State registration number 0122U000858).
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VY po6oTi po3po0JIEHO BHCOKOTOYHY YCTAHOBKY [UIs BH3HAYCHHS XapaKTEPHUCTHK TEPMOCNEKTPUYHUX
npwiagiB B xiama3oHi remneparyp 350-600 K. Bynu BuMipsiHi BUXiIHI TapaMeTpl TEPMOETICKTPHYHHX MTPHUIIAIIB,
BKIIIOUAIOYX TEPMOEIEKTPHYHY HOOpOTHICTE Z, koedimieHT 3eebexka S 1 BHyTpimHiA omip r. Po3pobieno
METOJAUKY, CTPYKTYPHY CXeMY Ta KOMIT FOTE€PHI 3aCO0M aBTOMaTH30BAaHOTO BIMIPIOBAHHS Ta IOTIEPEIHB0T 00pOOKH
EKCIIepUMEHTAIBHUX JaHUX JJIsI aBTOMAaTH30BaHHUX JOCHI/PKEHb BIACTHBOCTEH HaIliBIIPOBITHUKOBUX MaTepiaitiB i
MOJYJIB TEPMOENEKTPUYHOTO nepeTBopeHHs eHepril. [Toka3aHo BHCOKY e(eKTHUBHICTH PO3pOOJIEHUX 3aco0iB.
3HAaYHO 3MEHIIEHO TPYAOMICTKICTH IPOLECY BHUMIDIOBaHHS OCHOBHHX  €NEKTPUYHHX  IIapaMeTpiB
HAaMiBIPOBITHUKOBHUX MaTepiajiB, a TAKOXK ITiIBUIICHO TOUHICTh OTPUMAHUX PE3yNIbTATIB.

KiwouoBi ciioBa: TepMoeneKTpHKa, TEPMOEIEKTPHUYHI Marepiand, TEePMOENeKTpHuYHa e(eKTHBHICTb,
BUMIipIOBaJIbHA TEXHiKa, BHCOKOTOYHI aBTOMAaTH30BaHI BUMIpIOBaHHS
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Intermetallic compound DysNi2.43Snos was prepared by arc melting and annealing at 873 K. It was
characterized by X-ray powder diffraction, differential thermal analysis, and electron probe microanalysis. The
crystal structure of low temperature DysNi2.43Snos phase belongs to the orthorhombic HosCo02Ga structure type
(space group Immm, a = 0.93116(1) nm, b = 0.94993(1) nm, ¢ = 0.98947(1) nm). Crystal structure refinements
showed the deviation from the ideal 6:2:1 stoichiometry corresponding to the formula DygNi2.43Snos. It exhibits a
sequence of magnetic phase transitions; antiferromagnetic ordering sets in at 60 K, while further order-order
magnetic phase transitions take place at lower temperatures.
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Introduction

The search of new intermetallics with useful magnetic
properties has brought lot of attention to compounds
containing rare earths (R), d-metals (M), and p-elements
(X) such as Si, Ga, Ge, Sn, In, Pb. In the R-rich region of
the R-M—X ternary systems (M = Co, Ni; X = Ga, In, Sn,
Pb) two series of isotypic compounds Ri:MeX (cubic
Smi2NigIn-type) and RsM2X (orthorhombic HosCo,Ga-
type) were identified and studied previously [1-8]. Both
types of crystal structures are characterized by the
antiprismatic-tetragonal coordination of the smaller atoms
(Co, Ni) and by significant shortening of interatomic
distances between rare earths and d-elements and between
M atoms. The relationship between SmiNigln and
HosCo,Ga structure types is described in Ref. [8]. In the
HosCo,Ga structure, the rare earth atoms form metal
bonded framework yielding several types of high
coordination polyhedra encapsulating the atoms of the
transition metals and X elements [4]. Depending on the
ratio of the size of the atoms M and X, the tendency for
disorder in particular crystallographic sites is observed in
these structures. For example, the compounds
TheC0235Sn065 [9], H06C02.1351N0865 [6], ErsCo2.191N0 81
[10], and ReM2+xPbix (M = Co, Ni) [8] are characterized
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by statistical mixture of M and X atoms in the 2a site,
while in the original HosCo,Ga structure type it is
occupied exclusively by Ga atoms. In DysC025Snos, the
Co atoms occupy three crystallographic sites, and only 2c
position is occupied by the Sn atoms [11]. Study of
isotypic compounds with bismuth [12] showed that unlike
the HogCo,Ga prototype, the 2a position is occupied by
Co atoms and authors propose the formula Ri2CosBi
(equal to RsCo25Bios) which reflects the occupancy of
crystallographic positions in the structure.

Taking into account that the complex magnetic
behavior arises from the connection of f- and d-electrons
in rare-earth intermetallics with transition elements, the
properties of stannides Ri12NigSn and RsM,Sn were
explored. A study of magnetic properties revealed that the
R12NigSn intermetallics exhibit ferromagnetic ordering for
Gd and Tb compounds with Tc 85K and 95K,
respectively [1]. The temperature dependencies of the
magnetic susceptibility measured earlier in the range 78-
293 K for RsNi2Sn compounds (R = Th, Dy, Er, and Tm)
showed that they obey the Curie-Weiss law with effective
magnetic moments close to free R®* ion values [5, 7].

The isotypic stannide ErsNi>Sn has been investigated
as potential material for the lower temperature stage of
Gifford-McMahon cryocooler [13]. Refs. [14,15]
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suggested, based on specific-heat data and magnetic
measurements of ErsNizSn giving estimates of isothermal
entropy change and magnetocaloric effect, that this
compound can serve as material for cryogenic devices.
Neutron diffraction study of ErgNiSn showed a complex
non-collinear commensurate antiferromagnetic structure
[16], in which the magnetic moment values of Er atoms
are significantly reduced.

The present work aims to determine structure
characteristics and magnetic properties of DysNi2.43Snos.
In addition, magnetic behaviour of the binary DysSns is
presented.

I. Experimental details

Polycrystalline samples for investigation were
prepared by direct arc melting of the constituent metals
(dysprosium, purity 99.9 wt.%; nickel, purity 99.99 wt.%;
tin, purity 99.999 wt.%) under purified argon atmosphere
(Ti as a getter) in a water-cooled copper crucible. Weight
losses of the initial batch did not exceed 1 wt. %. Two
pieces of the alloys were annealed separately in the
evacuated quartz ampoulesat T =873 Kand T = 1073 K
for 720 hours and then quenched in cold water. The
synthesized and annealed samples are stable under
ambient conditions. The chemical composition of the
prepared samples was examined by Scanning Electron
Microscopy using JEOL-840A scanning microscope.

X-ray powder diffraction data were collected using
STOE STADI P powder diffractometer (Cu Kay radiation,
angular range for data collection
6.000 <260<110.625/0.015). FullProf Suite program
package [17] was used for the determination of the crystal
structure parameters.

Differential thermal analysis (DTA) was used to
check the temperature range of the stability of the
compound (LINSEIS STA PT 1600 device, argon
atmosphere). Sample was heated up to 1173 K, at a rate of
10 K/min. The weight losses during heating (TG) were
less than 0.2%.

The magnetic susceptibility was measured in external
magnetic fields up to 9 T in the temperature range from 2
K to 300 K using a Quantum Design PPMS extraction
magnetometer. The grains of the sample were fixed in
random orientation preventing rotation of individual
grains under the influence of a magnetic field. The specific
heat measurements were performed on a bulk sample in
the same temperature range using a Quantum Design
PPMS microcalorimetry setup.

The magnetic behavior of the DysShs compound was
measured using an extraction method in the magnetic
fields up to 10 T in the temperature range 2 K to 300 K.

I1. Results and discussion

2.1. Formation of compounds and crystal structure
refinement

Taking into account the literature data and general
stoichiometry 6:2:1 for the ReNi;Sn series, a
polycrystalline sample with nominal composition
Dye7Ni22Sni1 was prepared. X-ray phase analysis of the
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sample showed the presence of the main phase DysNi,Sn
with the HogCo,Ga structure type and a small amount of
additional binary phase DysShs (MnsSis structure type,
a= 0.88863(1), ¢ = 0.64873(1) nm). According to the
electron probe microanalysis (EPMA) data, the
determined composition of the main phase is
Dyes.62Ni2767Sns 71, meaning lower Sn concentration in
comparison with the ideal 6:2:1 stoichiometry. As the next
step, we prepared a new sample with the nominal
composition DygsNi2sSne. In order to synthesize a single-
phase sample we used two different temperatures of
annealing, namely 873 and 1073 K. The phase analysis of
the sample annealed at 873 K proved the existence of
orthorhombic phase with the HosCo,Ga structure type,
while a phase with the cubic Sma12NigIn structure type was
identified in the sample annealed at 1073 K. To confirm a
polymorphic transition we have studied the sample by the
differential thermal analysis. The DTA curve measured in
the heating and cooling regimes is shown in Fig. 1. Two
thermal peaks are more visible on the cooling curve at
1098.5 K and 1015.3 K, respectively, which can be
associated with the formation of the cubic phase and next
polymorphic transition to the orthorhombic one. Thus, we
can stay that orthorhombic phase is stable up to ~ 1015 K.

10241 K—— ~7
) |
11182K ¥

DTA (V)

1098.5K

10153K

— — ?,\,‘17

370 470 570 670 770 970

Temperature (K)

Fig. 1. DTA plot for DygsNi2sSns sample.

870

n Evaluation V'

Analysis of X-ray powder diffraction pattern of the
DyssNizsSns sample annealed at T = 870 K showed the
presence of a single phase with orthorhombic HosCo,Ga-
type (space group Immm, a 0.93116(1) nm,
b =0.94993(1) nm, ¢ = 0.98947(4) nm). Refined atomic
coordinates and displacement parameters for HosCo,Ga-
type phase are listed in Table 1. The refinement of the site
occupancies showed that in this structure Ni atoms fully
occupy the 4j position and both 4g and 2a positions for Ni
atoms are occupied partially (Table 1). Thus, the chemical
formula should be written as DysNiz.43Snos, what is in a
good agreement with EPMA data (Dyese2Ni27.675ns571).
Obtained stoichiometry is close to the previously studied
TbeCOz,ssSﬂo_es [9] and R5M2+be(In)1.x (M = CO, NI)
[6,8,10] compounds, which are characterized by a lower
concentration of the p-element compared to the ordered
HosCo,Ga-type phase.

Crystal chemical analysis of the stannide
DysNi2.43Sno s showed that this structure can be presented
as a framework of Dy atoms forming prismatic and
icosahedral polyhedra filled with the smaller Ni and Sn
atoms (Fig. 2) The analysis of the interatomic distances in
the DysNiz.43Sng s structure showed a significant variations
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Table 1.

Atomic coordinates and isotropic displacement parameters for the DygNiz.43Snos compound
(Reragg = 0.039, Rp = 0.011, Ryp = 0.015)

Atom | Wyckoff x/a y/b zlc *Biso-102 (NM?) Occupancy
position
Dyl 8n 0.2924(2) 0.1821(2) 0 1.17(8) 1
Dy2 8m 0.3030(2) 0 0.3233(1) 0.49(8) 1
Dy3 8l 0 0.1903(2) 0.2146(2) 0.84(8) 1
Nil 4j 1/2 0 0.1233(6) 1.72(2) 1
Ni2 4q 0 0.3633(7) 0 1.57(6) 0.95(1)
Ni3 2a 0 0 0 1.62(1) 0.96(1)
Sn 2c 1/2 1/2 0 0.88(1) 1

of the sum of the corresponding atomic radii

(ra(Dy) = 0.177 nm, ra(Ni) = 0.125 nm): for shorter Dy-Ni
distances Dy1-Nil — 0.2849 nm; Dy2-Ni2 — 0.2847 nm;
Dy3-Ni2 — 0.2821 nm and Nil-Nil distance 0.2440 nm.
The shortening in interatomic distances in DysNi2.43Sngs
is similar to the shortening in the prototype HosCo,Ga [4]
and in other isotypic intermetallics with Sn or Pb [8, 9].

Fig. 2. Atomic columns in DygNiz 43Sno 5 structure formed
by Dy atoms. The smaller Ni and Sn atoms are inside
prismatic and icosahedral voids.

It should be pointed out that the crystal structure of
DyeNi2.43Snos can be derived from the WAIy» structure
type by an insertion of Ni and Sn atoms into binary WAl
[7]. Both compounds are characterized by similar 3D-
framework structure built by Dy and Al atoms,
respectively (Fig. 3).

The analysis of the structures HogCo.Ga [4] and the
isotypic ReM2+xX1x intermetallics (M = Co, Niand X = Ga,

In, Sn, Pb, and Bi) [5-12] illustrated the role of the size of
the X element in structural disorder. The HosCo.Ga
structure is completely ordered, small Ga atoms occupy
two crystallographic sites 2c and 2a fully. Crystal
structures of the related compounds with larger X atoms
show that the crystallographic position 2a, occupied only
by Ga atoms in HogCo,Ga-type, is strongly susceptible to
accommodate statistical mixtures with d-metals, what
results in a deviation from the ideal stoichiometry 6:2:1.
This fact was observed for the compounds ThsC02.355n0 65,
H05C02.1351N0 865, ErsC02.191N0.81, ReM2:xP(Bi)1x [6, 8-12],
and finally for DysNi2.43Sng s.

2.2. Magnetic and heat capacity measurements

For the Dys7Ni2Sn11 sample we performed magnetic
susceptibility measurements in magnetic field of 0.05 T,
2T, and 4 T in the temperature range 2-300 K. The field
dependence of magnetization was measured in magnetic
fieldsup to 9 T for temperatures T = 2, 20, and 40 K. Fig. 4
shows that the high temperature Curie-Weiss behavior
extends down only to 60-70 K and below this temperature
the values of x(T) become field dependent. In the
paramagnetic state the temperature dependence of the
inverse magnetic susceptibility y(T) is well described by
the Curie-Weiss law with the value of effective moment
10.60 pe/Dy, i.e. close to the value for free ion
Dy®*(10.65 pug) (Fig. 5). The paramagnetic Curie
temperature 4, = 26 K is lower than the transition
temperature  but still positive, which indicates
predominant ferromagnetic interactions. Temperature
behavior of the magnetic susceptibility exhibits a kink,
pointing to an antiferromagnetic ordering below about

Fig. 3. Model of DysNiz.43Snos (a) and WA (b) structures.
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60 K (see Fig. 4). However, y(T) still increases below this
temperature (at least in low magnetic fields) and another
Kink is visible at T = 27 K, which may suggest presence of
a magnetic phase transition of the order-order type. A
smaller anomaly see particularly for the 2 T data can be
distinguished at 19 K. The »(T) measurement in very low
magnetic field (0.05 T) reveals a small ferromagnetic
component developing below T = 60 K. As the size of the
increment in the inset of Fig. 4 is = 6x10° m¥/mol f.u., i.e.
< 0.5 pg/f.u., it means less than 0.1 us/Dy. Hence we most
likely encounter a defected antiferromagnetic structure
with incomplete cancelation of sublattices, related most
likely to the statistical occupancy of several
crystallographic sites. Although the magnetism has be
related to Dy only and no Ni moments are anticipated, the
defected Dy environment brings randomness into the
RKKY interaction, yielding certain features of magnetic
glass, as magnetic history phenomena in antiferromagnet.
This suggestion is corroborated by the fact that there is
residual magnetization of 2 pg/f.u. when returning to zero
field from a high field state in yoH =9 T at T = 2 K (see
Fig. 6).

4

Dy¢Ni, ,3Sng 5

[X)

N

7(10° m¥mol f.u.)

100

7 (10° m¥mol f.u.)

1;0 2(I)0 2;0 3(;0
T(K)

Fig. 4. Temperature dependences of the magnetic

susceptibility (T) of DysNi243Sngs in various magnetic

fields. Detail of low-field data are shown in the inset.

L L
50 100

The magnetization curve measured at T = 2 K (Fig. 6)
exhibits a metamagnetic process starting at poH= 3 T,
which brings the total magnetization to the level of
25-30 pe/f.u. It is still only a half of the theoretical total
magnetization of 60 pg/f.u. The related broad hysteresis
becomes narrower but it is still observed at 20 K, shifting
the metamagnetic transition to lower fields, while both
hysteresis and metamagnetic transition disappear at 40 K.
The total magnetization achieved can be naturally affected
by anisotropy, the type and strength remain unknown. For
example, only 50% of total magnetization is measured if a
strongly anisotropic material with uniaxial anisotropy is
measured in the form of randomly oriented polycrystal.
Therefore it is also impossible to determine with certainty
whether the metamagnetism is of the spin-flip or spin-flop
type. Even in the first case, the distribution of orientation
of individual grains with respect to the field direction can
cause a spreading of the transition over a large field range.

287

3.0

- DygNi, 43Sng ¢

25

20

11 (10° mol/m®)

6, =26 K
Mo = 10.60 ng/Dy

0.5 -

0.0 L L L L

150 200 250 300
T (K)

Fig. 5. Temperature dependence of the inverse magnetic

susceptibility of the DysNi243Sngs compound (uoH = 2T).

'
100

L
50

0

Complementary information can be obtained from the
temperature dependence of specific heat at constant
pressure, Cy(T). It exhibits a clear phase transition at
T=62 K, which remains practically unchanged in
magnetic field of 2 T (Fig. 7).

External magnetic field of 9 T, i.e. exceeding the
critical metamagnetic field, removes the magnetic phase
transition and the related entropy is displaced to higher
temperatures as in ferromagnets. Therefore we can assume
that the state above the metamagnetic transition
corresponds to field-aligned paramagnetic state, however
not necessarily with full collinearity of magnetic
moments. The slope of M(H) in 9 T indicates that the
alignment process would continue even to much higher
fields. At low temperatures one can use the Cp/T(T?) plot
to determine the Sommerfeld coefficient of electronic
specific hear yas the intercept of extrapolated line with the
vertical axis (see inset). For DysNi2.43Sngs we can make
only a very approximate estimate yielding y = 200 mJ/mol
f.u. K2 The linear part is actually short, limited from
below probably by the nuclear heat capacity component of
Dy [18].

As presence of a small amount of DysSns in the
sample has been indicated, a question is whether some of
the anomalies observed can be associated with such
spurious phase. Therefore we prepared DysSns sample,
annealed at T = 873 K, and its magnetic behavior
determined. According to X-ray analysis, DysSns
crystallizes in the MnsSis structure type (space group
P63/mcm) with refined lattice parameters a = 0.88633(1),
€ =0.64873(1) nm. The maximum in the temperature
dependence of the magnetic susceptibility in the
temperature range 2-100 K indicates an antiferromagnetic
ordering at Tn=20 K (Fig. 8,a). Analysis of the
temperature dependence of the inverse magnetic
susceptibility showed that the paramagnetic Curie
temperature is @p = 14 K, calculated effective moment
10.71 pg/Dy is close to Dy®*. The field dependencies of
the magnetization are displayed in Fig. 8,b. At low
temperatures they reveal rather fast initial increase and a
weak tendency to saturation in fields exceeding 5-6 T. It
can be interpreted as canting of Dy moments starting from
low fields already. Therefore the antiferromagnetic
transition is eliminated in the field of 1 T. Hence DysSn;
cannot be taken responsible low-temperature anomalies
seen in y(T) for DysNiz43Sngs in the field of 2 or 4 T.
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Fig. 8. Temperature dependence of the magnetic susceptibility of DysSns it various magnetic fields (a);
magnetization vs magnetic field at different temperatures (b).

Considerable anomalies concerning the magnetic
ordering of impurity phase DysSns; were not observed in
the temperature dependence of magnetic susceptibility of
DyeNi2.43Snos. Taking into account this result we can rule
out contribution of impurity phase DysSnz in the
magnetism of the DygNi».43SNno s Stannide.

Conclusions

Structure refinements of the DygNi».43SNnos compound
confirmed that this compound belongs to the
orthorhombic HogCo.Ga structure type but contrary to the
prototype HogCo,Ga compound a significant deviation
from the 6:2:1 stoichiometry has been observed. This
deviation is caused by the exclusive presence of Ni atoms
at the 2a site and a partial occupation of the 4g and 2a sites
by Ni atoms. The phase situation is, however, affected by
annealing.

The results of the magnetic and heat capacity
measurements indicated a magnetic transition at 60 K
connected with antiferromagnetic ordering. Further order-
order phase transitions have been observed at lower

temperatures. The calculated effective magnetic moments
in paramagnetic state is closed to the value for free ion
Dy?*, indicating a main role of rare earth in the magnetism
of DysNi2.43Sngs. Statistical occupation of several Ni sites
yields a glassy behavior and magnetic history phenomena.
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JI. Pomakal, X. Minisauyk?!, B.B. Pomaka?, JI. I'aBena®, FO. Craguuk?
CTpyKTypHi gociimkernnst i MaraeTusm craniay DysNi243Snos

Ylvsiscoruii nayionanvhuii ynicepcumem im. I. @panxa, JIveis, Yrpaina, lyubov.romaka@gmail.com
2Iucmumym docnidocens meepoozo mina, |\FW-/Ipezoen, qpesden, Himeuuuna
3Kageopa ¢izuxu meepoozo mina, Kapnie ynicepcumem, Ilpaza 2, Yexis

Inrepmeranin DysNi243Snos oTpuMaHHii METOZOM €IEKTPOAYrOBOrO IUIABJICHHS 1 TOMOTCHI3YH04Oro
BigmamroBanHs 3a Temmeparypu 873 K. Cmomyka mocimimkeHa METOZaMH PEHTTEHIBCHKOI An(pakToMerpii,
Ju(EepeHIliaTbHOTO TEepPMIYHOTO aHaNi3y 1 eHepromucrepciiiHoi cmekrpockomii. Kpwucramiuna crpykrypa
Hu3bKoTemieparypHoi ¢a3u DyeNiz43Snos Hanexuts 10 opropomGiunoro crpykrypHoro Tty HoeCo02Ga
(mpocroposa rpyma Immm, a = 0,93116(1) um, b = 0,94993(1) um, ¢ = 0,98947(1) um). CTpyKTYpHi pO3paxyHKH
3aCBIIYMIIH BIIXMIICHHS BiJ ifeaibHOi crexiomerpii 6:2:1, mo Bianosigae dpopmyini DyeNiz43Snos. s crionyku
BCTaHOBJICHO MOCJIIOBHICTh MarHiTHUX (ha30BUX MEPEXOiB; aHTU(EPOMarHiTHe BHOPSIKYBaHHsS BHHUKAE MPHU
60 K, momanpmri MarHiTHI (ha30Bi mepexoqu NOPIIOK-TIOPSIOK BiTOyBalOThCS 3a HIKYUX TEMIIEparyp.

Kurouosi ciioBa: Inrepmeraniny; Kpucraniuna crpykrypa; MarsiTHI BaacTuBocti; [InToMa TEmIoeMHiCTb.
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YacToTHI 3CyBM NOBEPXHEBUX MJIA3MOHHHUX PE30HAHCIB NPHU
004K c/IeHHI KOeilliEHTY MOTJIMHAHHA KOMIIO3UTY HA OCHOBI
oimerasiunux 1D-cucrem

'Hayionanvhuii ynisepcumem "3anopizvka nonimexuixa”, 3anopisicoca, Yipaina
2Hayxoso-eupobnuuuti komnnexc "Ickpa”, 3anopiscoics, Ypaina, andrej.koval@ukr.net

B po6oti mpoaHani30BaHO IMOTJIMHAHHS EJIEKTPOMATHITHOTO BHIIPOMIHIOBAHHS KOMIIO3UTOM Ha OCHOBI
OiMeTanivHUX HAHOIPOTIB. 3 BUKOpHUCTaHHAM Teopii Jpyne-JlopeHna oxepxaHo CIiBBIAHOLMICHHS UIS YaCTOTHUX
3aJIeKHOCTEH TMOJISIPU30BHOCTI, MificHOI Ta ysBHOI 4acTHH [IienekTpuuHoi ¢yHkuii mapysatux 1D-cuctem.
ITokazaHo, IO CTPYKTYpa Yy BHIVIAAI METAIEBOrO 5/pa, MOKPHTOTO IIAPOM IHIIOTO METanly, NMPU3BOAUTH 10
PO3ILICIJICHHS. Ta MOSBM JBOX MAaKCHMYyMiB Yy YacTOTHIM 3aJexHOCTI KoeQimieHTy mornuHaHHA. [lomokeHHs
MaKCUMYMiB BU3HAYAIOTHCSI CKJIaJOM OiMETaTiYHNX HAHOAPOTIB 1 00’ €MHUM BMicTOM MeTaltiB. Brumms po3mipHoCTi
CHCTEM OLIHIOETHCS IUIIXOM IMOPIBHSHHS YaCTOTHUX 3aIEKHOCTEH KOoedillieHTy MOTIMHAHHSA KOMIIO3UTY Ha
OCHOBI GiMeTaiYHUX HAHOJPOTIB TA HAHOYACTHHOK. PO3paxyHKH MpoBe/eHi it HaHoapoTiB AG@AU ta AU@AQ,

3aHypEeHUX y Te(II0H.
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MOJISIPU30BHICTb,

Tlooano 0o peoaxyii' 5.11.2022; npuiinamo oo dpyky 15.05.2023.

Beryn

IMupoxe BuKOpuUcTaHHA MeraneBux 1D-cucrem
00yMOBIIEHO ix YHIKaIbHUMHA ONTHYHUMHU
OCOONMBOCTSIMH,  TOB'S3aHUMH 3 PETYJIIOBaHHAM

MOTJIMHAHHS EJEKTPOMArHiTHOTO BHIIPOMIHIOBAHHS 32
JIOTIOMOTOI0  3MiHM po3Mipy, (opMu Ta Martepiaiay

nmocmixyBaHux 3paskiB  [1]. CywacHi TexHomoTii
JTO3BOJISIFOTH ~ ©KCIIEPUMEHTANbHO  OTPUMYBATH i
MPOBOJIUTH BUMIPIOBAHHS ONTHYHUX BJIACTHBOCTEH
METaJIeBUX HAHOJPOTIB y PI3HUX  CIEKTPAILHUX
niarnazoHax.  TeopeTMyHe  JOCTIDKEHHS — 3raJaHux
HAaHOCTPYKTYp CTAaHOBUTb 1iHTepec Yy 3B'I3Ky 3
MOXIIMBICTIO TIOSICHEHHS TIOJOXKEHHS Ta BEJIMYMHHU
MakCUMyMy OITHYHOTO TOIJIMHAaHHA. MOXIHUBICTh
peryItoBaHHS €HEepPreTU4YHUX Ta ONTUYHUX

XapakTepucTuk 1D-CTPYKTYp € IMepCreKTUBHOI0 3a/1a4ei0
3 TOYKH 30pYy 3aCTOCYBaHHA OCTaHHIX y BHUTIAIL
MIBUAKOMIIOUNX TEPEMHUKAYIB TIPH CTBOPEHHI CHCTEM
mepenadi Ta  00poOkm  iH(OpMaIli, ONTHYHHX
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¢doronaruunkis [2,3] Ta iH.

OcTaHHIM dYacoM 3HAYHy YyBary IIpUBEPTAIOTH
JIOCTI/DKEHHS KOMITO3UTHUX MarepiamiB  Ha OCHOBI
JIBOIIAPOBUX HAHOCTPYKTYp. YTBOPEHHS OKCHIHOTO
mapy Ha MOBEPXHI METAIEBOTO JPOTY JIa€ MOXKIHMBICTH
OimbIl  e(eKTHBHOTO  PETYNIOBAaHHA  IIOJIOKEHHS
MOBEPXHEBOT0 IIa3MoHHOro pesonancy (ITIIP) muaxom
3MiHM SIK TOBIIMHH OKCHIHOTO INAapy, TaK i pajaiycy
MeraneBoro siapa [4]. B cBowo uepry, HaHECeHHs
METaJIEBOTO IIapy Ha JieJIEKTPUYHE PO MIPU3BOIUTH 10
MOSIBU  JIBOX YaCTOTHUX MAaKCHMYMIB  ONTHYHOTO
MOTJIMHAHHA BHACHIJOK TiOpuam3amii  MMOBEPXHEBUX
mia3MoHiB [5]. [HTYiTHBHO TIpocTa MOjenb (SKa JIETKO
MOIIMPIOEThCSI Ha OaratomapoBi CTPYKTYpH) JO3BOJISIE
MOSICHUTH BHHUKHEHHS JBOX PE30HAHCHHX MaKCHMYMIB
BHACTIJIOK PO3IIEINICHHS IJIa3MOHHOTO PE30HAHCYy Ha
HHU3bKOCHEPreTUYHY CUMETPUYHY Ta BUCOKOCHEPT eTHYHY
AQHTUCHUMETPUYHY  MOJAW, OOYMOBJICHI  B33a€EMOIEI0
JUENeKTPUYHOro siapa (IOPOKHWHKM) 3 BHYTPILIHBOIO
CTIHKOIO MeTajeBoi O0OOJOHKM 3 ojxHOro OOKy Ta,
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3B’SI3KOM  30BHIIIHLOI CTiHKA METaJeBOro Imapy 3
HaBKOJIMIITHIM JTieIEKTPUYIHAM CEPEIOBHINEM 3 I1HIIOTO
60ky. OueBUIHO, 10 B3AEMOS TUIA3MOHIB OJUH 3 OTHUM
0e3mocepelHbO0  3AJICKHUTh B TOBIIMHH METaIeBOI
00OJIOHKH.

Ha BigmiHy Bix BHIIEBKa3aHHX Pi3HOBHIB
JIBOILLIAPOBHX CTPYKTYD GimeTaiyHi CUCTEMU
XapaKTepU3YyIOTHCS ITUPOKUM CHEKTPAJIBHUM Jiala30HOM
3cyBy IIIIP BHacmigok BiAMIHHOCTI Yy pO3CisHHI Ta
MOTJIMHAHHI CBITJIa PI3HUMH METaJeBUMH (pPaKIisiMU.
3a3Buuaii, y sKOCTI METaliB IUis OIMETaliYHUX JAPOTIB
BUKOPDHCTOBYIOTh Au Ta Ag 3 OIsLy HpOCTOTH
OTPUMAHHS Ta KOHTPOJBOBAHOCTI MapaMeTpiB TaKUX
CTpYKTyp. ExciepuMenTansHe BUPOIyBaHH HAHOJAPOTIB
Ag@Au 3 perynpOBaHMMH ONTHYHHMH BIACTHBOCTSIMH
MIpeaCTaBICHO B poboTax [6,7]. TeopeTndane mociiHKeHHS
mepepily TOTIWHAHHSA CBiTiHOBOi xXBmwii 1D-cuctem
Ag@Au ta Au@Ag 32 JOTIOMOTOF0 KBa3iCTATUIHOT TEOPii
HaBezieHo B [8]. [lopsan 3 Au Ta Ag mupoxe 3acToCyBaHHS
B sKOCTI (hOTOKATai3aTopiB 3HAXOJATh OJaroponHi
Metamu Pd Ta Pt. B [9] ekcmepuMeHTaIbHO
JTOCTIIKYBAJIUChH OKCHIa30TI0A10H1 BJIACTHUBOCTI
HaHonpotiB Pd@Pt. XimiuHMi CHHTE3 HaHOIPOTIB
Pt@Ag Ta iXx mopjampile BHKOPHUCTAaHHA B SKOCTI
eJIeKTpOKaTali3aTopiB 00roBoproeThes B [10].

Y  3B’M3Ky 3  IIMPOKUMH  IEPCIEKTHBAMH
BUKOpUCTaHHA Oimeramiyamx |D-cucremM y sKkocti
CBITJIOCTa0UTFHUX KOJMBOPOBUX (DITBTPIB, MOJSIPU3ATOPIB,
oNTUYHUX AaT4ukiB [11], it GioIorigHOTO MapKyBaHHS
Ta IMOBEPXHEBOro KOMOiHaliiHOrO po3scitoBanHs [12],
JOCTIDKEHHS iX ONTHYHUX IIapaMeTpiB € aKTYyaJbHOIO
3amadero. Metolo gaHoi  poOOTH €  pO3paxyHOK
KOe(QiI[ieHTy MOTJIMHAHHS  KOMITO3UTY Ha  OCHOBI
OiMEeTaiYHUX HAHOJPOTIB Ta aHAJITHYHI OLIHKH 3CYBY
MaKCUMYMIB IJIa3MOHHHX PE30HAHCIB B 3aJIS)KHOCTI BiJl
CKIamy Ta po3MipiB MeTaneBHX (pakmiid smapa Ta
00O0JIOHKH.

I. OcHOBHI cCIiBBiTHOIIIEHHSA

Po3riisHEMO ~ KOMITO3MT, 110  CKJIAA€ThCs 3
IEIEKTPUIHOT MATPHIIi IPOHUKHICTIO &m 1 MTIHAPUIHAX
OiMeTaliYHUX  BKJIIOYCHb  3aralbHUM  paJiiycoM
R = R¢ + Rsh (moBxkmHa ApoTy L mepenbadaeTbes Habarato
outemoro 3a R), me Rc — pamiyc MeraneBoro spa,
MMOKPUTOTO MIAPOM IHIIOTO METANTy BEIUYHHOK Rsh.
KoediieHT TOTrTHHAHHS KOMIIO3UTY BU3HAYAETHCS
criBBimHOMIEHHM [13]:

1 1 c=s
n(w) == Ben” Xj= T Ceosh, . @

J (Re Ec—sht P']sm) +Im£§_sh
J

JIe @ — YacToTa Majarvoi eJIeKTPOMAarHiTHOI XBHIIL; ¢ —

g(w) = &(w) +ig(w) =& —

gp(w) = (W) +ig(w) = &g —

MBUAKICTh CBITNA; ff — 00’€MHHMI BMICT IWTIHIPAIHUAX
mrapyBaTUX cucteMm; Pj — daxTop Aemoispu3arii;
J=X,V,2, Ree._gp Ta Ime._g, — nmificHa Ta ysBHA
YaCTWHHU  [ieNIeKTPUYHOI (YHKIIi CHCTEMH  SIpo-
000I0HKA.

Puc.1. — 'eomerpis 3a1aui.

BBaxkaTrMeMo, 1110 eNIeKTpOMarHiTHa XBUIIA MaJa€e Ha
[T HAPUYHAN IBOLIAPOBUI HAHOJPIT NEPIICH IUKYISIPHO
o #oro Bici (pyXoM eJEKTPOHIB B3IOBX BICi IPOTY
HEXTYEMO), BHACTIZIOK YOO XBUIILOBHI BEKTOD JICKHUTH B
IUTOLIMHL Xy i
P,=0, P,=P,=(1-P,)/2. Toni

__ 8w , 3/2 Im &1p(c-sh)
Mp(w) = — P&, 2 2 @)
3c (Re &1p(c-shytem)“+IM E1p(c_sp)
Bupa3s IS JUTONBHOT MOJISIPU30BHOCTI
T HAPHYHOT MOHOCHCTEMH MA€ BUTJISIL:

€1D(c—sh)~€m (3)

a —sh) = .
1D(c=sh) €1D(c-sh)tEm

3 iHmoro OOKy, MOJSPU30BHICTH Takoi CHCTEMH
3HaXOJATh UUISIXOM pO3B’si3Ky piBHsiHHS Jlamnaca y
MWTIHAPUYHINA CHCTEMI KOOPAMHAT

0%p; 10¢;
ar?2 r or

=0 (i=123)

3 ypaxyBaHHSIM TPaHUYHMX YMOB Ha MeXi NOALTY
CepeloBUILL

(pllr:RC = ‘P2|r=RCF ®2lr=r = @3lr=r;

99, _ . 99 . 9| _, %3

€ orlr=g, sh oy r=Rg sh oy

m
r=R or ly=g

IIe &c 1 &h — JIETNCKTPUYHI (DYHKIN METalIeBOro sjpa Ta
000JIOHKH BIIMOBIAHO:

WUOTe O |+ CpUOTefF(O)
1+“’2T§ff(c) (u(1+w21'§ff(c))'
2 2 2
Dpish)teff(sh) | . Pplsh)teff(sh)
1+w272ff(sh) w(1+w2‘r§ff(sh))'
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£Csp — KOMIIOHEHTa, IO BiJMOBifa€ 3a BKJIAJ iOHHOTO Te_flf(c,sh) =1 I;L%lk(c.sh) + Y1D(c,sh) (w)- edexrupnmii
OCTOBY MeTani132 agpa i obomomkm, i=+v-1,  wac penakcaui, Thulk(c,sh) — YaC penaxcanii B 06’ eMHOMy
Whiee, shy =% — o0’eMHa IUIa3MOBa YacTOTa, £)— MeTam, Y1p(c,sh) — JACKPEMEHT 3racaHHs JMMOJNBbHHX
" -1 IUTa3MOBHX KOJMBaHb [IITIHAPHIHOTO METAICBOTO SApa
CIICKTpUHHA CTana, Nesn = (4”r53(c,sh)/ 3) - Ta 00OJIOHKH BiAMOBITHO.
KOHLIEHTPALLisl €IEKTPOHIB IPOBIAHOCTI, T (¢ sp) — CEPEHS Jlnst MeTaneBoi YaCTHHKM Y BHIJIALI BUTATHYTOTO
BiICTaHh MK €IEKTPOHAMM TIPOBITHOCTI, M g— enincoiga obepranHa (todTo, mpu 0<ep <1, ne e —
edekTHBHA Maca CIIeKTPOHa, eKCLEHTPUCUTET cdepoina) HapamMeTp y Ha OCHOBI

KIHETUYHOTO IIIXOy PO3paxoBYeThes K [14]

2
Yesn(w) = v:};zz’: (@) 163—65(61,(1 + 263)(1 - ezg)l/2 -(1- 4e§) arcsin ep), 4

1€ Vp(c,shy — WBHAKICT Pepmi. B rpannuHoMy Bumajaky, npu €, — 1, Bupa3s s IEKPEMEHTY 3racaHHs AUIONbHUX
IUIa3MOBUX KOJIMBaHb METAJIEBOTO HAHOAPOTY MpUHMA€E BUTTISAA:

9ntv sh) [ Wpl(c,sh 2
Vib(esn) (@) = onieshy (2pleshy) ®)

128Rcsp w
[TixcraBmsiroun po3B’si3KK piBHAHHSA Jlamiaca B rpaHUYHI YMOBH JUIsl TOJIIPU30BHOCTI OTPHUMY€EMO

&1D(c—sh) - (ect+esn) (Esh—em)+BE(ec—&sn) (EsntEm) (6)
(ec+esn) (esn+em)+BE (ec—esn) (Esn—em)’

ne f. = R./R =1— Ry, /R — 00’eMuuii BMicT Matepiany sapa. [Ipu & = gsh Bupa3 (6) nepexoanTh y CIiBBITHOIICHHS

JUISl TUTIOJIBHOT MOJISIPU30BHOCTI CYLIIEHOTO HAHOAPOTY.

[pupisHrotoun (3) i (6) MmaTuMeMO

(ec+esn)+BE(ec—esn) (7)

& - =& .
1D(C Sh.) sh (SC+£Sh)_Bg(SC_ESh)

[MincraBnstroun ¢pynkuito [pyne Ta BUAIISIOUN JIHCHY Ta YSIBHY YaCTHHH OCTaTOYHO OTPUMYEMO

X(=)X(+)E3 (ef+e5+5 +Ef)+)((2_) (2823354 +&1 (Eg—gﬁ))"')((zﬂfl (e5+€%) (8)

Re &1pc-sny =
(c=sh) (81)((—)+83)((+))2+(82X(—)+€4X(+))2

_ X(—)X(+)€4(€%+€%+€§+€2)+X(2_)(281€3€4—€2(5§—Eﬁ))+)((2+)€2(€§+52)
Im €1D(C—sh) -

, 9)

2 2
(81X(—)+83X(+)) +(82X(—)+84){(+))

ne X (g = 1F ,33 (BI/ICOI?O‘I&CTOTHOFO) pe3onanciB. Puc. 2 nemoHcTpye

HasBHICTb OIHOTO  PE30HAHCHOTO MaKCHUMyMy
hwsp) = 3,6 eB (kpuBa 1), mo BignoBizae MOHOAPOTY Ag
(Rsh =0 nm). HasiBHiCTH MeTaneBOro Imapy Au mpH
. MocTiltHOMY 3Ha4YeHHi paaiycy Rc sapa Ag cripuyamuHioe
1Im &ipc—sn) = &s- NOSIBYy JPYroro pPEe3OHAHCHOTO MiKy /fiwsp-) = 2,8 eB.
36inbineHHs Rsh (kprBi 2—4) IpU3BOANTH 10 HE3HAYHOTO
3cyBy 000X MaKCUMYMiB B CTOPOHY HU3bKUX yacToT. [Ipu
bOMY /i(wsp(-) 3CYBAETHCS JIENIO0 LIBHIIE HA BiAMIHY Bif
hwsp(+), BHACIIIOK YOTO BiJOYBa€THCS "BINIITOBXYBaHHS"

B rpaHWYHOMY BHIaJIKy, KOJM TOBIUMHA IIapy
Rsh — 0, Maemo Re &p(c_sp) = €1 Ta IM &p(c_sn) = &3;
mpu Rh — R i f. =0 orpumyeMo Re & pc—sn) = &3

Il. Pe3yabTaTn po3paxyHkis

Pospaxyuku  koediuienty — mormuHanHs  1p(e) MaKCUMyMiB KoedilienTy norianHanus. O4YeBHAHO, IO
NpOBEIeHi 11 GIMETANIYHIX HAHOAPOTIB 3i CTPYKTYPOIO 1oy dyikcantii Ry i 36imbmenni Re (kpusi 1'—4') crin
Ag@Au Ta Au@Ag, wo 3HAXOAATHCA B TEQUOHI  yixymati IIABHE 3MIllEHHA PE3OHAHCHUX IiKiB B

(em = 2,3). [TapameTpu MeTaniB HaBeAeH] B TabmuIl 1.
[IpocTe’knMo po3MipHY 3alIeXHICTH Koe(illieHTy
MOTJIMHAHHS KOMITO3UTY Ha ocHOBI 1D-cuctem. Ha puc.2
MOKa3aHi YaCTOTHI 3aJieXKHOCTI #1ip(®w) po3paxoBaHi 3a
JIOTIOMOTOIO CITiBBiTHOIICHHS (2) 3 ypaxyBaHHIM (OPMYIT

CTOPOHY BUCOKHX 4acToT.

KoedimieHT mormuHaHHSA KOMIIO3UTY Ha OocHOBi 1D-
cucteM Au@Ag wHasemeHnid Ha puc.3. Pesympratm
PO3paxyHKIiB TaKOX JEMOHCTPYIOTh HAsBHICTh JBOX
PE30HAaHCHUX MAaKCHMYMIB y YaCTOTHOMY Jiana3oHi, 110

JCHOT Ta yABHOI YacTHH AieeKkTpuuHoi pyHkmii (8)—(9) posrnsnaethes. OfHAK  30UMbIIEHHS BeMuuHH  Rsh
A3t GiMeTaliHOro HAHOAPOTY Ag IOKPUTOrO WAPOM AU 66 n0uy Ag (kpuBi 2—4), Ha BiIMiHY BiX CTPYKTYpH
(Ag@Au).  Jlnis  HaoyHOCTi  BBEJEMO  HACTYMHI Ag@Au, TpU3BOAUTE MO JiHIHHOTO 3CYBY fiwsp(r) B
TO3HAYCHHS:  fiosp(-), ficosp(v) — TIOBEPXHEBI MIIA3MOBI 007acTh MEHIIMX YACTOT, B TOM 4ac K fimsp) PYXaeThCs

YacTOTH Mepumoro (HU3bKOYACTOTHOIO) 1  APYroro
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Taoauns 1.

IMapamerpu MeTanis (o — paiiyc Bopa; m* — edekTuBHA Maca eeKTpoHa HaBejeHa s 3D-meTany; Me —
Maca eNneKTpoHa; /i = h/2z — 3BeneHa crana I[lnaHka)

IMapamerpu I's, a0 [15] m*/me [16] £ [17] Toulk, 107 ¢ [15] Ficop), eB
Au 3,01 0,99 9,84 29 9,07
Ag 3,02 0,96 3,70 40 9,17
5 T T
10 I'=R=0; Ry= 10 um ) o
2= R.=5: Ry= 10 um A
3"~ R.=10; Ry= 10 um /
3/

4
10

2
10

10

4'— R.=20; Ry= 10 um

7’

0,2

ho, eB
Puc.2. — YacrorHa 3ay1exHICTh KOe((ili€HTY MOTJIMHAHHS KOMIIO3UTY Ha OCHOBI OiMeTalleBUX HAHOJIPOTIB
Ag@AU: a — Rc = 10 am; Rsp = 0; 5; 10; 20 um; 6 — R = 0; 5; 10; 20 am; Reh = 10 aMm.

6 0,2

4 6

ho, eB

5 T T
10 |7 — R.=10; Ry= 0 um 4
2—R=10; Ry= 5 um 4 3
3—R~=10; Ry= 10 am o
4—R.~=10; Ry= 20 um

hod;

T
I'= R:= 0; Ry= 10 am A
2'-R.=5;Ry=10 um 4
3= R=10; Ry= 10 am
4'— R=20; Ry= 10 am

ho,,
L

I
!
4
ho, eB

6 0,2

2
ho, eB

Puc.3. — YacroTHa 3a51eXHICTh KOe(DillieHTY MOTITMHAHHS KOMIIO3UTY Ha OCHOBI OiMeTaeBHX HAaHOJPOTIB
AU@AQ: a — Rc = 10 am; Rsp = 0; 5; 10; 20 um; 6 — Re = 0; 5; 10; 20 um; Reh = 10 HMm.

B CTOPOHY BHCOKHUX 4acTOT. TakuM YMHOM, BiIOyBaETHCS
"MpUTATYBaHHS" MiKiB YaCTOTHOTO MOTJIMHAHHS OJWH IO
oHOr0. 3HayHe 30IJbIICHHS TOBIIMHHA OOOJOHKH
HIBEJIOE€ BIUIMB SApa 1 MPU3BOAWTH 10 TOCTYIOBOTO
3JIUTTS. MAaKCUMYMIB B OJIMH, IIO BiJIIOBiaTUME YacTOTI
[JIa3MOHHOT'O PE30HAHCY MOHOJIPOTY Ag.

36inemenns Re sapa Au (kpusi 1'—4") npusBoauth
JI0 YEPBOHOTO 3CYBY fiwsp-). B Tol ke 4ac Awsp+) 3a3Hae
cuHBOTO 3cyBy. IIpoctexyerbcss "BimmTOBXyBaHHS'"
PE30HAHCHUX MaKCHMYyMIB OJIMH BiJl OJTHOTO.

[opiBHrotoun puc.2(a) i 3(a) MoxHA 3pOOHTH
BHCHOBOK, IO HHU3BKOYACTOTHHUH TIiK /fiwsp-), SKHUHA
3cyBaeThes Bif 2,76 1o 2,62 eB B HaHOApoTi Ag@Au, Mae
T€ came MOXOKEHHS], 0 1 BUCOKOYACTOTHUM MaKCHUMYM
hwsp+) y cTYKTYpi Au@Ag, skuii 3cyBaeTses Bin 4,3 1o 4
eB. OOumgBa MakcHMyMH € HacCHiJKOM IDIa3MOHHOI
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B3aeMOil 30BHIMIHBOT CTIHKH 000JIOHKH Ta
JUENEeKTPUIHOT MaTpHIi &m. Y CBOIO HYepry FAwsp+) B
HaHOAPOTI Ag@AuU Ta hwsp—) B AU@AE TakoXX MAaroTh
OJIHAKOBE TIOXO/DKEHHSA, [0 € pe3yIbTaToM IHAYKIN]
MOBEPXHEBUX 3apA/IiB BHYTPIIIHO! CTIHKA OOOJOHKH Ta
saapa.

BimomMo, 1m0 pe30HAHCHI KOJHMBaHHS BUTBHUX
CJICKTPOHIB, sIKi craOko 3B's3aHi 3 IPATKOIO KAaTiOHIB,
Bu3HavatoTh yactory IIIIP. Sk mnoxazano B [8], yum
MIIHIIUH 3B'S30K CNEKTPOHIB MiX COOO, TUM OlIbIIIa
enepris [1T1P 1 Bumia yactoTa. | HaBmaku, cllaOKuii 3B'130K
enekTpoHiB 3MeHmrye BennauHy [1I1P i 3cyBae pe3oHaHc y
O0ik HU3BKHX 4YacToT. Tak, y CTpykTypi Ag@Au
eIeKTpOHN Ag BHACHINOK "TPHUTATAaHHA" TO3UTUBHHUX
3apsAAiB mepexoasaTs B 000m0HKY Au. lle mpu3BoauTs 110
3MCHIICHHS 3B'S3Ky CNEKTPOHIB Ta YEPBOHOTO 3CYBY
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Makcumymy (Fiwsp+) Ha prc.2(a)). HatomicTs cuHilt 3cyB
MaKCUMyMy HaHOApoTY Au@Ag (hwsp—y Ha puc.3(a))
BiIOyBa€ThCS BHACHIIOK BiJIITOBXYBAaHHS EJIEKTPOHIB
siIpa Au BiJl HETaTUBHUX 3apAIiB OO0IOHKH Ag.

TakuM  9YWMHOM,  XapaKTEPHOI  OCOOJHUBICTIO
JIBOIIAPOBOTO OIMETaTigHOTO HAHOAPOTY € YaCTOTHHH
3CYyB PE30HAHCHUX MaKCHMYMIB BHACIHIIZIOK BapilOBaHHS
CHIBBIJHOIIEHb BEJIWYMH pajiycy sapa 1 TOBIIMHHU
o6osnonku. OHAK, AJISI MOKJIMBOCTI OIIIHKU TIOJIOKEHHS
[P Ta iX yacTOTHHUX 3CYBIB MOYKHA IITH 1HIIMM LIIISXOM.
JIyist bOTO TOCTaTHBO PO3MIIHYTH (opmMydy (6). Binomo,
110 NOJISIPU30BHICTH 1D-cucTeMu TOpiBHIOBaTHME HYIIIO,
SKImo B (6) AN YHCETbHWKA BHUKOHYETHCS HACTYIIHA

yMoOBa!

gm_gsh_ 2 € T Esp

&t &g e+ &g

PiBHICTP  HYTI0O  TONSAPU3OBHOCTI  O3HAYaTHUME
HEBUAUMICTh METAJIEBOTO sIpa JPOTY pazoM i3
000110HKOI0. Y pasi IpUpiBHIOBAHHS 3HAMEHHUKA (6) 10
HyJIi OTPUMYEMO YMOBY BHHUKHEHHS IUIA3MOHHOTO
pe3oHaHcy. BHacmimok BeNHKOi KiMBKOCTI IapaMeTpiB
MPOBEJEMO AHATITUYHI PO3PaxXyHKH 3 ypaxyBaHHSIM
IeaKkuxX HaOmmkeHb. BBaxkatumemo, mo wt>>1 i
JUeJIeKTpUYHA TPOHUKHICTh € TIHCHOI0 BEIMYMHOIO (IIpU
BOMY &m = 1)

2
wpl(c,sh)

Ec,sh (w) =1 w2

[TigcTaBisirouu OCTAHHE Y 3HAMECHHUK (6) MAaEMO

4wy — 0o (40hi(sny + 20516)) + ©pisny (wzz)l(c)(l + BE) + wpy sy (1 = ﬁcz)) =0,

JIe BBEIICHO 3aMiHy @ = Wsp.

Toxi pe3onaHc B (6) BUHNKA€E MPH HACTYITHUX YacTOTaX:

1
1 — =
W) = " (szzal(sh) + @l o) F (4005 5m)BE (051 (sm) — @hie) + w;l(c))2> (10)

3 (10) BuwmuMBae HASBHICTh [BOX ITIOBEPXHEBUX
IUTA3MOHHHUX pe30HaHCIB y OimeramiuHiit 1D-cucremi.
[pu posrmsini rpaHwmgHNX Bunaakie fc =0 (BimcyTHe
simpo) Ta  fe=1 (BiacyTHs OOOJIOHKA) OTPUMYEMO
HACTYITHI Pe3yJbTaTH:

2 2
— “pish) - /M
wSP(_)|ﬁc=0 - V2 Ta w5p(+)|ﬁc=0 - 2 4

“pl()
w _ =
sp( )|Bc=1 NG

T8 Wgps)| Be=1  “rle)

nn

3Hak TIPU3BOJUTH JI0 PIBHOCTI YAaCTOTH IEPIIOTO
pe30HaHCy Wsp(-) JacToTam JIOKaJIi30BaHOTO
MIOBEPXHEBOTO IUIa3MOHY OOOJOHKM Ta sapa. Sk
HACIIZIOK, YaCTOTHUH Aiana3oH Ui NEepIIoro PEe30HAHCY
pu 0<p.<1 BapirOETHCS B MexKax
a)pl(c)/\/f < Wepoy S a)pl(sp)/\/i. o x 10 ocTaHHIX
JIBOX pe3ylbTaTiB, TO BOHH CBLAYaTb MPO PIBHICTb
4acTOTH  JPYroro  pe30HAaHCY  (sp(+)  3HAYEHHIO

2 2 e - .
\/(wm(sh) + wpl(c))/Z Ta 00'eMHIH TIa3MOBIH YacTOTI

000IOHKH  @pish). OYEBHIHO, MO PIMICHHI ®sp(+) MPH
Le=01 fc =1, BKazyloun Ha BiJICYTHICTh MMOBEPXHEBOTO
IJIa3MOHY, HE MAlOTh (I3UYHOTO CEHCY, OCKUIBKH €
HACIIIIKOM TPAaHUYHHUX YMOB, SKi 3aCTOCOBYIOTBCS JUIS

oTpuMaHHS chiBBimHOmEeHHS (6). ToMy uacTOTHHI
Jiarma3oH  JPyroro pe3oHaHCy JIeKHTh B  0O0JacTi

Wpi(sh) < Wsp(+) < \/(‘Ufn(sh) + wzz;z(c))/z-

IIpogoBXUMO TMOAAJIBIIN OMIHOYHI CYIDKEHHS ISt
OiMeTaniuHol cTpykTypu Ty Ag@Au. IlincraBnsitoun
3HAYEHHS Wpl(c,sh) (IUB. TaOI. 1) OTPUMYEMO JUIA (Wsp(—) 3CYB
B CTOPOHY HU3BKHX 4acTOT MpH fc — 0 (361abImeHHs Rgp),
B TOM Yac SIK Wsp(+) PyXa€ThCsl B CTOPOHY BUCOKHX YacTOT.
[IpoctexyeTbcs "BiOIITOBXYBaHHS" MaKCHMyMIB OJHH
Big omHoro. | HaBmaku, mpu fc— 1 (30imbimenHs Rc)
BinOyBaeThcs "MpUTATYBaHHA" pPE30OHAHCHUX  IIKiB.
Omnak, mi1 Au@Ag mnpu fc— 0 MakcuMymn
30JIIKYIOTBCS, @ TMpH fc — | BiImansiOThCA OIUH Bij

OJIHOTO. QOueBuHO, 11 (0} BHUKOHAHHS YMOBH
Wpl(c) > Wpi(sh) 1pH pec— 0 mpu3BOOMTE OO
"BigmaneHHs" MaKCHMYMIiB; Wpi(c) < Wpi(sh)

BimoBigae 3a ix "30mmkeHHs". MOXHa CTBEpKYBaTH,
mo a8 Bu3HadeHHs 3cyBiB [I[IP B 3amexHOCTI Bix
BEJIMYMHH f¢ TOCTATHHO PO3PaxyBaTH YaCTOTH 00’ €MHUX
TUTA3MOHIB Wpi(c) TA Wpl(sh), HEXTYIOUH IIPH [LOMY 1HITUMHU
KOHCTAaHTaMH (Thulk, &m Ta £7).

[lixaBuM € TIOpIBHSHHA PE3yJbTATIB JOCIHIIKECHHS
Koe(ilieHTa MOTIWHAHHS TOHKUX OiMETAIIYHUX HUTOK 3
AQHAJIOTIYHUMHU pe3ynbTaTaMu A OiMeTanmiuHux coep.
BuxigHAM TYHKTOM MOHA BBaxatd  (HOpMyIy
MOJISIPU30BHOCTI [t mapyBaToi 0D-cucremu [18]:

_ (ec+2€s5n)(esh—em)+BE (ec—£sn) (2EsntEm) (11)

aOD(c—sh) -

[Tpupisaroroun (11) xo

(ec+2&5p) (sp+2em)+2BE (ec—sp) (Esh—Em)’
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€0D(c—sh)~€m

@op(e-sh) = €0D(c—sh)t2&m
OTPUMYEMO
_ (ec+2e5p)+2B (ec—£sn)
sOD(C—Sh) - sSh. (Sc+255h)_ﬁ?(‘gc_£$h) . (12)

Jlns Bumazky chepudnoi cuctemu koopaunar (P, = P, = P, = 1/3) koedinienT mornuHanHs KOMIO3UTY HaOyBae
HACTYITHOTO BUIJISLY

% , 3/2
Nop(w) = y gm/

Im &op(c-sh)
oy - (13)
J (Re SOD(C_Sh)+2£m) +Im E(Z)D(c—sh)

a jtilicHa Re &gp(c—_sny Ta yABHA IM Eqp(c—sp) YACTHHU JI€NEKTPUIHOT PYHKIIT GiMETaNiTHOT HAHOYACTHHKH

&lez(e2+e2)+282 (2828384 +&1 (s%—82))+§(£§+£Z)(£1§+2£3€)

ke Eon(e-sh) = (e1§+£36)2+(e28+£46)? ' (14)
EQeqg(e2+e2)+282%(2¢e e384 —0(3—63) )+o(d+22) (620 +2248)
Im Eop(c-sh) = ( ) ) (15)

(18 +e36)%+ (28 +€46)2

Jle BBE/IeHi HACTyMHi mo3HauenHs: ¢ = 1— 3, {=1+2B3 i ¢=2+ B3
Jdnst  po3paxyHKy MAEKPEMEHTy 3racaHHS JAWNONBHUX IUIa3MOBHX pPE30HAHCIB cdepryHoi HAHOYACTHHKHU
CKOpPHCTAEMOCH BUpPa30M HaBeAEHUM B [19]

2 2
Ve, sh (“’pl) Vesh . w Ve,sh w

w) =—|— 1——"sin +2|— 1—cos 16

yOD(C,Sh) ( ) 2 w w Vesh w Vesh ’ ( )

ne  Vesh = Up(csh)/2Rcsn  — 4WacToTa  OCHMIALIK (puc.4(6) Tta 3(0)), momiOHMX 3aKOHOMIpHOCTEH He

eJeKTpOHa BiJ OJAHIE] MOTEHI[HOT CTIHKH 10 cnoctepiraerbest. CrpaBii, B3aeMoIist Mik 000JIOHKOIO Ta

MIPOTUJIIEIKHOT. Bigmitumo, 110 IS BUIAJIKY AIPOM BH3HAYAETHCSA MAKCUMYMAMH /1csp(-) JUIS APOTY Ta

hiwsp+) U1 4acTHHKHA. B cBolW dwepry, 3a 3B'30K
30BHIIIHBOI CTIHKH OOOJIOHKH Ta &m BIINOBINA€E Aiwsp+) ¥
3 AR BUTIAKy IIWIIHApPa Ta /HAwsp-) Y BUMAOKY chepm.
Yob(csh) (f") = 2Ur (cshy/ Le.sh . . _ 3po3yMmillo, 10 HaBeJIEH] 3aKOHOMIPHOCTI GiMeTaTiuHuX
BigMiHHOCTI MOKa3HMKIB OiMeTaNiyHOro LIUTIHAPA i cucteM € "ymoBHHMH". PealbHi OLIHKH MOJNOMKEHHS
, . T
chepu (puc.4) moB'A3aHi 3 PO3MIPHICTIO CHCTEM, LIO makcnmymy TP MOXHa TpOBECTH TiIbKH I
BUPAXKAETHCS Y CYTTEBIM BIAMIHHOCTI BHIJIA/IB peatbHOT MOHOCHCTeM. Y BHIAKY ABOLIAPOBHX CTPYKTYP OLiHKa
Ta yABHOI an:TI:I'H }IleHeKTp'If'-IHOI (byHIf.I_Ill. Hpi6ui nepeBaXKaHHs Ta BIUIMBY MeTalieBUX (pakiiii 000IOHKH
HHU3bKOYACTOTHI "croxacTuuHi" ocumwmsinii #nop(w) € Ta SPA € BAKKHM 3aBIAHHAM Y 3B’S13KY 3 BPAXyBAHHSAM
HACIIIKOM  HAABHOCTI - [Iy’KKM Yy BUpast (16). 1o BEJIMKOI KLIBKOCTI KOHCTaHT, IO BXOJAATH B (HOpMyIy
CTOCYETBCSI TOJIOXKEHHSI PE30HAHCHUX IIKiB, TO BOHO Jlpyre, Ta iX HojanbIMM "3MilryBaHHAM" BHACIIIOK
. b
BUYEPIHUM HHOM TOSCHIOETCS  YMOBAMH TP, sxi MiICTAHOBKK OCTaHHBOTO B BHpPAa3 ISl MOJISIPU30OBHOCTI
BHILTUBAIOTH i3 3HAMEHHHUKIB CHiBBigHOMEHS (2) Ta (13): GiMETATIYHMX CHCTEM

Puc.4 nemoncTpye "3mUTTSA" MakCUMyMIB #jop(w) 31

HAHOYAaCTHHKH y BaKyyMi HPH 4YacTOTaX W = Wy, /N3 i
Vesh K @ OTpUMyeMo 00pe  BifloMUl  pe3ysibTar

Re €1p(c-sh) = —Ems Re €op(c-sh) = —2&py. 301IbIIEHHSIM Rsh, B TOM uac sk 30uUbmieHHs R

MPU3BOANTS 70 iX "BimmToBxyBaHH:". L{iTkoM 04eBUIHO,

Cuiiyy 3a3HAUYNTH, 1O MAKCUMYM fisp-) Ha puc.4(a) i mo HaBegeHuil xapaktep 3cysis IIIIP OD-cucrtem

3(@) (mpm R —o0) € pesyabTaToM  B3aeMOAii MOAIOHNH TOMY, KOTpUI MpPEICTaBICHWN Ha pHC.3 I

BHYTPIIIHBOI CTIHKH OOOJIOHKH Ta A1pa, TOMAI K Awsp(+) Bunagky 1D-cucrem. 3HOBY X Taku, KOPHCTYIOUYHCh

BHHHMKAE BHACIIJIOK IHAYKLII IOBEPXHEBUX 3apsliB HA  pomepeqHIMM CyKCHHSMH Ta PUPIBHIOKOYH 3HAMEHHHK

MEXI TOAITy MeTaneBoi OOOJOHKM Ta 30BHIIIHBOTO (11) 1m0 HyIs OTPUMYEMO piBHSHHS  BiJHOCHO
AienextpuyHoro  cepenopuma. Oxnak, npu Re— o0 TUTA3MOHHUX YacTOT JJIsl OiMETaliqYHOT HAHOYACTHHKHU

2 1
w?p(i) = % Bwpi(sny T Whieey T (8w12)l(sh)ﬁc3 (wzle(sh) - wfyz(c)) + (a)zle(sh) + wfyz(c)) )2 ) (17)

295



A.O. KoBaib

1l

1"~ R.=0; Ry= 10 am 1 o
2'-R.=15; Ry=10 M v

3'— R.=10; Ry= 10 /Y
4" R=20; Ry=10 1

ho,,
1

0,2

ho, eB

6 0,2 2 4 6

ho, eB

Puc.4. — YactoTHa 3anexHicTh KoeDillieHTY MOTIMHAHHS KOMIIO3UTY Ha OCHOBI OiMeTalleBUX HAHOYACTHHOK
AU@AQ: a —R: =10 um; Rey = 0; 5; 10; 20 am; 6 — R = 0; 5; 10; 20 um; Rsp = 10 HM.

3BiJIKH YMOBH IUTa3MOHHHX PE30HAHCIB, IO BiIOBIIAI0Th
IpaHUYHUM BHIAJKaM, HACTYIIHI:

_ wpl(sh)

wsp(_) |ﬁC=0 \/§

,sz +w?
— pl(sh) " ™'pl(9).
Ta wSp("')lﬁC:O - 3 y

_ 9pl(©
wsp(_)|BC=1 - \/§

Ta wsp(+)|3C=1 = Wpi(shy:

ITincTaHOBKa 3HaYeHb 00’ €MHUX IIJIA3MOBHMX YaCTOT
MeTalliB OOOJIOHKM Ta sIpa IUIA BHIAAKY OiMeTaligHOl
HAHOYACTHUHKHM TPU3BOJIUTH JO aHAIOTIYHUX BHCHOBKIB
mozno 3cyBiB IIIIP, sxi Oynmm OTpuUMaHI Ui BHUIAAKY
HaHOApOTY. OYEBHIHO, IO U1 OATaTOMIAPOBUX CHUCTEM
CIiJT OYiKYBaTH IMOMAIOHI 3aKOHOMIPHOCTI B IOJIOXKCHHI
PE30HAHCHUX MAaKCHMYMIB IPH PO3PAXYHKY ONTHYHUX
XapaKTEPUCTUK KOMIIO3UTY.

BucHoBku

Ha ocnoBi Teopii [pyne-Jlopenna orpumaHo
CHIBBIIHOIIEHHS  YacTOTHMX  3QJIOKHOCTEH  IUIs
MOJIIPU30BHOCTI, niiicHOL Ta ySBHOT YacTHH
nmiemexktpudaHoi (yHKil Oimeramiyamx 1D-cuctem. 3
BpaxyBaHHSAM  OTPUMAaHHMX  BHpPa3iB  PO3PaxOBaHO
KoedimieHT MOTJIMHAHHS €JIeKTPOMarHiTHOTO

BHIIPOMIHIOBAaHHA KOMIIO3UTY Ha OCHOBI BKIIIOYEHB Y
BUTIIAAL OimMeTamiyHUX HaHOIPOTIB. [Toka3aHa HasBHICTH
JIBOX YaCTOTHUX MaKCHUMYMIB KOE(ili€HTy MOTJMHAHHS,

IO € pPEe3yabTaTOM B3a€MOJil IOBEPXHEBUX 3apsliB
BHYTPIIIHBOT CTIHKM OOOJIOHKH Ta si/Ipa 3 0THOTO OOKY, Ta
30BHINIHBOT  CTIHKA  OOOJIOHKH 3  JIiCJICKTPHYHOIO
Mmarpuuer 3 iHmoro. [IponemMoHCTpoBaHa MOXIIHBICTH
KEPYBaHHS ONTHYHHMHU XapaKTEPUCTHKAMH KOMIIO3UTY
HIISIXOM 3MiHH Pajiycy spa Ta TOBIIUHU OOOJIOHKH.
JlociipKeHO BIUTUB €IEMEHTHOT'O CKJIaay Ha ONTHYHI
xapakrepuctuku 1D-cuctem. Ilpu 30imbIIeHH] TOBIINHH
00ONMOHKH ISl CTPYKTypH Ag@Au croctepiraerbes
"BIIITOBXYBaHHS" MaKCHMYMIB ONITUYHOTO MOTIIHHAHHS,
B TOU Yac K i1 Au@AgE MakCUMYMH "30JIMKYIOTBCS'.
OTpuMaHe piBHSHHS IS YaCTOTHOTO 3CYBY IIOBEPXHEBHX
IUTA3MOHHAX PE30HAHCIB OiMETaNiYHUX HAHOJAPOTIB
BKa3y€ Ha HAsSBHICTh [BOX TPAHUYHUX BHUIAJKIB, SKI
BU3HAYAIOTh IOJIOXKEHHS MiKiB ONTHYHOTO TOTJIMHAHHS.
BUKOHAHHS YMOBH  Wp(c) > Wpi(sn) TPU3BOIUTH JI0

"BINIITOBXYBaHHSA'  MaKCUMyMiB 31  30ULIBIICHHM
TOBIIMHM  MeTaleBoro  mapy. BopgHodac, komu
Wpi(c) < Wpi(sh)>  CHOCTepiraeTbess  "30MmKeHHS"

PE30HAHCHUX MAaKCUMYMIB. Sk HacIiIoK, XapakTep 3CyBY
MOBEPXHEBUX IUIA3MOHHUX PE30HAHCIB  OLIHIOETHCS
NUITXOM TOPIBHSHHSA 3HA4YCHb BEIUYHWH 00’ €MHHUX
TUTa3MOBHX YacCTOT SIIpa Ta OOOJIOHKH.

AHanoriy"i cyJUKeHHS MOKHA PO3IMOBCIOAWTH HA
CUCTeMH 1HIIUX po3MipHOcTel. 30kpema, s 0D-cuctem
XapaKkTepu po3paxoBaHUX 3aJIEKHOCTEH aHAJOTIYHI THUM,
AKi Oyam OTpUMaHI A BUMAAKYy OIMETaTi9HHX
HaHOJIPOTIB.

Koganv A.O. — acmipaHr.
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Frequency shifts of surface plasmon resonances in calculating the absorption
coefficient of a composite based on bimetallic 1d-systems

Zaporizhzhia Polytechnic National University, Zaporizhzhia, Ukraine
23cientific and Production Complex "Iskra”, Zaporizhzhia, Ukraine, andrej.koval@ukr.net

In this paper analyzes the electromagnetic radiation absorption by a composite based on bimetallic nanowires.
Using the Drude-Lorentz theory it was obtained the relationship for the polarizability frequency dependences, as
well as real and imaginary parts of the dielectric function of layered 1D-systems was obtained. It is shown that the
structure in the form of a metal core covered with a layer of another metal leads to splitting and the appearance of
two maxima in the frequency dependence of the absorption coefficient. The positions of the maxima are determined
by the composition of bimetallic nanowires and the volume content of metals. The influence of the dimensionality
of the systems has been established by comparing the frequency dependences of the composite absorption
coefficient based on bimetallic nanowires and nanoparticles. Calculations were performed for Ag@Au and Au@Ag
nanowires immersed in Teflon.

Keywords: bimetallic nanowire, surface plasmon resonance, polarizability, dielectric function, absorption
coefficient.
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IIpoBeneHo aHami3 TEXHONOTIH, SIKI JTO3BOJISIIOTH CTBOPIOBATH MIKpOpeNbe(HI CTPYKTYpH Ha IOBEpXHI
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CYOMIKpOHHHMH pO3MipaMH € HOHHO-TIPOMEHEBE TpPaBJICHHS dYepe3 chOopMOBaHY MeronoM ¢ororitorpadii
3axucHy Macky. OCHOBHI NpoOJeMH HpPU CTBOPEHHI MiKpopeiabedy Ha IMOBEpXHi camdipoBUX IiIKIAIO0K
TOJISITAI0Th Y BUJIAJICHHI CTATHYHOTO eJIEKTPUYHOTO 3apsily B HPOIIeCi HOHHO-TIPOMEHEBOT0 TPABIICHHS ITIIKIIA 10K,
a TAaKOXK OTPUMAHHI 3aXHUCHOI MacKH 3 BIKHAMU 33IaHAX PO3MIpIB, uepe3 sIKy 31HCHIOETECS TpaBIeHHs carngipoBoi
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AHaJi3 cTany npodjaeMu

MikpopenbedHi CTPYKTYpH Ha MTOBEPXHI caripoBUX
MiIKIaJ0K HIPOKO BUKOPHCTOBYIOThCS pu
BHTOTOBJICHHI CBITJIOMIONIB, IU(PPAKIIHHAX ONTHIHUX
eJIEMEHTIB Ta HocCiiB iH(opMalii JTOBrocTpoKOBOTO
30epiraHHs JMaHUX. BiIBIIICTE emiTaKCiHHUX CTPYKTYp
IUTS  CBITJIOMIONIB BHUPOIIYETHCS Ha MPOQLTHOBAHUX
carndipoBuX MiAKIaAKaX, 10 J03BOJISIE JOCATTH BHUCOKOT
e(eKTHBHOCTI BUBEACHHS CBITIA 31 CBiTIOMIONIB. Bimomo,
mo npodiTbOBaHa MiJKIAAKa PO3CIFOE BUIPOMIHIOBaHE
ceitta Ha Mexi GaN i1 candipy, i me mOKpamrye
e(eKTUBHICT,  BiiBeleHHA  CBiTia.  EdeKkTuBHICTH
CBITJIOMIONIB, SKi BHPOIIEHI Ha mnpodiTboBaHKX
caripoBHX MifKIaaKax, B 1.5-2 pa3u BuIle B NOpiBHIHHI
3 BHUNAJKOM BHKOPUCTaHHS IUIOCKMX cardipoBux
migkmagok  [1-3].  Ha  camdipoBux — migkimamkax
(dopmytoThCcs MikpopenbepHi  AupakUiiiHi ONTHYHI
enemenTa ([JOE), npu3HaveHi 1s QYHKIIOHYBaHHS MIPH
BHCOKHX ITOTY)KHOCTSIX BUIIPOMIHIOBAaHHSI 1 TEMIIepaTypax
[4-6]. Mnst cTBopenHst MikpopenbehHUX AUPPaKITiHHAX
OTITUYHHX €JIEMEHTIB Ha TIOBEPXHi can(hipoBHX MIAKIAT0K
BUKOPHCTOBYIOThCS SIK MeToau QoTomitorpadii [4] Tak i
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METOJ Jia3epHoT alusii peMTaceKyHIHUMH IMITYJIbCaMU
yibTpadioleToBOr0  BHUIpOMiHIOBaHHS [5,6]. Mikpo-
npodiapoBaHi carniposi TAKIIa KA TaKOX
MIPOTIOHY€EThCS BUKOPHUCTOBYBATU JUI CTBOPEHHS HOCIB
iHpopMamii ToBrocTpokoBoro 30epiranHs maHux. llpu
CTBOpEHHI MiKpopenbehHUX IU(PaKLIHHUX ONTHYHHX
€JIEMEHTIB Ha MOBEpPXHi cardipoBuX MiIKIAI0K Ta HOCIIB
iHpopMalil  JOBrocTpOKOBOro  30epiraHHs  JaHHX
ocobnmuBa yBara NOBHHHA HPUIUATHCA (DOPMYBaHHIO
€JIEMEHTIB 3 CYOMIKPOHHUMH CyBOPO BHM3Ha4€HHMH
po3Mmipamu. Jlomyck Ha  pO3Mip  €JIEMEHTIB Y
TOPU30HTANBHIN TUTOIIKHI oBHHEH ckianaTtu 30-50 HM, a
mo raubuHi 20-30 HM. OCO0JIMBO KOPCTKI BUMOTH JI0
po3MipiB  MiKpopenbeHUX ~ €IeMEHTIB  HEeOoOXiTHO
BUKOHYBaTH TP BUTOTOBJIEHHI HOCIB iHdopmamii 3
MiKpopenseQHOIO CTpyKTypoto [7,8].

®opmyBaHHs penbedy Ha IOBepxHi cargipoBoi
MIKIaAKA  YCKIQJIHEHO 4Yepe3 HOro BHUCOKY XIMiuHY
CTIMKICTb. 3a OCTaHHI POKH 3alpOMOHOBAHO JEKiTbKa
cnoco0iB  (opMyBaHHS MHKpOpenbedy Ha TOBEPXHI
candipoBoi miakIaaKu. 3arporoHOBaHI CIIOCOON MOKHA
PO3IUIMTH Ha ABI TPYIH - 11e POPMYBaHHS MIKPOpEIbedy
B Marepiami camoi MmAKTagKd Ta  OTPUMAHHA
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dopmMyBaHHS CYOMIKPOHHHX pelbe(HIX CTPYKTYp Ha IIOBEPXHi carndipoBHUX MiIKIAI0K

MIKpopensepHOI CTPYKTYpH B MaTepiaii HaHeCEeHOMY Ha
MMOBEPXHIO CaN(ipOBOI0 MiOKIAAKH. Y TEpIIiil Tpyrmi
METOMIB CJi BUAUIMTH BUKOPUCTAHHS XIMIYHOTO
TpaBIJIEHHS VIS CTBOPEHHS MIKpOpeNbe(HIM CTPYKTYp Ha
noBepxHi candipoBux miakinanok. ns npodiaroBaHHS
caripa Moxxe OYTH BHKOPUCTAHO TPAaBJICHHS B CyMilIi
KUCIIOT HzSO4Z H3PO4(HzSO4Z H3PO4:3: 1) 3
BUKOpHCcTaHHsAM Macku 3 SiOz (Temmeparypa cyminri
kucnot Buie 300°C). BuxinHe 300pakeHHsT Ha TOBEPXHI
HaHeceHoro Ha camndip mapy SiOz ¢dopmyerbes abo
METOJIOM cTaHAapTHOI ¢oTtoiitorpadii (A7 OTpUMaHHS
€JIEMEHTIB MIKpopeibedy CyOMIKpOHHHX pO3MipiB), abo
BiITaJIOM HaNMJICHOTO IIApy HIKEeNIo, 0 MPUBOIUTH IO
(dopMyBaHHSI CYOMIKPOHHUX OCTPIBI[IB, IO CITYXKFTH
Mmackoro Tipu TpasienHi SiO; [2]. [IBuakicTs XiMidHOTO
TpaBiieHHs candipa crtaHOBUTH | MiMm/xB [9]. [na
CTBOpEHHs MiKpopenbedy Ha TMOBepxHi candipoBUX

HiIKIAI0K MOXe BHKOPHCTOBYBATHCS METOx
HaHocdepHoi itorpagii [6]. Mackoro mpu TpaBieHi
candipy MOXYTh Oytun KBa31ymopsaKoBaHi

HamiBcgepuyHi Kparuti 3osota po3mipom 0.5-3 MM,
chopMOBaHi KOHTPOJIHOBAHHM YHHOM Ha TOBEPXHI
candipa mpu HArpiBaHHI HAMUICHOTO CYIUIEHOTO Iapy
30JI0Ta BHWINE TeMIepaTypu Horo rmiaBieHHs. Crin
MIAKPECIUTH YHIKAIBHICTD 30JI0Ta SK MaTepiary MacKd
JUISl 1aHOT TEXHOJIOTII - 30JI0TO € EMHAM METaJIOM, SIKHH
MOEAHYE HEOOXIMHY XIMIYHY CTIHKICTh 3 TOCUTHh HU3BKOIO
TEMIIepaTyporo IUIaBieHHs. EleMeHTH penbedy MaroTh
BUTJISI TPUKYTHHX Hipamig. BucoTa enemenTiB penbedy i
iX IIITBHICTH Ha TIOBEPXHI MOXYTh iCTOTHO BapifOBaTHCS
B 3aJIEKHOCTI Bix mapamerpis mpouecy [1,2]. Xoua nei
MeTO[I € e(peKTUBHUM, BiH MOTEHIIHO HEOC3MEUHUN IS
3I0pOB's oneparopis [9].

Jnst oTpumaHHs penbeHUX CTPYKTYp y Matepiaii
carnipoBUX MiIKIAT0OK BHKOPHUCTOBYETHCS TaKOX CyXe
TpaBJeHHS B IHJYKTUBHO-3B'SI3aHiil IU1a3Mi 4epe3
chopmoBany MeTtogoM (otomitorpadii macky [2].
[MoBizomisutocss TakoX IPO BUCOKOYACTOTHE IOHHO-
ximMiyHe TpaBneHHS cangipy (fBu 13,56 MI'm) y
cepenoBuni CF4 (xmamon-14) [4]. Bucoka XiMiyHa
CTIMKICTB candipy BUKIHKA€E HEOOXiJHICTh BUKOPUCTAHHS
CyXOTO TpaBJIeHHsI OararomapoBux mMacok [9]. Ognum i3
1IapiB Macku 4acTo BUKOPHUCTOBYETHCS IIAP METAIEBOIO
XpOMY, HEOOXimHWH Ui 3MEHIIEHHS eNeKTpU3amil
o0pobOmoBanoi  candipoBoi  migKIagKd  (ITUTOMHUIA
esleKTpHuHHit omip candipy cranoBuTs 10'° Om*cm) [10].
Ilpn iionHOMY TpaBieHHI candipoBUX MAKIAIOK

HEOOXiqHA KOMIICHCAIlSI 3apsay Ha IOBEPXHI, IO
KOHTAKTY€ 3 IIa3MOI0.

Jns  orpumanHs  candipoBHX — MAKIAJOK 3
PETYISpHUM  MIKpOpenbepoM Ha TOBEPXHI TaKOXK
NIPOTIOHYEThCS.  3aCTOCOBYBAaTH  METOAM, IO  HE
BHKOPHCTOBYE TexHIKy (oTtomitorpadii. Taki meromm
JIOUUTBHO ~ BUKOPHCTOBYBAaTH  INIPHM  BHUI'OTOBJICHHI

TUGPAKIIAHIX ONTHYHUX €JIEMEHTIB Ta ONITUYHUX HOCIIB
IOBTOCTPOKOBOTO 30epiraHHs HaHWX. B omgHOMy i3
BapiaHTIB BUTOTOBJICHHS MIKpOpenbe(HUX CTPYKTYp Ha
MOBEepXHi cam@ipoBUX MIOKIAJOK  HPOTOHYEThCA Ha
candipoBi NiAKIAJAKH METOJOM BaKyyMHOTO HAIJICHHS
HAHOCHTH MeTal depe3 Tpadapery 3 TiaMeTpoM OTBOPIB B
nmiama3oHi 0.2-40 MKM Ta HACTYIIHUM BifllaioM JUIs
¢dbopMyBaHHs Ha HaArIAAKiii MOBepxHI cangipoBUX
IUTACTHH  PETYISIPHOTO MIKpopenabedy 3 HAMUICHOTO
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metany [11]. OnTu4HI HOCIT JOBTOCTPOKOBOTO 30epiranHs
JaHUX MOXYTh OYTH BHTOTOBICHI WIISIXOM MPSMOTO
JIA3EPHOTO 3aMKCy Ha Iapi GOTOPE3UCTy, KU HAHECEHO
Ha TUTIBKY XpoMy Ha cartdiposiit minxmami [12].

I. MeToau npoBeaeHHs 0CTiKEHD

MoHHO-TIpoMeHeBe TpaBIICHHS cardipoBux
MIAKIaJ0K Kpi3b BIKHa y OpraHIYHOMY ITO3UTUBHOMY
(doTope3ncTi HE MO3BOJSE OTPHUMYBATH MIKpopenbedHi
CTPYKTYpH TinbuHO0 OuThIn 70-80 HM. 30UTBIIEHHS Yacy
TpaBJCHHS MpPU3BOJUTH TUIBKK JIO 3MIHH pO3MIpY
€JIEMEHTIB Y TOPH30HTANBHIN TmonwHi. Taka mpobiema
HE BHHUKAE MpPU PEAKTHMBHOMY HOHHO-IIPOMEHEBOMY
TpaBJIEHHI MiAKIAJA0K 3 CHJIIKAaTHOTO CKJa, Ha SKUX
(dopmyBanucs enemenTr raunOuHO0 150-200 HM. OCcHOBHI
npoOJeMu MpU CTBOPEHHI MiKpopenbedy Ha HOBEpXHI
candipoBUX MIIKIANOK TOJSTAOTh Y TOMY, IO
LIBHJKICTh HOTO TpaBJIeHHs 3HAYHO MEHIIIE B MMOPIBHSIHHI
3 IHmMHUMH MaTepianamu (HAMpHUKIAL, CHITIKATHE Ta
KBapLOBE CKJIO). BinmnoimHo mis TpaBieHHs candipy
moTpiOHO OuTbIIe Yacy, M0 MPHU3BOAWTH A0 3HAYHOTO
HaKOIMYCHHS 3apsity Ha Horo noBepxHi. TakuM YUHOM, B
mporieci MOHHO-IPOMEHEBOTO TpaBleHHS camngipoBuX
MAKIAI0K T OTPUMAaHHS MIKPOPEThe(QHUX CTPYKTYP
3alaHUX PO3MIPIB HEOOXIAHO 3a0E3MEUUTH YHHUKHCHHS
abo BHJANCHHS TAKOrO IIOBEPXHEBOTO CTATHYHOTO
ENIEKTPUYHOTO 3apsiny. Hns (opmyBaHHS
MIKpOpenbePHUX CTPYKTYP 3 CYOMIKPOHHAMH PO3MipaMu
Ha candipoBUX  MAKIAgKaX METOJaMH  HOHHO-
MIPOMEHEBOTO TpaBJICHHS MPOTIOHYETHCS
BHKOPHCTOBYBATH JBOIIAPOBI MAacKH (€NEKTPONPOBIIHII
hiap XpoMy i map MO3UTUBHOIO QoTopesucrty). Macku
(dopMyBasach METOIOM IPSMOTO JIa3epHOr0 3alicy Ha
IUTIBKaX IIO3UTUBHOTO (OTOPE3UCTY Ta HACTYIHOTO
CEJIEKTUBHOTO XiMIYHOTO TpaBIIEHHS mapiB (POTOPE3UCTY
1 XpoMy y pi3HHX TpaBHHKax. Cxema mporecy OTpuMaHHs
MIKpOpeNnbeHUX CTPYKTYp Ha TOBEpXHi canipoBUX
MIIKJIAJ0K NpelcTaBieHa Ha puc. 1.

[Tpouec orpuMaHHST MIKpOpEIbe(HUX CTPYKTYp Ha
MMOBEpXHi candipoBUX MOKIAJOK BKIIOYAE ICKiUTbKa
OCHOBHUX OIleparii

- TpAMHUIA Jla3epHUIl 3amMc Ha Iapi MO3UTHBHOTO
(doTope3ucTy 3aJaHO1 CTPYKTYpH,

- CeJIeKTMBHE TpAaBJCHHS LIapy IO3UTUBHOTO
(boTOpE3HCTY y IY)KHOMY TPAaBHHKY,

- CEJIEKTHUBHE TPAaBJICHHS IIapy XpOMY Kpi3b BiKHA y
mapi GoTope3ucTy,

- peakTHBHE  HOHHO-IPOMEHEBE  TPaBJICHHS
candipoBoi MiAKIAAKA Kpi3h IBOIIAPOBY MACKY.

CernexTiBHE XiMIYHE TpaBJICHHS IIapy (OTOPE3UCTY
Ha TOBepxHi camndipoBoi MiIKIAAKA 3IIHCHIOBAIOCH
myxauM TpaBHukoM (0,7-1,0 % KOH) npoTsrom 10-20 c.
Yac TpaBJCHHS BU3HAYABCS OTPUMAHHIM HEOOXIITHOTO
3HAYCHHS BINHOCHIN IHTEHCHBHOCTI IHU(ParoBaHOTO
JIA3epHOTO TPOMEHI0 Ha MIKPOpENbe(pHIA CTPYKTYPI.
CenekTrBHE XiMiUHE TPaBJICHHS MIapy XpOMY Kpi3b BikHa
yTBOpeHi y mapi ¢oropesucty 3lilficHIOBaIOCh 3
BUKODHCTaHHSM CTaHIApTHOTO TpaBHWKa Ha 0asi
CIDKOKHCJIOTO [epilo Ta cipuaHoi KucinoTH (uepiit
cipkokuciuii- 200 mu, consina kucnora - 100 mi ,cipyana
kuciora - 10 Mi, Bojga auctuiboBana - 1o 1000 mon ) [13].
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Puc. 1. Cxema mporecy OTpPHUMaHHS MiKpoOpenbedhHUX

CTPYKTYp Ha MOBEpXHi canipoBUX migkiagok | — mrap
¢dotopesucty; 2 — map 3 Xxpomy; 3 — miakiagka; 4 — BikHa
y GoTopes3ucTi; 5 — BikHa y XpOMI.

Jns QopmyBaHHA MIKpOpenseQHOI CTPYKTYpH Y

carnipoBii TAKITa A BUKOPUCTOBYBAJIOChH
3MIACHIOBANIOCH  IJIa3MOXiMidHe TpaBieHHA. (Cxema
YCTaHOBKH HOHHO-TIPOMEHEBOTO TpaBJICHHS

IIpeJCcTaBIeHa Ha pHC. 2.
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2

Pue. 2. Cxema yCTaHOBKHU
TpaBIIeHHS can(ipoOBHX ITIKIAOK:
1 — migxiaaka; 2 — eMmiTep eJIeKTpPOoHIB (BOib(pamMoBHii
BOJIOCOK); 3 — €NeKTPOHHA XMapKa; 4 — HeHTparizoBaHHiA
IOHHUH MIPOMIHB; 5 IOHHMH  TIPOMiHB;
6 — enekrpomarHiTHa JiH3a; 7 3a3eMJICHHH aHOI;
8 — 30BHIIIHE KiJIbIIE Ta30BOTO JUKEPENA, [0 3HAXOTUTHCS
T/l HAIIPYTrot0; 9 — BHYTPIIIHE KIIbIE Fa30BOTO JHKEpea,
0 3HAXOAWTHCA Mmix Hampyrowo; 10 BomATOp 3
ra3oBBojioM; 11 — 3ossitop; 12 — BBix rasy.

HWOHHO-IIPOMEHEBOTO

Bukopucrana TtexHonoris [14] Bigpi3HSETBCS Bin
BitomMoi TexHouorii QopmyBaHHS ~ MiKpopenbehHHX
CTpyKTYp y camndipoBux migxiankax [4] TuMm, 00

300

TpaBJIeHHS 3ZiHCHIOBAJIOCh 3 BUKOPUCTAHHAM PO3PSIY
MTOCTIIfHOTO CTPYMY.

Il. ExcnepuMeHTaIbHI JAOCJHIT:KEHHST 3

CTBOPEHHA MikpopeabepHux
CTPYKTYP Ha candipoBuX miIkIagKax

dopmyBaHH 300pakeHHS Yy IIapi MO3UTHBHOTO
¢dotope3ncTy  3MIHCHIOBAIOCH ~ METOJOM  MPSIMOTO
JIa3ePHOT0 3alUCy 3 HACTYHNHUM CEJIEKTHBHUM XiMIYHHM
TPaBJICHHIM Yy JY)KHOMY PO3YHHI, KOHTPOJIb 3alHUCAHUX
MIKpOpenbeQHUX CTPYKTYP 3AiHICHIOBAaBCA 32 IOTIOMOTOIO
aHai3y iIHTeHCUBHOCTI qudparoBaHoro npomeHs. Ha puc.
3 HaBelIeHO 300pa)KeHHS OTPUMaHE METOJIOM MPSIMOTO
JIa3epPHOT0 3alKCy Ha LIapi MO3UTHBHOTO (DOTOPE3HCTY.
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Puc. 3. 306pa>1<eHHs{ MOBEPXHI JIUCKIB IiCIs MPSIMOTrO
JIA3€PHOTO 3aMUCy CYOMIKPOHHHX CTPYKTYp Ha Imapi
(dopope3nucTy Ta CEIEKTUBHOTO XIMIYHOTO TPaBICHHS
(dotope3ucry.

BinxuiaeHHs JOBXWHH 3arinOiieHb, cOpMOBaHUX B
MpOIeCi MPSAMOTO Ja3epHOTO 3aluCy 1 CENEKTHBHOTO
XIMIYHOTO TpaBJEHHS, BiJ 3aJaHuX He rnepeBuinye 40-
50 um, a mmwmpuHu 3arauOneHs — 100aM.  Oghiero 3
OCHOBHUX TMpOOJIeM OTpPHMaHHS  MIKpopeabehHUX
CTPpYKTYp Ha TMOBepxHi candipoBUX MiIKIANOK €
HasIBHICTh 3aJIMIIKOBOTO mapy MO3UTHBHOTO
¢dorope3ucTy B TiTax YTBOPEHHMX Micis 3amucy 1
CEJIGKTUBHOTO XIMIYHOTO TpaBJIEHHS mapy (HOTOpe3ucTy
CENICKTUBHUM JY)KHHUM TpPaBHUKOM. Sk TOKa3aau
MPOBEJCHI HAaMU  EKCIEpUMEHTH Ha  OTPUMAaHHS
MIKpOpENbEPHUX CTPYKTYP 33aJaHOi TTHOWHU, CHITBHHMA
BIUIMB MAalOTh 3aJMLIKH (poTOpe3rcTa B MHKPOOTBOPAx
(tmrax), yepes sKi BigOyBaeThCs TPABICHHS IIAPY XPOMY.
30UTbIIEHHS Yacy CEJICKTUBHOTO TPABJICHHS IIapy XpOMY
Ha 3pa3Kax i3 3aJUIIKaMu (GOTOPE3NCTy y MIKpOOTBOpaxX
HE JIO3BOJIAE OTpUMaTH 3ariuOJIEeHHS HEOoOXigHOT
o7HaKoBOI TIMOMHU. OTHOPIAHOMY TPAaBJICHHIO XpOMY
CHpUsi€ IPOBEACHHS TPABJICHHS B YIbTPAa3BYKOBOMY ITOJI
[15]. BuxopucraHHs TpaBICHHA 3 YIbTPa3BYKOBUM
ACHCTYBaHHSIM BHMAara€ BHKOPHCTaHHS MIAKIAIOK 3
MIHIMQJIBHUMHU MEXaHIYHUMU HanpyKeHHsMH. HasBHICTD
MIKpO TpIIMH Ta 3HAYHUX MEXAHIYHUX HaNpyXeHb
NPU3BOMUTH JI0 PYyHHYBaHHS MiAKIAAKA Yy Ipoleci
yIbTpa3BykoBOi  00poOku. Ha puc.4  HaBeaeHo
300paKeHHs] TOBEpXHi candipoBOi MIAKIAIKA ITICIA
CEJIEKTUBHOTO TPABJICHHS Iapy XPOMY Kpi3b BiKHA Yy IIapi
¢doropesucty 3 3ammkamMu  (QOTOPE3UCTY Y
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MIKpPOOTBOPAX.

Puc.4. 300pakeHHss moBepxHi candipoBoi MiAKIaIKH
IICIISl CENIEKTUBHOTO TPABJICHHS LIAPy XPOMY Kpi3b BiKHA
y mapi ¢oropesucty i3 3anumKaMu (DOTOPE3HUCTY Yy
MIKpPOOTBOPaX.

BruiiB  HenmoBHOTO BWIIydeHHS (OTOPE3UCTY €
MPUYMHOIO 10 CHIOTBOPEHHS MIKPO penbeHOT CTPYKTYpH
Ta (OpMyBaHHS MIKPOOTBOPIB 31 CTyHiHYacTO0 (GopMOIO
Ta pi3HOIO TMOuHO. HermoBHe BrityueHHs GOTOpE3nCTy
B MIKpO OTBOpax IIOB’si3aHE€ 3  HEIOCTaTHHOIO
EKCIIO3UIIIEI0  3pa3KiB  Ta  JIOK&JbHOI  3MIHOIO
BIIACTUBOCTEH MIapy (HOTOPE3UCTY IICISA €KCIIOHYBAHHS.
BUHMKHEHHS  3aJMIIKOBOIO  [Iapy  IO3UTUBHOTO
doTopesncTy cHocrepiraBcs IpU JIa3epHOMY 3alucy
KUIBLIEBUX XpPOMOBHUX 11aOJIoHIB. BunnkHeHHS
3JIMIIKOBOTO  INapy  IHO3UTHBHOTO  (hoTopesucry
MOB’s3aHE 3 THM, IO B CHJIy BITZHOCHO BHCOKOL
MPO30POCTi mapy (OTOPE3UCTY 3HAYHA YACTKA CHEPTil
3aIIMCYI0YOT0 JIa3epHOr0O IMy4Ka IMOTJIMHAETHCS IUTIBKOIO
XpoMy Mix  (GOTOPE3nUCTOM, IO NPU3BOJAUTH A0 il
HarpiBaHHA, IO 3HWKYE YYTIHUBICTE (oropesucty. Lle
NPU3BOMUTH JIO TOTO, IO IOONM3Yy TpaHHIi XpOM-
¢dotope3uct MIiBKa (POTOPE3UCTY MOXKE BHUSIBHUTHCS
HEJOCTaTHBO CKCIIOHOBaHA. B pesynbprari Ha JHI
MIKPOEJIEMEHTIB YTBOPIOETHCSI TOHKHH 3aJIMIIKOBUIL 11ap
KHCJIOTOCTIHKOTO TIO3UTHBHOTO  (POTOpE3HCTY,  SIKHIA
NEPEeIIKO/DKAE  TPABJICHHIO  XpPOMY  KHCJIOTHHM
TpaBHHKOM. BrumuB 3anumkoBoro mapy GoTope3ucTy Ha
JIHI MIKpOEJIEMEHTIB Ha MPOLEC TPABJICHHS IIapy XpoMy
MOXX€ OyTH MPAaKTUYHO IOBHICTIO YCYHYTO IILJISIXOM
ONTHMI3aIlil KOHIEHTpalil TpaBHHKA. EKcrepuMeHTH
MOKa3ajM, MO ISl CEJIEKTUBHOTO TPABJICHHS €JIEMEHTIB
3alMCaHMX Ha IUTBII (oTope3nucTy TOBMHUHOK 0,5 MKM
,HAHECEHHX Ha ITIBKY XpOMY, ONTUMaJIbHa KOHLIEHTpaIList
KOH mnoBunHa cranoButu 1% [16]. [na yHUKHEHHS
YTBOPEHHSI 3IMIIKOBOTO Inapy (OoTope3ucTty Ha AHi
MIKpOEJIEMEHTIB HaMHM TakoX Oyna  30UIbIIEHHS
kounentpanits KOH no 1%. Le mo3Bommmo mpoBoIuTH
OiIbII OJHOpIAHE TPaBJICHHS XPOMY Kpi3b BiKHA Yy
mo3uTHBHOMY  ¢oTopesucti. [lomampmie cenekTHBHE
XIMIYHE TpaBJICHHS APy XPOMY I03BOJIMJIO OTPUMATH
JIBOIIAPOBY MACKy Kpi3b SKY 3IIHCHIOETHCS TpPaBICHHS
candipopoi migkmanku (puc.S).
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Puc. 5. 300pakeHHs MOBEPXHI JUCKIB IICHs  XIMIYHOTO
TpaBJICHHS LIapy XpoMy (300paskeHHs JBOIIAPOBOT MacKu
Ha TIOBEpXHi candipoBoi MiIKIaaKu).

BunydyeHHST eNeKTpUYHOTO 3apsiny 3 IIOBEPXHI
caripoBoi MiAKIAIKK TWig 4Yac HOHHO-TIPOMEHEBOTO
TpaBJICHHS 3IHCHIOBATIOCH 32 JOINOMOIOIO 3a3EMIICHHS
METaJIEBOr0 IIapy 3aXWCHOI MAacKu 3 BHKOPHCTaHHSIM
eNeKTponpoBinHoi mactu. KomIeHcallist eleKTpUYHOro
3apsay Ha TOBEpXHi camdipoBoi MigKIAIKH TO03BOJISIIA
(dopMmyBaTH 3IiICHIOBaTH HOHHO-TIPOMEHEBE TPaBIICHHS
Kpi3b JABOIIAPOBY 3aXHCHY MacKy, TOBIIMHA SKOT
craHoBwia 160 HM ImIapy MO3MTHUBHOTO (DOTOPE3UCTY
Shipley 1813 i 30 uM mapy xpomy penbedHi CTPYKTYpH
rmuGuHo0  120-200HM.  MOHHO-TIpOMEHEBE  TpPaBICHHS
caripoBoi MiAKIAIKK KPi3b ABOIIAPOBY 3aXUCHY MacKy
3IIMCHIOBAJIOCh B TaKMX PEKMUMAX: OCTATOYHHMH TUCK Y
BaKyyMHil kamepi - 2*1072 Ila, pobounii THCK (Bpeony
(CF4) - 4*10 Ila, yac TpaBieHs - 12,5 XBUIMH, CTPYM
nipominst ioHiB - 1,0 A, mpuckopioroua Hampyra - 2,2 kB,
CTpyM JIiH3U - 76 MA, KyTOBa HIBUAKICTH Kapycemi 3
migknagkamu - 20 06/x8. Ha prc.6 HaBeneHe 300paKeHAS
caripoBoi MiAKIAAKA micisi  WOHHO-TIPOMEHEBOTO
TpaBJICHHS KPi3b JBOLIAPOBY MACKY.
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Puc.6. OnTtnune 300pakeHHS NOBEpXHi cargipoBoi
MIIKIAAKA TCTsS HOHHO-TIPOMEHEBOTO TPABJICHHS KPi3b

JIBOIIAPOBY MACKy - IIap IO3HTHBHOTO (OTOPE3UCTY Ta
urap xpomy (orpumano Ha mikpockorni NEOPHOT 2).

Haseneni Ha puc.7 AFM 300paskeHHS 3 HOBEpXHi
candipoBoi  MOKIaAKA  MICAA  IUIA3MOXIMIYHOTO
TpaBJICHHS IOKAa3yIOTh IO TIJIHOWHA MiKpopenbedHOT
CTPYKTYpHU CTAHOBUTH J10 160 HM.
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[Micast 3aBeplieHHsT Tpolecy HOHHO-TIPOMEHEBOTO
TpaBJIeHHs BOIIApOBAa Macka 30epiryiacs Ha IOBEpXHI
candipoBoi WINKIAAKA, IO JO3BOJLUIO OTPUMATH
MiKkpopenbedHi CTpYKTYpH OUTBIIOT TIIHOMHY.

BucHoBku

1.®opmyBaHHsI CyOMIKPOHHUX pelbeHUX CTPYKTYD
HAa TOBEpXHI camdipoBUX MIIKIANOK MPEICTaBIIE
aKkTyalbHEe  3aBJaHHS, Ui BHPIMIEHHS  SIKOTO
MPOMOHY€EThCI ~ 3HAYHA  KUTBKICTH  TEXHOJOTIH. Y
OUTBIIOCTI 3aIPOITOHOBAHKUX TEXHOJOTIAX IPOTIOHYETHCS
BUKOPHCTaHHS 0araTomapoBuX 3aXHMCHHX MacoK.

2. OpHi€r0 3 OCHOBHUX MpoOIeM i 9ac CTBOPEHHS
pEryssipHOTO MiKpopeabedy Ha IMOBEpXHi candipoBUX
MIAKIAI0K MOJIATae y OTPIMAaHHI 3aXHUCHOI MacKH, Kpi3b
Ky 3JIIMCHIOETBCS TOJAJIbIIE TpaBJeHHS candipoBoi
MiAKIaaKd. BimxuiaeHHs Big 3agaHol GpopMu OTBOPIB Y
3aXMCHIi  MacIli  BINMOBITHO  TEpelalOThCS  HA
MiKpopenbeHy CTpYKTYpY carndipoBoi HimKIaaKy.

3. HaliOurtbIn TeEpCIEeKTHBHUM 1 TEXHOJIOTIIHIM
METOJIOM CTBOPEHHS pEryjspHOrO MiKpopeiabedy Ha
MOBEpXHI candipoBUX MIOKIANOK € HOHHO-TIPOMEHEBE
TpaBieHHS canipoBHX IIIKIAJ0K Kpi3b BiKHA Y
0araTolapoBMX 3aXMCHUX MAacKax.

4. AbTepHATUBHAM BapiaHTOM MIKpOTIPO(DUTIOBaHHS
canipoBUX MIOKIAAOK € TeXHoJoriss (opMyBaHHS
Mikpopenedy B IOJATKOBOMY Iapi HAaHECEHOMY Ha
nmoBepxHio cardipoBoi migknanku. Lls TexHoOTIsS MOXKe
PO3IIsiOaTHCs K IEepCIeKTHBHA Ul CTBOPEHHS HOCIIB
iH(pOpMAIlil JOBroCTpOKOBOTO 30€piraHHs JaHUX.

=] 8 10

x [pm]

Puc.7. AFM 306paxkeHHs candipoBOro AUCKY MiCJIs HOHHO-TTPOMEHEBOTO.
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Ionsikn

Asmopu BUCTIOBIIOIOMb 2nuboKy noosKy
cnigpobimuuxam  Incmumymy npobnem  peecmpayii
ingpopmayii HAH Ykpainu 3a donomozy y nposedeHHs
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im. B.€. Jlawmxapvosa 3a  npogedenHs  OOCNIONCEHb
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00Ci0NHCEHD.
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iHpopmanii HAH Vkpainu;
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bopooin FO.0. — HaykoBuii CHiBpOOITHUK [HCTHTYTY
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Hluxoeeus O.B. — naykoBuii cmiBpoOiTHUK [HCTHUTYTY
npooiem peectpaiii iHhopmartii HAH Ykpainu.
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Formation of submicron relief structures on the surface of sapphire substrates

Institute for Information Recording of the National Academy of Sciences of Ukraine, Kyiv, Ukraine, kryuchyn@gmail.com

An analysis of technologies that allow creating microrelief structures on the surface of sapphire substrates has
been carried out. It is shown that the most effective method of forming relief structures with submicron dimensions
is ion beam etching through a protective mask formed by photolithography. The main problems in creating a
microrelief on the surface of sapphire substrates are the removal of static electric charge in the process of ion beam
etching of the substrates, as well as obtaining a protective mask with windows of specified sizes, through which
etching of the sapphire substrate is performed.

Keywords: sapphire substrates, selective etching, microrelief structures, protective mask, direct laser
recording.
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Oc001MBOCTI XeMO-MEXaHO-AKTUBALINHOI TEXHOJIOTil O/1ePKAHHSA
MOJIIMEPHUX KOMIIO3UTHUX MaTepiaJjiiB
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oks.pavlykivska@gmail.com

[IpoBeneHo ormsaa podiT Mo AOCTIHKEHHIO MPOIIECiB OJIepKaHHS MOJIMEPHUX KOMIIO3UTIB 32 XEeMO-MEXaHO-
aKTUBALIHHOI TexHONOTier (XMA-TexHOIOoTi€). 3po0iieHO aHali3 Ta y3aralbHEHHS METOMIB MOCTIMHKEHHA 1
BUNPOOYBaHHS KOMIIO3UIIIMHUX MarepianiB Ha ocHOBI mouiterpadropermneny (IITDE) i ByrieneBux BOJIOKOH.
Bcranosneno BB XMA- TexHounorii Ha cTpykTypy i BiactuBocti [ITOE-kommosury.

KnrouoBi ciaoBa: moniMepHHH KOMITO3WT, IOJiTeTpadTOpeTHiIeH, ByIJeneBi BOJOKHA, XEMO-MEXaHO-

aKTHBAI[iiHa TEXHOJIOTIS.

Tooano 0o peoaxyii 1.02.2023; npuiinamo do opyxy 2.06.2023.

Beryn

Y Ham uac € morpeba y BUPOOHHMUTBI HOBHX
MOJIIMEPHUX KOMITO3UIIIHHAX MaTepiaiB 3 MiABHICHUMU
ekcrutyaTaiiitnumu - BiactuBoctsiMu  [1]. OpHumu 3
HaKOLIBIIT 3aTpe0yBaHUX y  pi3HHUX rajgy3sx
MIPOMHCIIOBOCTI € TOpOBMIiCHI Martepianu [2].

OO'exTOM JOCIIJKEHHS J1TaHOT pOOOTH € TEXHOJIOTis
oZlepKaHHA KOMITO3HTIB Ha OCHOBI
nojireTpaTOpeTHIIeHy  Ta  BYIVIELIEBHX  BOJIOKOH.
Bukopucranns IITOE B skocti Marpuii BIUIMBaEe Ha
aHTU(PUKIIHHI BIACTUBOCTI OTPUMAHMUX KOMITO3MTHHX
MaTepiaiB.

[ITOE koMno3uTu JOCUTH IIUPOKO 3aCTOCOBYIOTHCS
Yyepe3 YHIKaNbHICTh XapaKTEePUCTHK, SKUMH BOJIOMIE
nmomniterpadropernnien. Cepen #Horo mepesar: BHCOKa
TepMiuyHa CTabiIbHICTh, BHCOKHI KOe(iIlieHT TepT,
HaiiOLIpIIa XiMiyHAa CTIMKICTP cepel TepMOIUIACTIB,
MOXJIMBICTh 3aCTOCYBaHHS NPH HHU3BKHX TEMIEpaTypax
Ta JOBrOBIYHICTH [3].

Cepen ycix HAaIOBHIOBaYiB, HAHOUTBINI e(heKTUBHUMH
€ BYIJICLEBI BOJOKHA uYepe3 YHIKIbHI MeXaHiuHi
BJIACTHBOCTI, SIKKIMH BOHY BOJIOZIIIOTH Ta IX JIETKY Bary [4].
BukopucranHsl ByriielieBUX BOJIOKOH 3HAYHO IMOKPAIye
3HOCOCTINKICTH Ta T IBHIIy € TEPMOCTIHKICTh
KOMITO3HUIIIHHOTO MaTepiaiy.
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[TepeBaxkHO Ui OTPUMaHHS KOMIIO3HMTIB, 3a YiKe
BiJOMHMH  TEXHOJIOTiIIMH, MEXaHIYHO  3MIIIyIOTh
MOPOMIOK TOJITeTpadTOpeTHIICHY 3 HAIOBHIOBAYaMHU 3
HACTYITHAM TIPECyBaHHSAM Ta CIKaHHAM. lIpote maHwmit
METOZ, Ma€ HU3KY HEIONIKiB dYepe3 BHUCOKY B’S3KICTh
posronry IIT®E. Tomy nomineHOH Oyma  po3poOka
TEXHOJIOTIl IOYeproBOi IHTCHCHUBHOI XEMO-MeXaHI9HOI
axtuBamii 3pas3kiB [ITOE Ta ByrieneBux BOJIOKOH Iepe]
iX 3MinTyBaHHsIM [5].

Texuomoriuni JOCSATHEHHS MOKa3yloTh, i (e}
3aCTOCYBaHHS XEMO-MEXaHO-aKTHBAIIITHOI TEXHOJOTIl €
MEPCHeKTHBHOIO I TOKpAIIEeHHS aHTH(QPUKIIHHNIX
BJIACTUBOCTEN [6,7] MOJNIIMEPHUX  KOMITO3UTHUX
MaTepialliB, OCKUIBKU CIPHSIE MiABUIICHHIO iX MIIIHOCTI,
JKOPCTKOCTI, TETJIONPOBIAHOCTI 1 TEPMOCTIHKOCTI, a e
30UIBITY€E HAIHHICTh Ta JOBrOBIYHICTH BUPOOIB 3 TaKUX

Marepiais.
32 XMA-TEeXHOJIOTI€I0  BYTJIELEBE  BOJIOKHO
norepeqHbo  00poOmsmu 20 % BOXHUM  PO3YHHOM

AHTHITIPEHIB, BiANAIOBATIH IPH BUCOKHX TeMIIEpaTypax
(723-2673 K), Bugasssin OBEpXHEBI MPOMIKHI CITOTYKH,
MIpecyBaJi, BUTPUMYBAJIH IPH CICIiaIbHIN TeMuepaTypi,
KOHIWI[IOHYBalM, MOMApiOHIOBANM 1 3MIIIyBaJd 3
MOJITETPa TOPETHIICHOM TIPH HAIBHUCOKHX IIBHUAKOCTSIX
(5000-25000  06./xB.) B  aOpobapkax,  MJIMHKaXx,
mucMeMOpaTopi abo gesinrerpatopi [8]. Ha ocranHix
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cramisix 3arotoBku I[IT®E-kommo3uTy mpecyBamu i
CITiKaIH.

Jnis MexaHI9HOI aKTHBAIlil BYIJICLIEBUX MaTepialiB
BHKOpUCTOBYBann apobapky KIAVY-2,0 «Vkpainka» (3
grcaoM 06epTis Hoxka n = 1440 006./xB.), npobdapky MPII-
1 (3 uncmom ob6eptiB Hoka n = 7000 00./xB.) Ta MPII-1M
(3 uucnoM o6epTiB HOxka n = 7350 006./xB.). MPII-1 Ta
MPII-1M 3acTocoByBaiu Ijisl HAATOHKOTO MOAPIOHCHHS

CKJIQJIHUKIB 1 3MIilIlyBaHHS CyMillli KOMIIO3UI1 [9].

|I. TexHoJsoriuni napamerpu

miAroTOBKM Ta Moau(ikauii maTpuui

Has JOCIIIKEHb BUKOPHCTOBYBAJIN
noriterpadropermieH (propormiact-4) 3 BOJIOKHYBATOIO,
c(hepUIHOIO Ta JIYCKOMOTIOHOI0 (POPMOIO TaCTHHOK.

Cnouarky 3arOTOBKHU [ITOE, OTpUMaHi
MpecyBaHHAM, (GOPMYIOTh Ha XOJIOII, & OTIM CIIKalOTh B
esntekTponedi 3a 365-385 °C. Ile cnpusic 3arapToBYBaHHIO
NoJiMepy 1 MiBHUILYE HOro MilIHICTh B yMOBaX TEPTH.

3pasku [ITDE, orpumani mnpecyBaHHsM 1 mpec-
JUTTSIM, MalOTh Taki (i3MKO-MeXaHiYHI BJIACTHBOCTI 3a
kiMHaTHUX TemnepaTyp [10] : ryctuna 2150-2220 kr/m®,
MIIHICT Tix 9ac po3tary 14-35 MIla, MimHICTS Mg dac
srufy 14-18 MIla, minHicTs mix gac crucky 10-12 Mlla,
MOJOBKEHHA Mix 4ac po3puBy 250-500 %, momyns
npyxHocti mig yac ctucky 700-800 MIla, momynb
npykHocTi mix yac 3runy 470-850 MIla, nurtoma ynapHa
B'a3KicTh Ge3 Hanpizy > 100 kJI/m% teepmicts HB 30-
40 MIla, Temmocridikicte 3a  Bika  373-383 K,
TemrepaTypa kpuxkocTi < 4 K, temnepaTypa CKIyBaHHS
153 K, temmeparypa TtoruieHHs 590 K, temmepatypa
po3kiamy > 688 K.

Takox moJiTeTpadTopeTHIcH MiATAI0Th
cTpykTypHin Momudikamii [11]. IMomimep mnpoxoauts
MEXaHIYHY aKTHBAILiIO, yJlapHO-XBHIILOBY Ta
€JIeKTPOMATHITHY 00pOoOKy, pajiamiifHe OpoOMiHEeHHS.

Jiisi MexaHIYHOTO TOJAPIOHEHHS CYXOTO IOpPOIIKY
[IT®E BukopucroByBamum napodapky MPII-IM 3
HACTYITHUMHU TapaMeTpaMHu: 3aBaHTAXKEHICTh IMPOOu:
120+ 20 r, BupobHuicts — 0,6 kr/rom, 00’eM kKamepu —
0,4 Mm%, niamerp Hoxka — 0,345 M, MakcUMalbHa JiHiiiHa
HIBUIKICTH HOKa Vmax = 130 m/c. Yucio 00epTiB HOXKA
(po6ovoro oprasa) CTaHOBWJIH: n = 5000 xB7?,
n =7000 x8%, n = 9000 xB™%, yac npobnenns: 3 xs., 5 XB.,

8 xB. BusHaueHO, IO ONTHMajbHA dYacToTa OOEPTIB
n=9000 xs2, a inTepsan yacy T = 5 xB. (Tabn. 1), npu
SKUX € MAaKCUMAaJIbHUMH TTOKa3HUKH (Di3MKO-MeXaHIIHUX
Ta TPHOOTEXHIYHIX BIACTHBOCTEH HOTIMEDY.

VY pe3ynpTaTi MeXaHIYHOI aKTHBAMii ITiIBUIIYETHCS
MIIHICTP TIpE po3puBi B 2,6 pasu Ta BiAHOCHE
MOJOBXKEHHS IpU po3puBi B 4,3 pa3u, iHTEHCHUBHICTh
3HOUIYBaHHS 3HWXKYeTbcs B 1,85 pasu mHoOpiBHAHO 3
HeaktuBoBaHuM I[IT®E [12].

Il. Ximiuna, TepmiuHa Ta MexaHidHA
aKTHBallis HAIOBHIOBa4a

Bigomo, 1m0 BBEOEHHS BYIJICIEBUX BOJIOKOH, SK
HAIIOBHIOBAYiB BIUTMBAE€ HAa TPUOOTEXHIUHI BIACTHUBOCTI
noniterpadropeTnneny, mo gocmimkeHo B [13].
BcranoBneHo, MO 3HOCOCTIHKICTH € BHIOK, HIXK Y
yucroro IITOE.

JocmimkyBanu kapOOHI30BaHI BYIJICIICBI BOJIOKHA,
mo Oyad OTpUMaHi 3 OPraHiYHOI TiAPATIEIJIO3HOT
tkauuau  (I'L]). [ducnepcii ByrieneBHX — BOJIOKOH
MOMNepeHbo  OOpOOISTM  CYMILIIIIO  aHTHITIPEHIB
NazB4O7-10 H2O Ta (NHy4)2HPO,, B34THX B OIHAKOBHX
KIJTBKOCTSIX. Jami BYTJICIIEBE BOJIOKHO
TepMOOOpPOOIIOBAIN B CEPEIOBHUILI HPUPOJHBOTO Taszy
CH; mmsxoM NpOTATYBaHHS 4epe3 pPYpPKOBY IMid
«TammaHa» Ta cyxoro a3oTy N2, OCTYIOBO MiABUIIYIOUN
temneparypy Bix 723 K mo 2673 K i orpumyBanu Buan
BOJIOKOH, siKi HaBefgeni B (tabm. 2), gme I'L]
rizparieinoso3a, T — KiHIeBa TeMIiepaTypa KapOoHi3arrii
yu rpadiruzanii, LM — HHU3bKOMOIYJbHE BYyTIJIElEBE
BostoKHO. Kiacudikariist BOJIOKOH jaaHa 3a [14].

TakuM 4MHOM 3 BUXIZAHOT I'IPaTIEI0I03H0T TKAHUHU
3a temniepatypu 723 K B metani (CHs) Oyna orpumana
YacTUHHO KapOoHizoBaHa YT-4 TKaHWHA 3 TaKUMH
XapaKTepUCTHKAMU (Tabm.3). IMomanpmmmm
BignamoBaHHsIM TKaHUHH YT-4 3a 1123 K B atmocdepi
CHs otpumyBamu kapOonizoBany YTM-8 TkaHUHY 3
TakKUMHU XapakTepuctukamu (1abm.3). Tkanuny YTM-8
TepMooOpobmroBa 3a 2673 K B armocdepi N2 Ta
orpumyBanu rpaditoBany Tkanuny TT'H-2m. Orpumana
TKaHWHA Majia Taki xapakrtepuctuku (ta051.3). Ilicns
TepMoOOpoOKkK KapOoHoBa TkanmHa TI'H-2m wmictuia
HaiOuteme Kapbony (99,2 %), mopiasHO 3 YT-4 Ta
YTM-8.

Taoauus 1.
Brine mexaniunoi aktuBaiii Ha Binactusocti IITOE
o .. . IHTEeHCUBHICTH

Pexxnmu MexaHI4HOT MiusicTs pu BinHoCcHE MO0BKEHHS 5 3

. X suorryBaras 1107, mm?/
aKTHBAIli] Ppo3puBi, Gpp, MIla pH po3puBi d, % Hum
HeaxTuBoBanmii 9,5 96 1133
t =3 x8., N = 5000 06./xB. 10,2 240 1080
T=5xB., N = 5000 06./xB. 21,6 416 930
=8 xB., N = 5000 06./xB. 17,3 280 800
t=23 xB., N =7000 06./xB. 10,7 270 970
T=5xB., N =7000 06./xB. 23,5 423 820
t=8 xB., N = 7000 06./xB. 18,2 358 717
t=23 xB., N = 9000 06./xB. 19,6 290 890
T=5xB., N =9000 06./xB. 24,8 415 610
=8 xB., N = 9000 06./xB. 18,0 340 720
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Taonauus 2.
Byrnenesi BosokHa
Mapxka Buxinae opraniune Tum ByrieneBoro BOJIOKHA Tk, K
BOJIOKHO
YT-4 ' LM 723
YTM-8 ' LM 1123
TI'H-2m ' LM 2673
TMII-3 (I1x: 12% mipoByTie1o) I'Q LM 2673
TKK-1(TTx:  0,2-3,0 % SiC) ' LM 2673
TKII-1 (TTk: 0,8-4,0 % ZrC) ' LM 2673
TI'H-T850 ' LM 1123
TI'H-T1200 ' LM 1473
TIr'H-T1350 ' LM 1623
TI'H-T1600 ' LM 1873
TI'H-T2000 ' LM 2273
TI'H-T2300 I'1] LM 2573
TI'H-T2400 I'1] LM 2673
Taoauusa 3.
XapakTepuCTHKK BYTIICIIEBUX BOJIOKOH Ha cTajil X oTpuManHs [6]
XapaKTepUCTHUKH BOJOKHA YT-4 YTM-8 TIrH-2m
Po3puBHEe HaBaHTa)kKeHHsI TKAHUHH (32 OCHOBOM), H/cMm 100-160 70-240 150-160
Po3puBHE HaBaHTa)kKeHHs TKAaHUHH (3a migTKaHesaM), H/cm 15-30 20-100 25-35
Bwuict Kap6omny, % 60-70 66-72 99,1-99,3
Bwuicr 'igporeny, % - - 0,2-0,4
Bwuict crionryk Bopy, % 0,2 3,0-3,6 0,4
Bwuict cionryk @ocdopy, % 0,5 3,0-3,6 0,002
Bwict 30iu, % 15 21-26 0,45-0,55
MinHicTs BOJIOKHA TiJ "ac po3pusy, [Tla 0,2-0,3 0,5-0,6 0,45-0,50
Monyib IpyXHOCTI T 9ac posrsry, ['Tla 3-4 30-50 30-50
BinHOCHE 1MOIOBKEHHS ITi]] 9ac PO3pHUBY, %o 45-6,5 45 1,2-1,3
JiameTp BOJIOKHA, MKM 11-14 10-12 8-9
KoedimienT TeruronposinaocTi, B1/(M-K) 0,08-0,09 0,08-0,12 0,14-0,16

[Ticns monpiouenns B MPII-1 mucnepcii ByrieneBux
BOJIOKOH YTM-8 00pobsnu PO3UHMHOM
Na;B4O7- 10H20+(NH4):HPO4 B cmiBBimHomenni 1:1 i
TepMO0OpPOOITIOBAIN TTOCIIIOBHO 32 Temneparyp: 1123 K,
1473 K, 1623 K, 1873 K, 2273 K, 2573 K, 2673 K y
CepeNIOBHUIII CYXOro a30Ty 1 OTPUMYBAJH BiAINOBITHO
kapOonoBi BomokHa TI'H-T850, TI'H-T1200, TI'H-
T1350, TI'H-T1600, TI'H-T2000, TI'H-T2300, TTH-
T2400. I'padiroBani Bomokna TMII-3 orpumyBanm 3
TI'H-2M HaHeCeHHSM IMPOBYTJIELEBOTO IOKPUTTS B
cepenoBuiui N> npu 2673 K [15]. [lpore HanoBHEHHs
TaKUM  BOJIOKHOM  IIPU3BOJUTH 1O  3HIDKCHHS
aHTU(QPUKI[IHHUX BIACTHBOCTEH KOMIIO3HTIB.

J1y1s HarlOBHEHHS KOMIIO3UTY Y MaTepiasl MaTPHIl IPH
neBHOMy TemieparypHomy pexumi (Tx = 723-3073 K)
BBOJAWJIM BYTJIEHEBO-BOJIOKHUCTHIT MaTepian (BBM) y
BHTIJISIII TKAHWHU Ta BOJIOKHA [16].

Mexaniyna axtuBania. Ilonepennro BBM y
BHTIII TKAaHUHH 200 JIeHTH Ipodmwin B apodapmi K/V-
2,0 «Yxpainka» (KuUTbKicTh ApoOoBux MOJOTKIB — 90,
KIJIbKICTh HOXIB — 3, 4ymcino o0epTiB poOOYMX OpraHiB
n=1440 06./xB., BupoOHicTb — 200 kr/rox.). Otpumani
¢pakuii Boiokon cranowiau 3,0-15,0 a6o 0,5-8,0 mm.
[17].

3a XMA-TEeXHOJIOTi€I0 BYTJICIEBI BOJIOKHA B
OCHOBHOMY mofpiOHIOBamn B MPII-1 (miametp HOXa —
0,205 M, MakcuMayibHa JIiHIMiHA I[IBHAKICTE HOXKA
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Vmax=78 M/c, uacToTa obepranHs Hoxa f = 120 c*
(117 ¢'Y), uucno obeprie Hoxa n = 7000 06./xB.).

Takok MexaHiuHe NOAPIOHEHHS BOJIOKHA OYyIo
3niiicHeHo B npodapui MPII-1M (3aBaHTa)eHICTb POOH:
120 £ 20 r, BupoOHicTs — 0,6 Kr/T01, YHCI0 00SPTIB HOXKA
n= 7350 06./xB., 06’em kamepu — 0,4 M3, fiameTp HOKA —
0,345 ™M, MakcMMalbHa JIiHIMHA IIBHJKICT HOXKa
Vmax = 130 m/c.). Takoxx MPII-1M 0yi10 BUKOPHCTAHO 5K
3MIITyBa4 KOMITO3HUIIi1.

OcHoBoro XMA-TexHOJIOTii € BUCOKI 00epTH HOXIB,
KOTp1 JpOOJIATH 1 BOJIOKHO 1 KOMIO3UIIi10, BUTIPOOYBaHHS
nposo iy Bix 2000 mo 12000 06./xB.

[Monepennnro moapidHeHi B MPII-1 abo B MPII-1M
ByrJlenieBi BonokHa (10 HacumHoi macu 40-160 kr/m°)
MiA/1aBaJIi TOHKOMY MTOJPiOHEHHIO B KyJIbOBOMY MITHHKY.
Jnst monpiOHEHHS AMCIEPCil0 BYTJIENIEBOTO BOJIOKHA
3aBaHTaXyBaJlk y Kamepy KyJIbOBOTO MIIMHKA, poOoua
yacTuHA K0T Mana 06'em 92,66 cm® 3i craii, giameTp 65,5
MM, BHcoTa 27,5 MM. Y KaMmepy MIIMHKa momimainu 35
KynboK 13 craui 1IX-15 miamerpom 12,7 MM (3anOBHEHHS
pobouoi yactmHm MimHKa 48 00.%). Yucmo obepris
MJIMHKa cTaHoBHIO Bix 20-30 mo 125-175 3a XBUiHHY.
BunpoOyBanus mpoBoamnu mpotsirom 5-2050 rox. B
CEpEIOBUIIII BOJIOTOTO MOBITPSL.

Takox  ByrJeleBi  BOJIOKHA  Oyiau  mimmaHi
IHTEHCUBHOMY MEXaHIYHOMY OIPiOHEHHIO B
nucmemopatopi J[-160 Z dipmu «Alpine» (BupoOHICTH —



Oco01MBOCTI XeMO-MeXaHO-aKTHBALIHHOT TEXHOJIOTT 0JIepKaHHs HONIMEPHUX KOMIIO3UTHUX MaTepialiiB

20-40 kr/rox, miamerp poropa 0,160 M, uymcno mtudTiE
(mame1iB) Ha aMcKy poTtopa — 316). Jliama3oH dwmcia
obepri: 3000 06./xB., 5000 06./xB., 7000 006./xB.,
9000 06./x8., 11000 06./x8., 14000 06./xB., 17000 00./xB.,
19000 o06./xB., 22500 00./xB. [loBXHHa BYTJIELIEBOTO
BosokHa Lo < 5 MM, €; = 40-150 mxm. [18]. Ipore,
BCTAaHOBJICHO, 1110 MOJPIOHEHHS BYTJICIIEBOTO BOJIOKHA B
JIrcMeMOpaTopi He € e)EKTUBHHM.

TexHoorist Ta KiHIIEBa TEMIIEpaTypa TePMOOOPOOKU
MaroTh BB Ha pH. Tak, 1y yacTkoBO KapOOHI30BaHUX
BoslokoH pH 3Haxoautbest B Mexax 4,8-6,4, ans
kapOonizoBanux 6,4-7,8, nns rpaditoBanux 7,3-8,3.
Takoxx Ha pH BIMBae dWac ApoOONICHHS BOJIOKOH. 3i
301LTBIICHHSM Yacy ApoOieHHs pH 3MeHITyeThes.

B mporieci TepMo0OpOOKH BOJIOKOH aHTHIIPEHH, IO
Oynn HaHECEHI Ha BOJOKHA, PO3KIANAIOTHCS (BUINE
373 K) 3a cxemoro:

(NH4)2,HPO4 — H3PO4 + 2NH31

[Tpu mocrynoBomy 36inbienHi Temnepatypu HaPOq
BTpayae BOMy 1 yTBOPIOOTHCs monimepu ckiany (HPO3)y.

HamoBHeHHS ~ KOMIIO3HMTIiB ~ HH3bKOMOAYJIBHUMH
BYIJICIEBUMH  BOJIOKHaMH  30UIBIIyE  i30TPOIHY
IIOPCTKICT ~ ITOBEPXOHb  METaly  KOHTakTy  Ha
\/m(=0,043- 0,143 mxm. [19].

AXTHBaIlisl  BYIJICNEBUX  BOJIOKOH  JIOKCHIOM
nupkoHito ZrOz + 3 % Y203 mpu 700°C cyTTeBo BIMBae
Ha IHTEHCHBHICTb 00’eMHOTO 3HOIIIYBaHHS
dbroporutacropux kapborutactukis [20].

I11.3mimyBaHHsI KOMIIOHEHTIB i
TeXHOJIOTisl OTPUMAHHS
KOMIIO3UTHHX MaTepiaJjiB

Jns mporiecy 3MINTyBaHHS ITOPOIIKIB ITONIMEPIB 1
BOJIOKOH 3aCTOCOBYBAJIH JIp0o0apKy 3 MIBUAKOOOEPTOBUMHU
mofoBUMHU pobounmu HoxkamMu MPII-1 3 n = 7000 00./xB.
JIyist IbOTO B OJTHOMY BHIIAJIKY B ITOJIIMEPHY KOMITO3HIIIIO
BBOJWJIM JIOBTi BOJIOKHA MOBXUHOIO 0,6-6 MM, mo Oyim
noapioneni B npoGapii KAY-2,0 «Ykpainka». A B
JIpyroMy BUIaJKy BOJIOKHa miciisi nozapioHenHs B K/Y-
2,0 «Ykpainkay» nonmatky 3-30 xB. mepex 3MIIIyBaHHIM
MOJIIMEPHUX KOMITO3UTIB ToapiOHIOBamu B MPII-1 mo
noBxkuH 20-500 MKM, a TOTIM 3MIlllyBaJiK 3 TIOPOIITKOM
[T®E i gucynedhinom monioneny B MPII-1 Bopomosxk
5 xB.

B pesymbrari Takoi TexHoOJOTl  3MiIIyBaHHS
BiIOYBA€THCSI HE TIBKM MEXaHIYHEe IepeMillyBaHHs.
3aBISIKM  JI0JITaTKOBOMY  IOJPIOHEHHIO KOMIIOHEHTIB
MOJIMEPHOi KOMIO3MLIT BiOyBaeThCs TpHUOOAKTHBALLIS
YaCTHHOK cymimri [21].

OTpuMaHy CyCHEH3iI0 MOgaBald  XOJOAHOMY
mpecyBaHHIO mmig Ttrckom Pmp = 50,0-70,0 MIla mis
OTpUMaHHsl 3aroToBOK. HacTynHuM mporecoM Oyio
crikaHHS 3aroToBoK Ha moBiTpi mpu 638 K. IBuakicts
HarpiBy-oxoJiopkeHHs cranoBmia 40 K/rom.

Otpumannii matepian (I'OCT 12015-66, T'OCT
12019-66) mns BunpoOyBaHb 3ajMIIAIM NPU KiMHATHIH
temrepatypi Ha 15 ni6. Ilicis BuTpuUMKHM Matepian
KOHJIUI[IOHYBAJU MPOTATOM 24 TOJ.
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IV. Jocaigkenns ¢pizuko-MexaHiyHUX
BJIACTHBOCTEN Ta MeTOIH
BHUIIPOOYBaHHS

Ha ¢i3nko-mMexaHigHI BIACTHBOCTI KOMIIO3UTHOTO
MaTepiary Ha OCHOBI IMOJIiTeTpahTOPETIIICHY BIUTHBAIOTH
mapaMeTpud  pO3IOALTY BYIJICIIEBHX BOJOKOH [22],
TEXHOJIOTiUHI mapameTpu [23], BMICT KOMIIOHEHTIB
KOMIIO3HITifiHOTO Marepiany [24, 25].

JlociiKeHHs BIUIMBY TEXHOJIOTYHHUX MTapaMeTpiB Ha
MOKa3HUKKM (Di3MKO-MEXaHIYHHUX BJIACTHBOCTEH 3pa3KiB
KOMIIO3UTY  TIPHBEACHO B [26]. Meronamu
MaTeMaTUYHOIO0 IUIAaHYBAHHS EKCIIEPUMEHTY BHSBIICHO,
10 Ha IHTEHCUBHICTh 3HOIIYBaHHS HaWOiJblIe BIUIMBAE
Yyac 3MiITyBaHHSI KOMIO3HIIi. BMicT HU3PKOMOAYIIEHOTO
BYIJICIIEBOTO  BOJIOKHA, d9ac HOro  IIONEPEAHBOTO
MOApIOHEHHS Ta 4Yac 3MILIyBaHHS TAKOX BIUIMBAIOTH Ha
KOe(IIieHT TepTs, Ha MIMHICTh IIPU PO3PHBI, HA YIApHY
B'SI3KICTH Ta HA MEXaHIYHI BIACTHBOCTi. BMICT TBepmoro
MaCTHJIa CYTTEBO BIUIMBAE€ TUIBKH Ha MIIOHICTh MpHU
pO3pHBI.

Busieneno, mo tunm [27] i ¢opMa ByIJIenEeBOro
BOJIOKHA [28], CKI1a7 KOMIIO3HIIIT Ta CTYIiHb NOTIEPEAHBOT
nedopmartii [29] BrinBae Ha 3HOCOCTIMKICTE 1 KoedimieHT
TEIUIONPOBIJHOCTI Ta, BIANOBIIHO Ha Temohi3u4HI
BinactuBocti [ITOE-komnosuti. OpieHTalis BOJIOKOH
TaKOX Mae BIUTKB Ha TeruiogiznyHi Bnactusocti [30,31].

KoHmeHTpariiss HAamOBHIOBadYiB Yy KOMITO3HUTI MAae€
3HaYHW{ BIUIMB Ha IHTEHCHBHICTH 3HONIYBaHHS. 3i
30UTBIICHHSM BMICTY BYTJICIICBOTO BOJIOKHAa B MAaTpPHII
MOJIIMEPy CHOCTEPIraeThes MiABHIICHHS 3HOCOCTIHKOCTI,
MPOTE JOCSITHYBIIM MEBHOI ONTHUMAIbHOI KOHIICHTpAIIIT,
MOYMHAE 3MEHINYBAaTHCS, BHACIINOK MOCTYIIOBOTO
pyiinyBaHHs kommoHeHTiB [32]. Komm koHueHTparis
BYIJICIIEBOTO BOJIOKHA 3HaXOMUTHCS B Mexax 3-4%
BiIOyBaloThcsi Tpouecu amopdizauii, npu BMicTi 15%
JIOCATAETHCS MaKCHMAaITbHA 3HOCOCTIHKiCTh [33].

HocmimkenHass  (i3MKO-MeXaHIYHUX  BIACTHBOCTEH
MetogoMm Y ®-crekrpockorii [12] mokazano migBUIIEeHY
koHneHTparito Tpyn CF, y ckmami IITOE micnsa
MeXaHIYHOI akTwBalii. BumpoOyBaHHS TpPOBOAWMIN Ha
cnekrpodoTtometpi Specord 75 IR. 30imbpIIeHHS 9acTOTH
o0epriB y mporieci aktuBamii [ITOE cupusie 30inpmeHHIO
kinneBux rpyn CF; y #oro cknazi.

pH-MeTpuuHUit aHai3 BOJHUX BUTSDKOK BYTJICLIEBHX
BoJIokOH YT-4 (T«=723 K), YTM-8 (T«=1123 K) i TTH-
2m (Tx =2673 K) mpusenenwuii B po6oti [8]. TIpoBeneHi
JIOCTIJDKCHHST TIOKa3aly, mo Haiibimpme Ha 3MmiHy pH
BIUIMBAa€ 4ac JPOOJIEHHs Ta THI BOJOKOH. pH BomHHX
BUTSDKOK BHXIJTHUX BYIJICIIEBUX BOJIOKOH MaroOTh TaKi
3HaueHHs1 (puc.l). Ilicnst nmonmarkoBoro moapiOHEHHS
IPOTATOM 5 XB. 10 HacunHoi ryctuau 80 kr/m® 8 MPII-1
pH BOAHHMX BUTSKOK BYIJIEBUX BOJIOKOH 3MEHIIYETHCS
BIIHOCHO BHXigHUX BoJiokoH Ha 0,3; 0,43; 0,50
BianoBigHo mns YT-4, YTM-8, TTH-2m. Takum uuHOM
Oynp-sika TepMOMEXaHIYHAa AaKTHBAIliSl BYTJIECHEBOTO
BOJIOKHA MPHUBOJUTH A0 3HWKEHHS pH BOJHHX BHUTSHKOK
BOJIOKOH.
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B BUXiJHE BOJOKHO

miciis 5 XB. noapioHerHs 8 MPII-1

pH?9
8
7 L
6 6,77 -
5 L
4 7 4,55 —
3 - -
2 - -
1 - -
O -

YT-4 YTM-8 TrH-2m

Puc.1. pH BoAsIHUX BUTSDKOK i3 BUXITHAX KapOOHOBHX BOJIOKOH
(excmozumis 15 xB. 3a 293 K, moxyne Banam 33) Ta micis 5 XB. moApiOHEHHS B

Y pobGoti [34] 3HalcHO MIHIHHUN 3B'SI30K MiXk
3HOCOCTIHMKICTIO Ta KOe(ilieHTOM TepTs KapOOIUIaCTUKIB
Ha ocHOBI [IT®E, HanoBHEHHX KOPOTKHUMH, BHITA]JKOBO

PO3TAIIOBaHHMH BYTJICLICBUMH BOJIOKHAMH, 3
MEXaHIYHUMH 1 TeIIO(i3UYHUMH  BIIACTHBOCTSIMH
CYMDKHHX IOBEpXOHb. JIOCHIIKEHHS 1HTEHCHBHOCTI

3HOIIYBaHHS TpoBojawiucs Ha ycranosui XTI-72 [18].
AHami3  pe3ynpTaTiB  BHIPOOYBaHb  IIOKa3ye, IO
3HOCOCTIMKICTE HE 3alIe)KUTh B TBEPJOCTI CYMIXKHHX
MOBEPXOHb TEPTS, MPOTE 3a3HAE€ 3HAYHOTO BIUIMBY Ha
EHEprilo  IUIACTUYHOrO  JeOpMyBaHHS  CYMDXKHOT
MOBEPXHI KOHTpPTINA 1 Ha eHepriio JneopMyBaHHS NpPU

MPII-1
PO3TATyBaHHI.

Tepmorpagiunuii aHaJi3. JocimkyBanuch
ByIJICIIEBI ~ BOJOKHa 3  TEMIIEpaTypol0  KiHIEBOI

TepmMooOpodku 1123, 1473, 1623, 1873, 2273,2573 K, mo
Oynu momepenHbO MOAPiOHEHI y Apodapii 10 HACHITHOI
ryctuan (0,04 r/cM®. BigmamoBanu naHi BOJOKHA B
inTepBam Temreparyp 293-953 K. JlomaTkoBo BOJOKHA
nonpioHIoBaiM 200 roA. B KyJIBOBOMY MIIMHKY 1 TaKOX
BiIITATIOBAIIN 3a  293- 953 K. PesynbpraT
TepMorpadivyHoOro aHaji3y HaBejieHi B Ta0.4 1 Tabi.5s.
ITicns BiamamoBaHHs BMXITHOTO BOJIOKHA
TemrepaTypu noyarky exkzoedekty Tomax (Tabs.4) i miky

Taoauus 4.
Temmeparypa mouaTky ek30edeKTy (Tomax) JOCTIKYBaHIX KapOoHOBHUX BotokoH TT'H-T
Kinnesa Tomax
Temieparypa Bes BinmamoBaHHS [icns BigmaaroBaHHS
TepMOOOPOOKH ) )
BYTJIELEBOTO Buxiase HlCJ‘Iﬂ.ZOO roj. Buxiase HICJISI.ZOO roj.
BoNoKHa, K o IpiOHECHHS moIpiOHCHHS
1123 406 386 520 510
1473 543 390 640 540
1623 582 396 662 545
1873 610 400 680 550
2273 645 405 700 600
2573 675 410 729 610
Tabauus S.
Temmeparypa niky ex30edekty (Tmax) JocmiKyBaHuX ByrieneBux BojdokoH TTH-T
KiHHeBa Trmax
TemIeparypa Be3 BigmanmoBanHs ITicas BigmaaroBaHHS
TepMO0OpOOKH ) )
BYTJIELIeBOTO Buxizme HlCJ'ISI.ZOO roj. Buxizme Ilicnsa .200 roj.
BostokHa, K oIpiOHEeHHS oIpiOHEeHHS
1123 620 542 757 713
1473 798 584 795 728
1623 825 605 825 735
1873 870 615 860 742
2273 876 635 878 760
2573 880 650 903 770
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d (0,02), um
0,46 9= BUXigHe
BOJIOKHO
0,44
== nicnA
0,42 —— noapibHeHHs
0,4
0,38
0,36 \
0,34
0,32
1123 1623 2123 2623 3123 T,

Puc. 2. BanexxHicTh MIXIIIAPOBOT BiICTaHI B/l KIHIIEBOI TeMIepaTypyu TEPMOOOPOOKH BUXITHOTO
BonokHa TT'H-T Ta BomokHa micis 200 rof. moapiOHEHHS B KyTbOBOMY MITHHI.

L. (100), == BlIXigHe
16,32 n BOJIOKHO
14,32 / \ == nicna
12.32 noapibHeH
/ VK HA

10,32 / \

8,32 / N\

6,32 / ] |

4,32 / /

2,32

oz I

1123 1623 2123 2623 T..

Puc.3. 3anexHiCTh TOBIIMHN ITaKETy IIapiB FeKCaroHiB BiJl KIHIEBOT TeMIIEpaTypu
TepMO0OpoOKHU ByrieneBux BoaokoH TT'H-T.

Tmax (Tabn.5) 3MIMYyOTBCS y BHUCOKOTEMIIEPATypHY
ninsaky. Ilicns gomatkoBoro 200 roj. aucriepryBaHHS

BHUXITHOTO  BYTJIEIIEBOTO BOJIOKHa IIi  MOKa3HHUKH
3MIIIYIOTECS ¥ HU3BKOTEMIIEPAaTypHY IUISHKY, HpPOTE
micIst BiAIaaroBaHHs MOPiOHEHUX BOJIOKOH
BiZOyBaeTHCS 3CyB UX MOKA3HHKIB y

BHCOKOTEMIIEPATYPHY JUISHKY. MIMOBIpHO, KOMILIEKCH,
0 YTBOPIOIOTHCSI HA TOBEPXHI BYIJIEHIEBUX BOJOKOH, B
pe3yNbTaTi TEIUIOBOTO BIUIMBY NEPETBOPIOIOTHCS Y ras3.
MexaHiuHe MOAPIOHEHHsS Ta KIiHIIEBAa TeMIleparypa
TepmMooOpodkn (Tk) ByrieneBux BOJOKOH MPUBOIATH 10
YAOCKOHAJCHHS TypOOCTpaTHOI CTPYKTYpH. 3 pHC.2.
BHIHO, IO 31 30UTBIICHHAM TeMIepaTypH KiHIEBOi
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TepMooOpoOku ByrieneBux BosiokoH TTH-T Big 1123 go
2673 K mixmaposa Bincranb d (002) 3MeHITyeThCS TSt
BHXIJJHOTO BOJIOKHA Ta 3HAYHO 3MEHIIyeThbes micist 200
ToJ. MeXaHIYHOi akTHBamii y KyJIbOBOMY MIIMHKY.
IpotsoxHicTh makeTy mapiB rekcarosiB La(100) (puc.3)
3HayHO 3poctae micad 200 TOA.  MEXaHIYHOTO
JUCTICPTYBAaHHS aliec 3MEHIIYEThCS 31 30UIbmeHHAM T
OTxe, TepMOMEXaHIYHA aKTHUBAIlisl crpusie HOPMyBaHHIO
BITOPSIKOBAHOI JTBOBUMIPHOI CTPYKTYPH BYTJICIICBUX
BOJIOKOH 1 3YMOBJIOE MiJBHIICHHS 3HOCOCTIHKOCTI
MOJIIMEPHOTO KOMITO3UTY.
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Bucunoskn

Y  pobotri y3araJpbHEHO Ta  IPOAHATI30BaHO
pe3ynbTaTé JOCHKeHHsT BIUIMBY XMA-TeXHOJOTIi Ha
BJIACTHBOCTI ~ KOMIIO3UTHHMX  MaTepiajiB, onepxaHi
aBTOpamu Ta 6ararbma (axiBIsSIMU y Ll ramysi.

KommnekcHe 3actocyBaHHA —XiMigHOI  0OpOOKH,
MEXaHIYHOTO TOAPiIOHEHHS Ta aKTHBAIlii HAIOBHIOBAYIB i
MaTpUIli TO3WTHBHO BIUIMBAlOTh HAa MEXaHIYHI 1
TPUOOTEXHIYHI BIACTUBOCTI OJTIMEPHOTO KOMITO3HTY.

KommosutHi wmartepiamu, otpumani 3a XMA-
TEXHOJIOTICI0 MAIOTh OUIBII BUCOKI MOKAa3HUKKA MILHOCTL
Ta 3HOCOCTIHKOCTi, TIIOPIBHSHO 3  MarepialamH,
OTPUMaHUMH 32 TPaJULIHHOIO TEXHOJIOTIE.

BusiBiieHo, 1110 XxeMo-MexaHiuHa aKTHBALIisl [ IBUILYE
TEPMOCTIHKICTh KOMIIO3HTIB Ha OCHOBI
nojireTpadTopeTHiieHy, a TaKkoX BIUIMBa€ Ha HOro
HaJIMOJIEKYJISIPHY CTPYKTYDY, 3MIHIOIOYH 3
HEBIIOPAAKOBAHOI y O1JIBII BIIOPSIKOBAHY.

BcraHoBIeHO, 10 MEXaHIYHA aKTUBAIliS BYTJICIIEBUX
BOJIOKOH Ta ToiMepHoi Mmatputli [ITOE migsumntye ra 10-
25 % @i3uko-MexaHiYHI BIIACTHBOCTI KOMIIO3HUIII B
IOMy, IO Ma€ TMONANbIINKA BIUIMB Ha TepTd 1
3HOIIYBaHHSI.

[IpoBeneHo MOPIBHAUIBHUM aHANI3 TPHOOTEXHITHUX
napameTpiB, MilIHICHUX XapaKTEPUCTHUK JI0 Ta IiCJIs XeMO-
MeXaHIYHOT aKTHBAIIil.

3HalificHi  ONTHUMAaJIbHI
eKCIuTyaTartii.

OT1xe, XMA-TexHOIIOTis € eheKTUBHOIO 1 MOXKe OyTH
BUKOPHUCTAHA JIJISl IPOMHUCIOBOTO BTUICHHS.
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The features of chemo-mechanical activation technology of polymer composite

materials production
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A review of works on the study of the processes of obtaining polymer composites by chemo-mechanical
activation technology (CMA-technology) is conducted. The methods of research and testing of composite materials
based on polytetrafluoroethylene (PTFE) and carbon fibers are analyzed and generalized. The influence of CMA
technology on the structure and properties of PTFE composite was determined.
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This work attempts to replace the sandwich core's traditional shape and material with a cellular pattern, where
the cells have a regular shape, distribution, and size. The contribution of this paper is to design two structures, one
open-celled and the other closed, and to evaluate the performance of sandwich plates with lattice cell core as it is
used for many industrial applications, particularly in automobile engineering. The new theoretical formulations are
constructed for two structures to find the free vibration characteristics. The results of the new design are compared
with the traditional shape. Derivation of equations to predict mechanical properties based on relative density with
the chosen shapes, specific vibration equation of three-layer sandwich plate, and substitution by equation using
excel sheet. Results are promising, and the effectiveness of cellular pattern theoretical analysis estimation.
Limitations and error rates for the mechanical properties come through the empirical equations, and their ratio to
the relative density values are higher depending on the behavior of the core material. Findings reveal, with open
cell decrease in modulus of elasticity by (PLA: -90.4%) and (TPU: -90.4%), increases natural frequency by (PLA:
44.5%) and (TPU: 46.4%), as for closed-cell decreases in the modulus of elasticity by (PLA: -66.9%) and (TPU: -
64.4%), increases natural frequency by (PLA: 36%) and (TPU: 37.7%). Converting a solid substance or replacing
a foam form with a cellular pattern is one way to better performance and save weight through the selected cell

pattern in absorbing the energy of the vibration wave.

Keywords: sandwich plate, free vibration, lattice structural, strut section, closed and open cell, relative density.
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Introduction

Composite structures are essential in energy
absorption, weight reduction, and structure protection.
Hence such arrangements received attention for their
potential to resolve the instability problem. Various
studies have revealed the mechanical behavior of
sandwich structures using different techniques, such as
using the reinforcement of polymer core materials and
functionally graded materials [1-2]. Abud Ali et al. [3]
presented a review of the behavior of composite
structures. Cellular materials are widely used in nature to
build structures that can withstand heavy loads while
being lightweight [4]. Industrially, some of the most
common engineerings utilize cellulosic materials,
including those in the aviation and automotive sectors and
building and industry packaging; the low density and

312

excellent stiffness- and strength-to-weight ratios make
them ideal for various applications [5]. These cells
comprise interconnecting plates or struts that create the
cell's borders and faces. The simplest are honeycomb and
corrugated, 2D arrays of forms that pack to occupy a
planar space, and 3D cellular materials, such as foam,
which are used more often [6].

Foams are solid-gas mixtures after manufacture, a
cellular solid with many sizes and forms results. High
mechanical qualities and low density make foams useful
[7]. Open-cell foams are utilized as sound absorbers,
filtering, and mattresses. Closed-cell foams are stiffer and
used in construction, such as sandwich panels and thermal
insulation [8]. Usually, structures include minor faults that
differ in size and dispersion based on the material and how
it was treated [9]. The structures change depending on cell
parameters such as relative density, size, shape,
geometrical, wall thickness, and distribution between
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struts and faces. Numerous previous studies have revealed
the compressive and tensile strength properties of
polyurethane foam and polyurethane rigid foam [10].
Maiti et al. (2016) used compressive strain coupled with a
time-temperature superposition utilizing a minimum arc
length-based method to forecast the long-term
performance of the two types of foams [11]. Three-
dimensional (3D) printing has recently been highly used
to analyze sandwich structures with various applications
[12]. 3D printing was explored for creating the lattice
cores of these sandwich structures [13]. Lipton and Lipson
(2016) presented a method for causing viscous thread
instability while implicitly extruding material to produce
cellular architectures. Cellular structures manufacture
foams for applications ranging from bioengineering to
robotics and food printing [14].

Ge et al. (2018) designed cellular structures model
that was 3D printed with thermoplastic polyurethane.
Flexibility & energy absorption of 3d printed foam were
evaluated experimentally [15]. The mechanical behavior
of octet-truss microstructures of three distinct octet
structures is examined experimentally and numerically by
Bagheri et al. [16]. Elasticity modulus increases with
increasing strut radius. Results were found to be
consistent. Moreover, Guo et al. (2019) presented a new
technique to study pyramid lattice core sandwich plates.
Theoretical analysis with Hamilton's concept establishes
motion's equation. The design of lattice cells will benefit
from the new technique [17]. The octahedrons, truncated
octahedrons & stellated octahedrons as porous cells are
made by selective laser melting. It's experimental, and
simulations work. The results indicated that the
octahedron configuration has the highest mechanical
performance [18].

Leietal. (2019) created two kinds of multi-layer cores
using AISil0Mg materials, performed numerically and
experimentally. Strut position and constructed angle
change in strut diameter deviation [19]. Wang et al. (2019)
experimental work examine the behavior of sandwich
panels with different types of lattice cores using
galvanized sheet metal and 3d printed lattice cores. Lattice
& graded lattice cores absorb more energy than solids
[20]. In their experimental work, Azmi et al. (2019)
checked the damage amount & position to see how it
affects the natural frequencies of the lattice structure.
Increasing damage reduces the natural frequency, and
natural frequency values rise as it moves away from the
clamped edge [21]. Qi et al. (2020) designed an innovative
hybrid sandwich composite of pyramidal truss core
reinforced by carbon fiber using finite element models.
The study verifies an improvement in the characteristic of
the hybrid joining insert [22]. Bonthu et al. (2020) created
a 3D-P of a syntactic foam cored sandwich (skin-core-skin
printing in sequence at once). This study included
optimizing printing conditions and producing high-quality
sandwich structures without flaws [23].

Monteiro et al. (2021) found out how sandwich
panels' flexural behavior is affected by lattice topology
with numerical and experimental methodologies. Relative
density constant (0.3). Several lattice geometries have a
potential alternative to standard construction [24]. Ma et
al. (2021) reported a review study on sandwich panels'
features and impact behavior based on cores lattice and

313

loading conditions as compression. Application and future
development have been forecasted [25]. Wei et al. (2021)
explored the vibration properties of an octahedral lattice
core sandwich, representing theoretical and numerical
study. Outcomes coincide perfectly with an octahedron
core's natural frequencies by adjusting its cell [26]. Guo et
al. (2021) investigated vibration analyses and passive
control of sandwiched beams by 3D printed lattice.
Theoretical results confirmed empirically, literature
findings and simulation showed how 3D printing could
create complex lattice cores [27]. The optimal design of
core characteristics and skins is also discussed for
inhomogeneous [28] and soft polymers [29]. To predict
the stability of isotropic composite plates reinforced by
different types of powder, Chiad et al. (2020) developed a
combined finite element and experimental work [30]. A
three-dimensional FEA model predicts the flexural
behavior of sandwich structures adhesively bonded to a
polymeric foam core consisting of fiber-composite skins
(also termed face sheets) [31].

Moreover, studies have been conducted to analyze
static and dynamic behaviors of composite structures such
as plates and shells [32-34]. Ambreen Kalsoom et al.
(2021) investigated the stiffness and damping
characteristics of the sandwich beam with 3D printed
thermoplastic composite face sheets using higher-order
beam theory based on various parameters such as support
conditions, non-homogeneous magnetic flux, geometrical
properties [35]. Roman Lewandowski et al. (2021)
conducted numerical studies on dynamic characteristics
for composite sandwich beams made from elastic and
viscoelastic layers based on refined zig-zag theory [36].
Al-Waily et al. proposed a dynamic analytical model of
the composite plates reinforced with  hybrids
nanomaterials additives [37]. Studies also focus on static
and dynamic experimental works of specific components
of the sandwich structure [38]. Recently, many
investigations have been proposed to improve the
sandwich panel design methods using isotropic face sheets
and functionally graded cores. Njim et al. (2021)
investigated analytical and numerical investigation of free
vibration behavior for sandwich plates with functionally
graded porous metal cores and homogenous skins based
on classical plate theory [39] and the finite element using
the Rayleigh-Ritz [40].

Among the literature on sandwich panels with
composite faceplate and foam core, most studies focus on
the behavior of core material. However, previous research
investigated low-density cellular structures and their
application as an alternative to solid materials
concentrating on maintaining or improving performance.

The current research includes the experimental and
theoretical study of free vibration analysis of a sandwich
plate with two sides of aluminum metal and foam core.
The study aims to replace the irregular cells foam of the
core with a regular cellular structure, where the cells have
a standard shape, distribution, and size. Two
configurations are employed, one open-cell and the other
closed. The theoretical analysis of the two structures is
carried out to obtain the free vibration characteristics
based on various parameters using mechanical properties
obtained from the experimental work. The findings of this
study are essential in the automobile industry. The
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numerical results presented herein for the cellular core
sandwich plate are not available in the literature and
hence, should be of interest to future research directions.

I. Structural core

For the structural core to differ from the solid, values
of the modulus of elasticity and the poison ratio, need to
be derived as an equation in a different direction. The
geometrical structure of cellular solids is defined by the
cells' form, size, and distribution. 3D cellular solids like
foams have greater complexity than 2D honeycomb
structures. But studying two-dimensional structures helps
us comprehend three-dimensional structures like foams.
The relative density p; of a cellular solid is one of its most
essential properties [41],

Po

Pr 1)

Where, p* and p, are the cellular and outer
(connected solidly) material densities, respectively. The
cell wall thickens with relative density. The outer
material's volume fraction is shown in Fig. 1,

_ Y
po_F

@

.

m v

V—°, Since that m* = m,. The outer
(o]

As the density of the foam p* =

and density of the

outer material p,
material's volume fraction po can be written as,
./

mg m* p*
=—— = —= 3
P p_o/p* o=V €)
The inner material's relative density matches the outer
material's volume fraction p; = % Also, note that,

_V*—Vi_ _ Vi
Y Mog-v=1-Y

\'%

(4)

Po

It will seem more like a solid substance with isolated
pores if the relative density is more significant than, p, >
0.3.

| 4 — %
2
)
v

Fig. 1. One cell of cellular structure.

Closed Cell Design
Closed-cell foams have walls, unlike open-cell foams.
The proposed for the close cell cubic is symmetric in all
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directions, as illustrated in Fig. 2. The way of defining the
relative young's modulus is,

_ Ec
=5

E; ©)

Fig. 2. Closed cell structure.

Where E and E. represents Young's modulus of the
cellular and solid materials of the closed structure,
respectively. The cells are designed to be having same
mechanical properties in the x and y directions, as
illustrated in Fig. 3. The cell of the foam is symmetric, as
shown in Fig. 4, and the characteristics of a rectangular
strut with lengths (t) are,

P Vi _2Vis_ 4 _3Vis
; =1 v 1 8c3 c3 (6)
-1 =1 3
Vis—gAh—g(c—tcosy) (7
So, the final equation would look like this,
p* (c—tcosy)3
E - 1 3 (8)
a,
ETRILARE

g

Fig. 3. Closed-cell in x-y direction to conclude young's
modulus.

N
N
A ]
L2 _

=-— X
Fig. 4. The closed-cell area (eighth cells).

Modeled an isotropic closed-cell foam and provided
an estimated foam Young's modulus linked to the solid
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Young's modulus as a function of the proportion of solid

material in struts ¢ by [8], E

a*

(Pz (1 _ (c—tcosy)3)2 n

B . (12)
c c—tcos
B 0*\2 0" par(1-2v") 1-9) (1_ c3 * )
Ee & 2(P (1 — )2 4 Patl=2v)
Ec - Cl(p (Po) + Cl(l (P) Po + Eo(l—p—*) (9) . . . .
And since the cell is symmetrical in the x and y
o direction then, the equation becomes,
* f
Ge = 20D (10)

_ 3\2
* * * ’ (1 (C tz:SY) )
C; = C{ = 1 and the last term in Eq. (9) can be neglected E; =Eg =Ec=

c (13)
. . (c—tcosy)3
as it almost equals zero, also atmospheric pressure p,; = 1-¢) (1 T )
0.1 Mpa, then the equation goes,
Percentage of the strut from the total material forming
EE 5 (P NP the solid part of the core structure (¢). To obtain the
B P (Po) t0-o Po (11) following equation, the free vibration equation was
o ) derived based on Kirchhoff's theory of a three-layer
By substitution Eq. (8) in Eq. (11), get,

sandwich plate (two faces of plates and a core) [42, 43],

2 2
hs3+hs he hs3+hs he

2Eg 3 2 4Es 3 2
™4 1-vg? hghg? (1+vs) hshg?

(5) 2 2 + =

B (ne hg®

\ +1—vf2(12 +Gr 3
Wmn = \

(14)
- L 2pshs+pehy .
The new modified equation, instead of after the back substitution of the equations,

hs® hs’he hs® hs’he
ZES2 3 2 4Eg 3 2
m 4 1-vg hshfz (1+vg) hshfz
(Z) 2 2 + A
B¢ (h® L[
_ +1_V22< 12 +Ge| —

@mn = 2pohetpihy (15)

Open Cell Design

Most open-cell foams lack walls. Procedures remove
cell membranes physically or chemically. Applying the
same approach for open cells, proposing cell cubic
symmetric in two directions as illustrated in Fig. 5. They
were using the same equation only by adopting
mechanical properties for open-cell. The same way in
defining relative young's modulus as mechanical the same
in x and y directions as illustrated in Fig. 6. As shown in
Fig. 7, the chosen open cell has three areas,

Fig. 5. The open cell structure.
P _ Vo _ 4Wos) _ Vos

o V* 4c2h ~ c2h (16)

Wy
L Vv v A I 4 A A i T o
Vo, = t<<c —(C—E))‘}‘(C —(C—t))) 17) 87\\ .‘q_;qi:\qi\q ) :ﬂ;@@ﬁv&ﬂ%ﬂt
2 2 — oz _ ¢t I/ N/ / N/ / N/ | / :‘_
(B2 ) 7 7 v O A A A B
ravavava YA 4 A va A e

So, the final equation is going to be,

l ) >
RRR& X
o1 t((c2 - (c —%)) + (2= (c— t))) Fig. 6. Open the cell in the x-y direction to conclude
oo = @n (18) young's modulus.
+2 (V22 + (h— 202 - ——)
tany
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—-—C—-—{

Fig. 7. closed-cell (quarter cell).

As a result, [8] calculated the open-cell foam's elastic
constants using the cubic model,

B (p_*)2
Ec 1

Po (19)

Ec, =B =E¢ =

t2

Using the same equations (14) and (15) to compete for the
natural frequency.

I1. Results

For a rectangular sandwich plate, a=b = 30cm.
Using two Faces with a thickness of hg = 1lmm of
aluminum alloy (Al 1100-H12) has E; = 68.9 Gpa,
ps = 2710 kg/m?® & vy = 0.33. The core part with a
thickness of hy = 14mm. The material to be adopted in
the core structure is polylactic acid (PLA) and
Thermoplastic polyurethane (TPU). The tensile test is
carried out to find mechanical properties according to
ASTM. Hence, standard specimens for PLA and TPU
material are used as raw materials in 3D printing machines
to make structural foam, depending on ASTM D638 for
plastic materials [44, 45]. Two types of samples adopted
rigid and non-rigid plastic specimens for the record, as
illustrated in Fig. 8. According to the standards, five
samples of each material, with the dimensions listed in
Table 1.

Table 1.
ASTM D638 for plastic rigid (PLA) and non-rigid
(TPU).
Measurements PLA (mm) TPU (mm)
Lo 165 115
L 33 20
Wo 20 19
\ 12.5 6
R 76 14
Ri - 25
Thickness 3 3
Gauge length 50 25

[

(2= (c—-1)

2c?
+(h — 2t)2
t

(
\
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«_ _ Ef
Ge = 2(1+vf) (20)
As C; = 1 and v* = 0.3, the equation goes,
Ge 3 (P_*)Z (1)
Ec 8 \po
2
. t{(c2=(c—2 +[c2—(c—t)]>
% ~ zih (< ( 2)) (22)
c c t

+t2 (V22 + (h— 202 —

)

And since the cell is symmetrical in the x and y
direction then, the equation becomes,

tany.

C2

t))+ n

c—-
2

(23)

|
)

tany

I_‘"‘-l

— Wo —

"

a. Rigid specimen
Lo

f —

2 oL 1]
’é L/‘\ . T
b. Non- rigid specimen
Fig. 8. ASTM D638 specimens.
Table 2.
Printing parameters of all specimens.
Printing setting PLA TPU filament
filament
Nozzle dia. 0.40mm 0.50mm
Layer thickness 0.28mm 0.25mm
Infilling density 100% 100%
Infilling pattern lines lines
Printing temp. 200° C 228° C
Bed temp. 60° C 65°C
Printing speed 50mm/sec. 25mm/sec.

As the average results, PLA has a young's modulus
magnitude of 1.175 Gpa and a density of 1360 kg/m?,
while TPU has a young's modulus magnitude of
0.833 Gpa and a density of 1450 kg/m?. Printed specimens
are illustrated in Fig. 9 before and after testing. First,
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choose the cell dimension to build the core for open and
closed cells. The selected cell is cubic in shape with a
length of 14mm. The other dimension to be calculated like
strut thickness, with a critical relative density as p,. > 0.3.
Table 3 shows the selected strut thickness results as well
as the calculated young modulus. In comparison with
PLA, the stiffness of TPU polymer type decreases with
thickness.

Before fracture

TR

4 |
' 4

After fracture
a. PLA material

Before fracture

After fracture
b. TPU elongation 300 % material

Fig. 9. Tensile specimen before and after testing .

As can be seen from the results, the fundamental
natural frequency increases as a function of relative

density. Table 4 compares the natural frequency results
between the traditional shape with open and closed cells
at he 0.014 (m). Based on the results, it is evident that the
new design has a distinct improvement in natural
frequency. According to Table 5, closed-cell designs
adopting varying strut thicknesses produce different
results. According to the table, natural frequency and
Young modulus increase as the proportion of solid
material in struts ¢ decreases, furthermore the PLA
samples showing significantly higher stiffness than TPU
samples.

The natural frequency to elasticity modulus relation is
illustrated in Fig. 10 for open cells and Fig. 11 for closed
cells, while the connection to relative density is presented
in Fig. 12 for available cells and Fig. 13 for closed cells.
Fig. 14 shows the strut thickness effect on the natural
frequency.

I11.Discussion

With the Derivation of equations for extracting and
converting mechanical properties from relative density,
Young's modulus, stiffness modulus, and Poisson ratio.
Relying on the equation for extracting the natural
frequency, we discuss the results as follows,

Figures (10) and (11) show the relationship between
the natural frequency and the modulus of elasticity. The
connection is inverse with the decrease in the modulus of
elasticity, so the natural frequency increases, and this
decrease comes after converting the solid material into

Table 3.
Open cell design results adopting varying strut thickness ranges
Mat t, mm Oy E¢, Gpa Ve G¢, Gpa pi kg/m? w, rad/sec
11 0.163 0.031 0.3 0.012 222.21 6046.38
1.2 0.181 0.038 0.3 0.015 245.68 5933.88
13 0.198 0.046 0.3 0.018 269.59 5825.61
14 0.216 0.055 0.3 0.021 293.91 5721.44
5 15 0.234 0.064 0.3 0.025 318.64 5621.23
a 1.6 0.253 0.075 0.3 0.029 343.73 5524.85
1.7 0.271 0.087 0.3 0.033 369.17 5432.16
1.8 0.290 0.099 0.3 0.038 394.94 5343.01
1.9 0.310 0.113 0.3 0.043 421.02 5257.27
2 0.329 0.127 0.3 0.049 447.38 5174.80
11 0.163 0.022 0.3 0.009 236.91 5973.81
1.2 0.181 0.027 0.3 0.010 261.93 5858.01
13 0.198 0.033 0.3 0.013 287.43 5746.78
14 0.216 0.039 0.3 0.015 313.36 5639.96
2 15 0.234 0.046 0.3 0.018 339.72 5537.38
= 1.6 0.253 0.053 0.3 0.020 366.48 5438.88
1.7 0.271 0.061 0.3 0.024 393.60 5344.27
1.8 0.290 0.070 0.3 0.027 421.08 5253.41
1.9 0.310 0.080 0.3 0.031 448.88 5166.13
2 0.329 0.090 0.3 0.035 476.99 5082.28
Table 4.
Comparison the result of the traditional shape with the open and closed cells at h; 0.014 (m).
Mat. EZ, Gpa ps (kg/m3) Or Ve pc (kg/m®) o (rad/s)
PLA 1.175 1360 1 0.38 1360 5239.38
TPU 0.833 1450 1 0.35 1450 5080.74
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Table 5.
Closed-cell design results adopting varying strut thickness
t El . G} w
Mat mm ? Pr G;;a Ve Gpca kg%n3 rad/sec
1.1 0.22 0.298 0.236 0.3 0.091 404.85 5321.43
1.2 0.24 0.321 0.249 0.3 0.096 437.04 5217.62
1.3 0.26 0.344 0.262 0.3 0.101 468.51 5121.86
1.4 0.28 0.367 0.274 0.3 0.105 499.25 5033.24
5 1.5 0.30 0.389 0.285 0.3 0.110 529.27 4951.00
o 1.6 0.32 0.411 0.296 0.3 0.114 558.59 4874.48
1.7 0.34 0.432 0.305 0.3 0.117 587.21 4803.14
1.8 0.36 0.452 0.315 0.3 0.121 615.14 4736.48
1.9 0.38 0.472 0.324 0.3 0.125 642.39 4674.07
2 0.40 0.492 0.333 0.3 0.128 668.97 4615.55
1.1 0.22 0.298 0.236 0.3 0.091 431.64 5233.64
1.2 0.24 0.321 0.249 0.3 0.096 465.96 5128.41
1.3 0.26 0.344 0.262 0.3 0.101 499.51 5031.51
1.4 0.28 0.367 0.274 0.3 0.105 532.28 4941.98
2 1.5 0.30 0.389 0.285 0.3 0.110 564.30 4859.01
= 1.6 0.32 0.411 0.296 0.3 0.114 595.56 4781.93
1.7 0.34 0.432 0.305 0.3 0.117 626.07 4710.13
1.8 0.36 0.452 0.315 0.3 0.121 655.85 4643.12
1.9 0.38 0.472 0.324 0.3 0.125 684.90 4580.46
2 0.40 0.492 0.333 0.3 0.128 713.24 4521.75
foam that permeates every air cell, as seen in fig. (12) and 8030
(13). The difference between the rigid material (PLA) and —#—0penecdl -FLA
the non-rigid (TPU) is evident as the tough material comes 3850 —#— Open edll - TEU

at a higher frequency.

T
¥ 5630
050 "%
g
= M50
3830 g
T
& 3530 2230
E
2 30 5030 '
g 22 272 322 3 422 472
250 pf* (kg/m3)
Fig. 12. Natural frequency to relative density for open cell.
5050
0.02 0 0.06 (.08 0.10 012
Ef* Gpa 500 —8—Closad Call -FLA
Fig. 10. Natural frequency to elasticity modulus for open —— Closad Call - TEU
cell. -, 3100
H
. =
3300 ——Clossd Call - FLA £ 800 A
—#—Clozed Call - TRU £

- 5100 4700
w
= .
geu 4500 .
g 400 430 il 350 &0 850 LUt

4700 pf? (kez'm3)

\u\'\h Fig. 13. Natural frequency relation relative density for
4500 » closed-cell.
023 025 027 029 031 033
Ef*Gpa
Fig. 11. Natural frequency to elasticity modulus for closed

cell.
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6000 & +DpEﬂCe]l-PL;!|:
. Ny W —8— Open Call - TEU
2750 - —e—Closad Call - FLA
T 5500 @ —— Closad Call - TFU
H o
= L SNy S
E 5250 S N
< = e
= 000 ™ _\__H'_ L
4750 :t‘*_::h
e,
4500 %
L1 L3 L3 L7 19
t (mm)

Fig. 14. Natural frequency to strut thickness with two cell
types (Open & Closed) and two materials (PLA & TPU).

For open lattice cells, depending on the relative
density as a regulator. When the relative density (0.3) at
(t=1.9mm) compared to solid matter, the percentage
decrease in the modulus of elasticity by (PLA: -90.4%)
and (TPU: -90.4%), increases the natural frequency by
(PLA: 44.5%) and (TPU: 46.4%). One more time, a closed
lattice cell with the same relative density (0.3) at (t =
1.5mm) compared to solid matter. Percentage decrease in
the modulus of elasticity by (PLA: -66.9%) and (TPU: -
64.4%) increases the natural frequency by (PLA: 36%)
and (TPU: 37.7%). Converting a solid material into a
cellular one to reduce weight loses some properties. The
properties can be compensated by adding a nanomaterial
or by filling the cellular part with another material and
turning it into a hybrid structure.

Conclusions

After reviewing the results in tables and charts and
discussing the results as in the previous text, the following
is concluded,

The effect of converting a solid material or replacing
a foam form with a cellular pattern is very effective.

The choice of cell shape and pattern determines their
performance. The regular shape in both directions makes
the material isotropic and homogeneous

Selection between closed and open-cell depends on
the application, and it is preferable to use a closed-cell in
the sandwich because it offers much performance.

The open-cell structure can be converted into a closed
one by filling the attached space with another material,
such as foam, which makes the core a hybrid shape that
offers the performance the engineer aspires to.

Effectiveness of cellular pattern theoretical analysis
estimation and possible use in various applications

The results of this investigation can be used in various
engineering applications such as retractable car roofs, the
floor of electric cars to isolate the cabin from the battery
placed under the vehicle, and electric motor covers for
electric cars.

Nomenclature

Symbols Definition
a Plate length in x-direct (m)
b Plate width in y-direct (m)
c Half of the cell length or width (m)
E, face layer young's modulus (Pa)
Ef core layer young's modulus (Pa)
E; cellular core material young's modulus (Pa)
Ec solid material young's modulus (Pa)
Gy core layer rigidity modulus (Pa)
G cellular core layer rigidity modulus (Pa)
hy Upper face layer height (m)
hs lower face layer height (m)
D Inner volume fraction
Do Outer volume fraction
t The thickness of the cell frame (m)
v* cellular material Volume (m3)
outer (connected solid) material Volume
Vo 3
(m?)
V; inner (air) Volume (m?)
Vi Inner air volume (m3)
Vs Outer frame volume (m3)
Wmn Natural frequency (rad/s.)
Vs face layer Poisson's ratio
vy cellular Poisson's ratio
Pr Relative density
p* cellular material density (kg/m3)
Py face layer density (kg/m3)
Ds core layer density (kg/m3)
outer (connected solid) material density
P (kg/m3)
@ the proportion of solid material in struts
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AHaJi3 BiOpauii 6araTtomaposoi IVIACTHHH i3 BiIKPUTOIO
Ta 3AKPUTOI0 KOMIPpKaM#

Kagpeopa mexaniunoi inocenepii, inocenepnuti paxyromem, ynieepcumem Kygu, Ipax
2Minicmepcmeo npomuciosocmi ma minepanie, Jlepocagna komnanisa supobnuymea 2ymu ma wun, Ipax
8Vuisepcumem Anv-@apaxioi, konedac mexniuHoi inxcenepii, Ipax

VY poboti 3xificHeHO cripoOy 3aMiHUTU TpaaWLiiHy (OpPMY Ta MaTepiall CEpIEBHHH CEHJBIYAa CTUIBHUKOBOIO
(dopMoI0, y SIKif KIITHHU MalOTh NPaBUIBHI GopMy, pO3IOALT Ta po3mip. Ixes miei crarTi monsrae B po3poOii ABOX
CTPYKTYp, OZIHA i3 SKUX 3 BIJKPUTOIO KOMIPKOIO, a iHIIA i3 3aKPHUTOI0, a TAaKOX B OLIHII €(EeKTUBHOCTI CEHJBIY-
IUTACTHHY 13 TPATKOBOIO KOMIPKOIO CEPIIEBHHH, IO BHKOPHCTOBYETHCS ISl 0AaraThOX NPOMHCIOBHX 3aCTOCYBaHB,
30KkpeMa B aBTOMOOineOynyBanHi. HoBi Teopernuni ¢opMmymoBaHHS MOOYyHOBaHI Ui JBOX CTPYKTYp IS
3HAXO/KCHHS XapaKTEPUCTHK BUILHUX KONMMBaHb. Pe3ynpTaTu Takoi Moeli MOpiBHIOIOTHCS 13 TPAAULIIIHOIO (OPMOIO.
BuBeneHi piBHSHHS IS IPOTHO3YBAaHHS MEXAHIYHMX BJIACTHBOCTEH Ha OCHOBI BIJHOCHOI T'yCTMHH 3 BHOpaHUMH
(dopmamu, crienudiuHe piBHAHHS BiOpallii TPUIIAPOBOI CEHABIU-TIMTH Ta PO3B’A3aHO 32 A0MOMOroro tabmuip Excel.
Bararoo0imsrounmu € 1 pe3ynbTaty, i OliHKa e()eKTHBHOCTI TEOPETHYHOT0 aHai3y KIITHHHOI CTPYKTYpu. OOMEKeHHS
Ta 4acToTa MOXHMOOK JUI1 MEXaHIYHHUX BJIACTHBOCTEH BUIUIMBAIOTH 3 €MIIIPUYHHUX PIBHSHB, 1 iX CHIBBIZHOLICHHS /O
3Ha4YeHb BITHOCHOI I'yCTHHH € BUIIUM 3AJIKHO BiJ MOBEIIHKH MaTepiany cepleBUHH. BUCHOBKU BKa3yloTh, IO MPH
BIJIKDUTHUX KOMIpKaX CIIOCTEpIiraeThes 3HIKEHHS Monyist mpyxknocti Ha (PLA: -90,4%) i (TPU: -90,4%) ta
30iabIIeHHs BinacHol yactotu Ha (PLA: 44,5%) i (TPU: 46,4%), Tozi K 1)1 3aKPUTUX KOMiPOK MOAYJIb MPY>KHOCTI
3MeHuryeTbest Ha (PLA: -66,9%) 1 (TPU: -64,4%), a takox 30ijblyeThest BaacHa yactoty Ha (PLA: 36%) i (TPU:
37,7%). IlepeTBOpeHHsT TBEp0i PEYOBHHM ab0 3aMiHa MIHOMIACTOBOI ()OPMHU CTITHLHHKOBOIO (POPMOIO € OJHUM i3
CrOCOo0iB TMOKPAIIMTH NPOXYKTUBHICTH 1 3a0IMIQAWTH Bary 3aBIsKH BUOpaHill CTIMBHUKOBIM KOHGIrypamii mpu
TIOTJIMHAHHI eHeprii BiOpariiHoi XBHII.

KorouoBi cioBa: ceHBIU-IIINTA, BUTBHI KOJIMBaHHS, KOHCTPYKIIiSl KOMIPKH, pO3MipHA CEKIlisl, 3AKPUTI Ta BIAKPHTI
KOMIpKH, BiTHOCHA IIUIBHICTb.
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Properties porous silica glasses are systemized in this review. Also the methods of formation of the
nanoparticles’ ensembles of the substances, which are useful for the microelectronics, are described. Porous silica
glasses are perspective due to their chemically resistance, mechanical strength and development of their inner
surface. Own electrical resistance is too big for the porous glasses’ specimens with standard sizes, that’s why ones
use them as matrixes for luminescence type of sensors mainly. The luminescent properties’ dependence on the
molecular structure of investigate substances (such as dyes and metal oxides), as well as on the nanoparticle
ensemble technological formation condition is studied. It is revealed to which certain gases dyes of the specified
type are sensitive and why it occurs in such manners. It is shown due to which of the described nano-size systems’
properties sensitivity is appeared. Besides, one can embed a conductive phase into the pores of glass due to features
of its structure. After such treatment one can use the porous glasses as matrix for formation of resistance type

SEensors.
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Introduction

Typically, the luminescent centers of the materials
suitable for use as active elements of fluorescent gas
sensors are located near the surface. This is
understandable, because the changes in the gas
composition of the environment primarily affect the near-
surface matter layers. Therefore, in order to achieve these
changes best registration, it is necessary to strive for the
maximum possible development of the substance surface,
which is able to be an active element of the gas sensor.
This development can be achieved by dispersing the
substance to nanometers (or almost molecular level in the
case of a molecular crystal), because it is known that the
total surface area of many small particles is always much
larger than the surface of one large particle of the same
volume. It should be emphasized that it is impossible to
work fruitfully with nanometer size individual particle, so
they should be placed in a system of some test tubes of
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appropriate size. The role of such a system of nano-sized
tubes can be played by a matrix that contains small voids
in the through pores form. This forms an ensemble of
nanoparticles, consisting of these matter small particles
and the matrix in which they are placed. Since the matrix
is a part of the ensemble, it must meet certain restrictions,
due to which its presence will not affect the test substance
gas sensitivity and, moreover, will positively affect its
luminescent properties. One of the main such limitations
is chemical inertness, i.e. the matrix should not chemically
interact with the test substance and change its (or its own)
chemical composition. Secondly, it must have a fairly
strong skeleton, which will prevent both the nanoparticle
ensemble aggregation and the created system mechanical
destruction. Finally, it should be non-luminescent (or glow
in areas of the spectrum that are not relevant to the test
substance). Some authors use polymers [1-2] or gelatin [1,
3] as a matrix. These compounds do not luminesce and are
quite chemically inert. Due to their structure peculiarities,
they are able to hold the clusters of the substance formed
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inside them. However, these clusters can have arbitrary
sizes and shapes, and their growth will not be restraining
by polymer or gelatin, but on the contrary, they themselves
will uncontrollably form the matrix skeleton. Porous
silicate glass with nanometer-sized through voids is
devoid of this defect. The interpenetrating pores size, can
vary from a few nanometers to several hundred
nanometers. In addition, compound quartz skeleton is
quite durable, and therefore limits the particle size that are
formed, because they cannot exceed the pores size. The
glass columnar structure allows influencing both the pores
inner surface and the nanoparticles created inside them. In
most cases, these nanoparticles are conveniently created
by saturating the matrix with certain substances solutions.
Thus, porous silicate glass perfectly meets the
requirements for the matrix, but it does not exist in nature.
However, it can be obtained from two-phase sodium-
boron-silicate glass by a not very sophisticate technology

[4].

I. The porous silicate glass types and
their creation technology

Two-phase sodium boron silicate glass has a rather
complex chemical formula SiO2>x [Na,OxB,03]. Such
glass melting temperature exceeds 750°C. In addition, the
melting temperature of the glass silicate component is
much higher than the melting temperature of the sodium
borate complex, and therefore there exists a temperature
at which the glass sodium borate component is in a liquid
state, while its silicate component is simply very hot. This
state corresponds to a temperature of 650°C. If the burden
for two-phase glass melting, which is brought to 750°C, is
cooled adiabatically to 650°C, so that the phase separation
occurs at the indicated temperature, the sodium borate
complex will still melt, forming large bubbles, which will
form a silicate skeleton. Due to the melt viscosity, it is kept
in such conditions for several hundred hours, until the two
phases are completely dissolved in each other, and then
slowly cooled to room temperature. The obtained two-
phase glass is enough large (up to hundreds of
nanometers) areas of interposed silicate and sodium borate
phases. These phases, specifically, show unequal chemical
resistance, so that a mixture of hydrofluoric, nitric and
glacial acids can completely erode the sodium borate
phase, with almost no effect on the silicate phase, which
leaves a quartz skeleton with through voids in place of
etched borate phase. These voids are quite large, however,
due to mutual dissolution, rather small, sandy SiO;
particles got into the sodium borate phase, which after its
etching must settle inside the resulting pores. Such settled
sandy particles are called residual silica gel. Chemically,
they are completely identical to the quartz skeleton and
differ from it only in fineness. The resulting glass is
conventionally called porous glass type C. Such glass is
unsuitable for a number of applications, because due to
large enough holes it will form test substance particles of
significant size, so to achieve significant deployment of its
surface will remain impossible.

To form smaller pores in the glass, it is necessary to
change slightly the two-phase glass technological modes
creating. The burden, for its melt should be adiabatically
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cooled to a lower temperature, which is close to the
sodium borate phase melting temperature, but some lower
than it (about 490°C). If the burden is kept at this
temperature for hundreds of hours, it will lead to the
formation of sodium-borate phase of relatively small
bubbles and, after cooling to room temperature, the phases
will separate, resulting in two-phase glass with small
(about tens of nanometers) areas of interwoven silicate
and sodium borate phases. After etching the unstable
sodium borate phase as described above, enough fine-
grained silicate glass is formed, which will also contain
residual silica gel in the pores. The resulting glass is
conventionally called porous glass type A.

The presence of silica gel inside the pores, depending
on a particular scientific problem conditions, can be both
desirable and harmful. Thus, the presence of silica gel
makes the glass more fine-grained, but at the same time
reduces the free space for the nanoparticle test substance
formation. On the other hand, the presence of silica gel
improves the glass adsorption properties, but deteriorates
its mechanical properties (due to gel swelling in a humid
environment, the sample may deform [5-7]). Although
special treatment can improve the glass mechanical
properties, but it will not always have a positive effect on
its other properties [8]. Within the problem of the surface
substance suitable expansion as some sensor active
element, the separative ability of silica gel is certainly
useful, which prevents the aggregation process of particles
formed an ensemble in the pores [1, 9]. However, for cases
where the presence of silica gel in the pores is harmful, the
lixiviate techniques, have been developed in [10], can be
used. In this manner the glass can be depleted with silica
gel or this technique quite deprive the glass of this
formation. According to this technique, the finished glass
is etched in an alkaline etchant based on KOH. This
etchant interacts enough quickly with finely divided silica
gel and acts much more slowly on solid (at least porous)
matrix walls. Due to this, most of the silica gel is removed,
while the walls of the matrix skeleton are only slightly
etched [4, 11]. The type A glass treated in this way is
conventionally called the type B glass, and the type C
glass is called the type D glass.

Figure 1 shows the results of the structure of all 4 the
above noted types glasses investigation using an electron
microscope. It is noticeable that of A and B type glasses
are fine-porous ones, while the pores in C and D type
glasses are much larger. Residual silica gel particles in the
images corresponding to A and C glasses look like white
spots. In C type glass they are larger, in B type glasses they
are almost imperceptible (this confirms that the leaching
technique leads only to the depletion of glass by silica gel
[4, 11]), and in type D glasses they do not exist at all.

Figure 2 shows the pore-sizes distribution spectra for
all these types of glasses. One can see that two main
fractions of pore sizes exist for every type of glass.
However, anyone of types contents a small amount of
pores with size from about 10 nm to more 100 nm.
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Fig. 1. Electron microscopic images of structures for four types of porous glass.
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Fig. 2. Typical pore-size distribution for four types of porous glass.

Il. The structure of the dyes based on
the 4-valent tin

It’s useful to pay special attention to the dyes based
on the 4-valent tin among the materials, which can be used
as active elements for the luminescence gas sensors.
According to [12], these macromolecular compounds are
the most sensitive to the environment gaseous
composition. The molecules of this group dye consist of a
coordination node with a ligand, which may show
different dentition, and a hydrazide fragment with a
certain type substituent. It is expedient to consider the dye
molecule in this way, because the coordination node is a
more stable formation and remains unchanged during
chemical transformations, while the substituent
composition and its placement in the hydrazide fragment

can be changed by simple chemical reactions.
Coordination nodes can be of two types:
tetradimethylaminobenzaldehyde and
dihydroxynaphthaldehyde (denoted by the ligand

{SnCIs,ON} and {SnCls0:N}, respectively). Ligand
{SnCI,ON} is single-dentate and has a zwitter-ionic
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structure with a negative charge, which is delocalized in
the fragment N=C-0O, and ligand {SnCl;0,N} is double-
dentate with a negative charge, which is concentrated in
the O-Sn-O area. The structural formulas of both
coordination nodes are shown in Figure 3 [13].

The hydrazide fragment in Fig.3 is not indicated. It is
a conventional benzene ring with a substituent of
nicotinoyl or benzoyl type. In the first case, a certain
nitrogen group is built directly into the benzene ring (i.e.,
one of the benzene ring carbon is actually replaced by
nitrogen). This, of course, leads to the appearance of a
localized charge near the substitution, which is
compensated by the opposite charge in the coordination
node; therefore, the corresponding molecule will exhibit
the properties of the dipole. In the second case, the
hydrogen atom in one of the benzene ring positions is
replaced by an amine or hydroxyl group, which is also
accompanied by a charge redistribution within the
coordination node to maintain the electro-neutrality of the
molecule. Isomeric dyes that differ only in the substituent
position relative to the hydrazide fragment are called dyes
with different tautomeric form. The substituent position in
each tautomeric form is indicated by a number. For this all
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Fig. 3. Coordination nodes structural formulas of {SnCI,ON} (left) and {SnCIs02N} (right).

6 carbon atoms in the corresponding benzene ring are
numbered, as "1" is a carbon atom having a bond that
connects the hydrazide fragment with the coordination
node. Other positions are successively denoted by
numbers from the natural series from "2" to "6"
counterclockwise. Therefore, substitution cannot occur at
position "1", because it will destroy the molecule. The
results obtained in [4] show that the dye molecules have
no intramolecular bonds (at least hydrogen ones), so the
tautomeric forms are invariant with respect to the reading
direction of carbon atoms in the benzene ring of the
hydrazide fragment. Therefore, the dyes in which the
substitution took place at position "2" or at position "6"
are completely equivalent and have the same
photoluminescence spectra. The same is true of dyes with
substitutions at positions "3" or "5". A direct consequence
of this equivalence is the dye molecule additional
rotational symmetry, which leads to additional electron-
rotational levels suitable for the radiative transition.
Because of this, the dyes luminescence intensity with a
substituent in position "4" is the lowest, because there are
no additional levels for them. In addition, the interaction
of the substituent with the coordination node also
increases the luminescence intensity and the stronger the
closer is the substituent to the coordination node.
Therefore, the dyes luminescence with substitution in
position "2" (or "6") is always more intense than when
substituted in position "3" (or "5") [14].

The dyes luminescence is a consequence of the
radiative transitions between the electron-vibrational
sublevels of the first excited and ground singlet dye
molecule electronic states. These states system occurs
when the molecules are sufficiently mobile relative to
each other, which occurs in solutions due to the interaction
of the dye molecule (or its part) with the surrounding
solvent molecules. The solvent does not affect the energy
of the radiation, but, depending on the solvent absorbency,
can affect its intensity. As demonstrated in [4, 13], the
absorption capacity of the standard organic chemistry
solvent dimethylformamide (CHs),NCO, which is usually
abbreviated as DMFA, is the lowest, so it is in it that dyes
based on tetravalent tin complexes glow most intensely.
But the dye molecules in the solution are separated from
the environment by the vessel and, with the exception of
those on the surface of the solution, passivate each other.
Thus, only a small part of the dye molecules has direct
contact with the environment and this should significantly
reduce the sensitivity of their luminescence to the
composition of the surrounding atmosphere. Thus, the dye
in solution is unsuitable for use as an active element in gas
Sensors.

However, dyes can glow not only in solutions but also
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in the dry state, if the dye is dispersed in a suitable model
environment. As a model medium, it is advisable to use
porous silicate glass, in which the average size of the pores
is comparable to the size of the dye molecules. When the
pores in such glass are saturated with a dye solution in
DMFA, it disperses almost to the molecular level, and its
nanoparticle glow centers will come into direct contact
with the particles of gas contained in the environment, so
they can react to changes in its composition. In this case,
the presence of residual silica gel inside the pores, which
will play the role of separation material between the dye
molecules, will allow to get rid of the effect of its
molecules mutual matching. From the above it is clear
(and confirmed by the results of a number of works [9, 15-
19]) that the role of the model medium will be best played
by porous A type silicate glass. In this case, the glow will
occur due to the dye molecules interaction with the model
medium inner surface and silica gel particles penetrate
between the dye molecules, leading to the formation of
aggregations, which are the centers of non-radiative
recombination through the source channels. In addition,
for more nanoparticle uniform distribution in the pores,
majority of the solvent is removed after impregnation with
additional low-temperature annealing, and due to its
almost absence, the emitted light quanta possible
absorption is eliminated. Therefore, the dye nanoparticle
ensemble luminescence intensity inside the acceptable
type porous matrix always exceeds the photoluminescence
intensity of the same dye in the corresponding solution.

We investigated the photoluminescence spectra
excited by the ultraviolet laser LCS-DTL-374QT
(wavelength A = 355 nm, power 15 mW) and recorded on
a standard setup, which consisted of a quartz
monochromator SF-4, a photomultiplier PEM-79 with
sensitivity 280+850 nm, as a photodetector, and a selective
amplifier that was synchronized with the excitation laser
frequency. The result was transmitted to the computer
monitor via an analog-to-digital converter using USB-
oscillography software. In order to ensure obtained results
comparability in terms of intensity, the installation in each
measurement was calibrated with a mineral origin
luminophore by type LDP-2mA, which is characterized by
constant luminescence and complete degradation absence.
The width of the monochromator slot and the
enhancement limits were kept constant, therefore, it can
be argued that the obtained spectra were comparable in
relative units, if the unit luminescence intensity is
considered to be the luminophore luminescence.

Analysis of the photoluminescence spectra of dyes
based on the 4-valent tin both in DMFA solution and in
the form of nanoparticle ensembles in a porous matrix
showed that they in all cases have a Gaussian shape with
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one maximum and are almost entirely determined by their
intensity and its maximum position. As mentioned above,
the luminescence intensity of any dye in the form of a
nanoparticle ensemble has always exceeded its intensity in
solution. The greatest increase in luminescence was
observed in the case of the benzoyl type hydroxyl
substituent. The spectra remained hyperchromic relative
to the dye in solution, whereas in the case of a benzoyl
type amine substituent or nicotinoyl substitution there was
a spectrum shift in one direction or another. This explains
the highest glow intensity for dyes with hydroxyl
substitution. For them, the additional energy that arises
during the nanoparticle ensemble formation is spent
entirely on the luminescence intensity amplifying, while
in the case of amine substitution, part of it is spent on the
photoluminescence spectrum maximum shifting. The
detailed analysis of the luminescence spectra of all
tautomeric forms for dyes with both types of coordination
nodes and any substituent is given in [4].

I11. Concentration dependence of
luminescence for the dye
nanoparticles ensemble

The dye nanoparticle ensemble luminescence
intensity depends on the concentration of the solution used
to create the specified ensemble. To identify this
dependence regularity, consider how the luminescence
intensity of the dye solution in DMFA changes with
increasing concentration. There are two competing
processes: illumination and light absorption. The first
process causes an increase in the luminescence intensity
due to an increase in the luminescence center quantity
(see, for example, [20]) due to the greater of the dye
molecule number in the concentrated solution. This
process is almost linear and at low concentrations the
luminescence intensity increases from zero to some limit
value, which is called the saturating solution limit
concentration. After this concentration excess, the second
process associated with concentration quenching begins to
prevail [20-21]. There are so many molecules in the
solution that they begin to merge into aggregations, which
are centers of nonradiative recombination through the
source channels. The solution luminescence intensity
decreases according to the parabolic law. Fig.4 (left)
shows a model image of the described dependence. It
should be noted that according to the Frank-Condom
principle, both processes occur simultaneously, and
therefore the dye concentration intensity dependence in
solution at low concentrations is almost linear, and after
excess the concentration limit is almost parabolic.

When the matrix is saturated with dye solutions of
appropriate concentration to create an ensemble of
nanoparticles, similar processes occur in the obtained
system. However, for the case of a nanoparticle ensemble,
there are certain changes in the described dependence. An
almost linear curve section at concentrations below the
limit is converted to a "piece-linear". Such a "piecewise
linear" increase in the dye nanoparticle ensembles
photoluminescence intensity in a porous matrix at low
saturating solution concentrations may be due to the
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inhomogeneity the different sizes pores fraction filling in
porous glass during this ensemble formation. At
impregnating solution relatively low concentration in the
matrix pores there is a relatively small quantity of
nanoparticles. They will enter the smallest pores alone,
dispersed to an almost molecular level, so they will not
aggregate (i.e. no leakage channels will appear). As far as
even in fine-grained A type glass there is always a certain
number of rather large pores, many dye nanoparticles will
get into them, but their fusion in aggregation will prevent
the surrounding on all sides silica gel particles, and they
will settle separately on the pores’ walls. The
luminescence intensity increases rather slowly with
concentration increasing. When the impregnating solution
concentration reaches certain "average" values, similar
processes continue, but the dye molecules’ quantity
increases [21]. Therefore, more radiative recombination
centers appear inside the pores, and this leads to the
luminescence intensity increase acceleration with
increasing concentration (see, for example, [4, 21]). The
solution limiting concentration in the case of the
nanoparticle ensemble remains the same as it was in the
solution, and its excess again leads to the absorption
processes in the system prevalence. However, due to the
solvent practical absence inside the pores of the matrix,
this can hardly be explained by the concentration
quenching. At such high concentration impregnating
solution, small particles in large pores will be so many that
they will merge into aggregation at the stage of their
formation [22-23], and silica gel particles will not have
time to interfere with this process, but will envelop the
already existing aggregations (see e.g. [9, 22]). In this
case, the largest (about hundreds of nanometers) pores will
be filled, in which the silica gel will only partially
passivate the dye molecules surface. Solvent residues after
annealing will also be concentrated mainly in the specified
size pores. Therefore, most of the dye found in large pores
will behave as if in solution, i.e. there will be the
photoluminescence intensity decrease, which will
approach the value typical for the solution. A comparison
of the luminescence intensity of the 2NH3{SnCIl.ON} dye
concentration dependences in DMFA solution and in the
form of the nanoparticle ensemble in A type porous silicate
glass is shown in Fig. 4 and testifies to their complete
similarity.
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Fig. 4. The 2NH3z{SnCI,ON} dye nanoparticle ensemble
luminescence concentration intensity dependence in
DMFA solution (left, model curve) and as a nanoparticle
ensemble (right, experimental curve).

It can be seen that at solution low concentrations the
nanoparticle ensemble glow intensity is insignificant;
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then, through the different size pores unequal filling rate
(see e.g. [4, 21]), it increases nonlinearly and the
corresponding curve slope changes. At a concentration of
0,5x103gmol/l  (the saturating solution limiting
concentration), luminescence becomes maximum. When
the solution saturating concentration exceeds the limiting
one, the photoluminescence intensity decreases, as in the
case of the solution.

IV. The dye nanoparticle ensemble gas
sensitivity

The luminescence properties of obtained ensemble of
nanoparticles of the dyes based on the 4-valent tin
complexes can differ sufficiently depending on
technological conditions of it formation and on structure
of dye molecules. Taking this fact in to account it’s useful
to observe which species of dyes are sensitive to one of
other gas and why it’s so for further use of these systems
as active elements of gas sensors. One of such sensor
important properties is the reproducibility of their
properties, which should ensure their reusability.
Therefore, it is undesirable to be based on direct chemical
interaction of the dye substance with gaseous impurities
present in the environment, and should proceed from these
dyes molecular structure and the peculiarities of the nano-
size system formation based on their chemical
composition. The gaseous contaminant presence will be
fixed by changing the ensemble photoluminescence
intensity, therefore, we will consider such nano-size
systems that have the highest initial glow. Therefore,
taking into account the above-described properties of dyes
and matrices, we will form ensembles of nanoparticles in
porous A type silicate glass and use DMFA solutions of
dyes with tautomeric form "2".

Nanoparticle ensembles in this sense can be used as
active sensor elements not of any gases, but of gases which
contain the same chemical elements, as in a dye molecule.
Such gases will not chemically interact with the
nanoparticle ensemble elements, however, their presence
in the atmosphere will create artificial conditions for
changing the system luminescent properties. In this case,
after entering the unpolluted atmosphere, these artificial
conditions will disappear, and the system alone or with the
help of simple processing will restore its original glow.

As is clear from the studied dye structure description,
their molecule consists mainly from benzene rings
assemblage. The rings that make up the coordination node
are perfect and therefore chemically quite inert, while in
the only ring of the hydrazide fragment there is a
substitution of a hydrogen (benzoyl) or carbon
(nicotinoyl) atom for a certain amine or hydroxyl
complex. Thus, the substituent in the hydrazide fragment
is a certain analog of the substitution impurity in the
semiconductors, so it can be a luminescently active center.
In turn, between the coordination node perfect benzene
rings contains a ligand based on Sn and CI. It is a certain
analogue of interstitial impurities in semiconductors and
can also be luminescently active and sensitive to some
gaseous substances in the environment. Due to its zwitter-
ionic structure, the ligand provides a certain charge
distribution within the coordination node, and hence the
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entire dye molecule.

Thus, the dye nanoparticle ensemble based on a
tetravalent stannum in a A type porous glass can, by
changing its luminescence intensity, detect the gas
presence in the environment that can affect the substituent
or cause the charge redistribution in the dye molecule.
There are two such gases: ammonia, which is very similar
in structure and chemical composition to the benzoyl-type
amine substituent, and hydrogen chloride vapor, which
dissociates perfectly in water, forming negatively charged
Cl ions. We were able to detect sensitivity namely to these
gases in our study.

As can be seen from the right part of Fig. 4, sensitivity
to ammonia should be expected from a nanoparticle
ensemble based on 2NH3{SnCI,ON}, if it is created by A
type porous glass impregnation with a solution in DMFA
with a concentration of 0.5x10° gMol/I. In this case, the
luminescence intensity achieves the maximum value and
the specified concentration exceeding leads to a
luminescence weakening. However, the ingress of the
sample formed under these conditions into the ammonia
medium should lead to an increase in the nitrogen
concentration in the pores, which is equivalent to the
creation of a nanoparticle ensemble at a saturating solution
concentration exceeding the limit. This will reduce the
luminescence intensity of the sample [4, 24-25].

To experimentally confirm these considerations, the
initial  luminescence  intensity of the sample
2NH3z{SnCI,ON} in the form of a nanoparticle ensemble
formed under these conditions was first measured, and
then it was immersed in an atmosphere containing
ammonia. Measurements were repeated immediately after
immersion and after 10 minutes in the specified
atmosphere. Then the sample was transferred to a pure
atmosphere and kept in it for 24 hours. Next, its
luminescence intensity was measured again, immediately
and after 10 minutes of low-temperature (at 240°C)
annealing. The result in the form of a histogram is shown
in Fig. 5. Histograms show that the dye after immersion in
the atmosphere containing ammonia sharply and steadily
reduces luminescence intensity and it is possible to restore
initial intensity only after annealing.

To explain this result, it should be mentioned that the
nitrogen inside the coordination node is in an inactive
state. Therefore, we can assume that the dye
2NH3{SnCI,ON} initially contains active nitrogen only in
the substituent, its amount in the ensemble is determined
by the impregnating solution concentration, which is the
limit and corresponds to the maximum luminescence.
After immersion in ammonia, the amount of active
nitrogen in the system increases, and it behaves as if it was
formed from a solution with a higher concentration, which
corresponds to a lower luminescence intensity (as is well
seen in Fig.4). The change durability is probably due to
the formation of ammonia-stable bridges within the pores,
which is equivalent to the aggregation formation that are
leakage channels. Short-term low-temperature annealing
breaks these bonds and the system luminescence is
practically restored. This model is confirmed by an
attempt to perform the same experiment with the
20H{SnCI;ON} dye nanoparticle ensemble. This
ensemble shows almost complete insensitivity to
ammonia, because the dye on the basis of which it is
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formed, initially does not contain active nitrogen, so it
does not interact with ammonia [24-25].
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Fig. 5. Sensitivity of the photoluminescence intensity of
the 2NH3{SnCI;,ON} dye nanoparticle ensemble to
ammonia:

1 - initial sample in a pure atmosphere;

2 - in an atmosphere containing ammonia;

3 - for 10 minutes in ammonia;

4 - 1 day after returning to pure atmosphere;

5 - after 10 minutes of low-temperature annealing

Ammonia sensor was patented recently [26] works on
described principle.

It should be noted that the hydrazide fragment is
resistant to other aggressive media, so it is impossible to
detect any other gases that may be present in the
environment by their interaction with the hydrazide
fragment.

The influence of the environment composition on the
ligands in the coordinated nodes may be traced by the
changes of glow intensity of dye nanoparticles’ ensemble
if the atmosphere contents the HCI vapors. Recall that
chlorine is contained only in the ligands of dye
coordination nodes, moreover in different amounts for
different types of forms and choose a dye-based system
that it will glow the brightest, so it will be easiest to notice
changes in its luminescence. Such system is the dye
nanoparticle ensembles with a benzoyl type hydroxyl
substituent with a tautomeric form "2". Fig. 6 shows the
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luminescence spectra of 20H{SnCIsO;N} (left) and
20H{SnCI,ON} (right) dyes in a pure atmosphere and in
one containing hydrogen chloride vapor. These dyes
coordination nodes differ in the ligand dentance hence the
charge distribution in the molecule. Ligands are as a whole
an electro-neutral molecule placed between the
coordination node benzene rings, which in some of its
parts carries both a negative and a positive charge, which
is localized on non-neighboring atoms. Thus, a specific
ligand in the system creates a certain charge balance in it.
In the HCI vapors presence in the atmosphere, which are
enriched in negative ClI-ions, this balance is disturbed [24-
25], which determines the sensitivity of the system to these
vapors.

The spectra in Fig. 6. show that the initial luminous
intensity of the 20H{SnCl;0,N} dye exceeds the glow
intensity of the 20H{SnCI,ON} dye almost three times,
and hoth are sensitive to the presence of HCI vapors in the
atmosphere. However, if the 20H{SnCI,ON} dye reduces
the intensity of its luminescence slightly (about 20%), the
luminescence of the 20H{SnCI;O;N} dye decreases
significantly and becomes approximately the same as that
of the 20H{SnCI,ON} dye in a pure atmosphere.

The study of the glow decrease kinetics of the samples
in the atmosphere of HCI vapors showed that the decrease
of the luminescence intensity of both nanosize systems
occurs abruptly after a short latency period. Measurements
were performed at a wavelength corresponding to the
maximum of glow (as can be seen from Fig. 6, for
20H{SnCI30,N} it is 468 nm, and for 20H{SnCI,ON} it
is 510 nm). Fig. 6 shows the corresponding Kinetic spectra.

The vertical line on the graph corresponds to the
moment when the charge redistribution in the system
based on the 20H{SnCI;0,N} dye begins. It can be seen
that to the left of it the decrease in glow intensity for both
systems is insignificant and almost the same. But for a
system with a two-dentate ligand, it is smoother, and for a
system with a one-dentate ligand, it occurs a little earlier
and a sharp jump.

The presence of a latent period is probably due to the
fact that, unlike the substituent, the ligand is inside the
molecule and is shielded on all sides by perfect chemically
inert benzene rings. So until the HCI molecules begin to
interact with it and change the charge distribution, it takes
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Fig. 6. Luminescence spectra of nanoparticle ensembles of 20H{SnCl30,N} (left) and 20H{SnCIl,ON} (right) dyes
in a pure atmosphere and in one containing HCI.
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minutes. For the 20H{SnCI30,;N} dye with a two-dentant
ligand, this time is slightly longer, because the interaction
with HCI in this case is to saturate the system with a
negative charge to a state that is typical for
20H{SnCI.ON} dyes with a single-dentate ligand. After
reaching this state, the system begins to glow as a
20H{SnCI.ON} dye, i.e. abruptly reduces its
luminescence intensity. In the case of a nanoscale system
based on the 20H{SnCI,ON} dye, no significant charge
redistribution occurs, so for it the latency period is less
long and the decrease in intensity is insignificant.

It would seem that similar processes should take place
in dyes with an amine substituent, but for this type dyes
the charge redistribution is mostly compensated by the
luminescence maximum shift in one or another direction
at a constant intensity. And such a shift can be caused not
only by charge redistribution, but also by many other
factors [4], so if it occurs, it does not necessarily indicate
the appearance of HCI vapor in the atmosphere, and such
systems are not suitable for fixing these vapors.

In conclusion, we note that the initial charge
distribution for both systems can be restored by the sample
heat treatment in the same mode as in the case of
2NH3{SnCI,ON} dye nanoparticle ensemble interaction
with ammonia. Apparently, this treatment is sufficient to
remove foreign gases from any porous system to get rid of
their impact.

From the above results, it is cl clear that the role of the
HCI vapor sensor active element will be best played by the
20H{SnCI;ON} dye nanoparticle ensemble in porous A
type silicate glass. The sensor of HCI vapor in the
environment was discovered on the base of such
nanoparticles’ ensemble exactly [27].
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Fig. 7. Photoluminescence intensity reducing kinetics for
the dye nanoparticle ensemble of dyes with one-dentant
(20H{SnCI,ON}) and two-dentant (20H{SnCl30:N})
ligand in the presence of HCI vapors in the environment.

V. Carbon treatment of the porous glass
and it using in sensors

Carbon treatment method [28-29] is an alternative
way to get rid of porous glass from silica gel. It is based
on the fact that porous glass is almost pure silicon dioxide,
and because carbon is similar in chemical properties to
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silicon, but is more active, it is able to displace it from the
oxide at appropriate temperatures. Silica gel and silicate
skeleton, are chemically identical and differ only in
dispersion. Thus, under certain conditions, carbon will
displace silicon from the oxide, primarily in silica gel, as
a more dispersed formation. Carbon treatment consists of
two stages: primary and secondary. In the initial stage,
anyone type of glass is saturated with a solution of a
substance containing carbon. The best in this case is
glucose: it is well soluble in water and when heated to
180°C is easily reduced simply in the voids of matrix to
carbon in the form of highly dispersed graphite with the
release of water. The process is described by a known
equation

CsH120¢ - (t) — 6C + 6H,0,

lasts about a day and its completion can be judged
visually by the sample blackening. A type glass treated in
this way is conventionally called a type glass, and C type
glass is called y glass. B and D types of glass, which was
lixiviated, are initially removed of silica gel, so these
glasses don’t require total carbon treatment. However,
primary carbon treatment is able to reduce the electrical
resistance of pore glass specimens by several orders of
magnitude due to the inbuilt of conductive phase
consisting of graphite nanoparticles into it. Such a
conductivity increasing may be useful for the certain
applications of this type of glasses. One designates these
glasses after the primary carbon treatment as B; and D;,
respectively.

The porous glasses, as every other porous system, are
able to soak spontaneously with water vapors due to the
atmosphere always contains some amount of humidity.
The water vapour reduces the electrical resistance of the
system sufficiently, and this fact suggests to use of porous
glass as an active element of resistive humidity sensor. It
confirms by the fact every type of glass contains some
amount of pores of size-range from about 10 to more 100
nm (see Fig.2). Presence such large size-range of pores
corresponds to condition of hydrophilicity of system at
large humidity range [30]. However, electrical resistance
of the porous glasses is too big and it hinders to use a
nanosize system on their base in such manner. This
resistance can reach some teraohms for the standard size
specimens 1x0,5x0,1 cm® and its decreasing due to
humidity change will be invisible in this background.
That’s where the primary carbon treatment helps us, that’s
why it reduce the system resistance by several orders of
magnitude due to conductive properties of graphite.

It must be noted that not any type of glasses suitable
for using as matrix for active element of humidity sensor.
So, the A-glass isn’t appropriate one that’s why the
resistance of « glass, which was formed after annealing,
keeps it high value, if amount of the soaked glucose is too
less. At the other hand, excess of soaked glucose together
with big amount of residual silica gel will score the pores
after annealing and the system will lose it moisture
sensibility. In the case of y-glass, in addition, it’s difficult
to obtain a reliable contact due to high roughness of
surface [31]. Inside D;-glass the conductive phase is able
to shunt the specimen. So, namely Bi-type of glasses
appropriate to use as matrix for humidity sensor. This
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glass contains fine pores mainly and it is depleted with
silica gel. Besides its surface haven’t high roughness.
After formation of graphite nanoparticles’ ensemble in B-
glass a graphite layer creates on the surface of obtained
Bi-glass. A reliable contact may be putting in to this layer
with help of conductive paste. The change of the resistance
of obtained system will quite correlate with moisture of
environment.

Fig.8 shows a typical dependence of resistance of the
graphite nanoparticles’ ensemble in Bi-glas on moisture.
This ensemble was formed by immersion of glass in the
40% water solution of glucose during a day with following
anneal by 180°C during 2 hours. Contact for such system
was putting in with silicone paste. All measurements was
performed at the room temperature. One can see that the
reduce of the system resistance by increase of relative
moisture of environment from 10% to 99% achieve two
order of magnitude.
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Fig. 8. Resistance dependence of graphite nanoparticles’
ensemble in B1 porous glass on humidity of environment
at the room temperature.

It can be note that similar isotherms may be graphed
at some temperature and they almost don’t change. This
statement is true just at negative temperature, because at
such temperature the moisture of the air determines by ice
sublimation. And besides the separate nanoparticles of
water, which was absorbed by system, are divided with
silica gel and graphite nanoparticles, that’s why
temperature of environment is indifferent for them and the
state of aggregation doesn’t exist for such nanoparticles’
ensembles.

Formation of ohmic contact to the pore glass
specimen is another application of the primary carbon
treatment. It could investigate correlation between
luminescence properties of nanosize system in the pore
matrix and electrically ones. Primary carbon treatment
may be particular to reach such aim.

Using primary carbon treatment a standard specimen
deeps with butts 5 x 0.5 mm? into glucose solution on the
depth 0.5+1 mm with the help of clamp-like holder. It
creates the conditions, which almost respond to the tusk of
diffusion from a constant source. According to the second
Fick’s low on the step of dopant spin-on into the system
there arises concentration of glucose Cy on the distance x
during the time t:
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C, = Cyerfc (ZL\/E)

Here Cq is initial concentration of soaked solution.
Factor D is certain analog of diffusion coefficient, which
is called saturation coefficient. It’s different from
diffusion coefficient sufficiently, that’s why in contrast
with last one it describes infiltration of enough big glucose
molecules into voids of of porous glass. These voids are
very big in comparison with interatomic distances (see
Fig.2). Corresponding coefficient depends on type of
glass, namely on of it porosity, pore-size distribution,
presence of residual silica gel and amount of this
substance, as well as on temperature of soaking.

Fig.9 shows us schematically the glucose distribution
inside wafer of the porous glass after soaking of specimen
at both butts with this substance. Depth of immersion of
the wafer into solution indicates with dotted line. Let’s
note that both curves don’t show the configuration of
profile of soaked glucose, but they image the reduce of it
concentration by distance from source of soaking only.

Let’s note also that the error function complement
convergences too slow by an attempt of series expansion.
That’s why one usually applies the McLaurin series
expansion to estimate analytically of concentration of
glucose, which was soaked on a small distance from it
source. However, one must use asymptotic mapping of
this function for the case of big distances. The first case
gives us:

x 211
(_l)n(zm)
n!(2n+1) ’

2 yoo
Cy =0Co [1 - \/_EZn=0
and by the second one

ol

° (zm)ﬁ

Cy = 1+ Z;’f:l(_l)n

(2n)! l
2n |+
()
Although the convergence of these series is too slow,
it’s able to keep some first terms only in these

cumbersome expression for any specific tusk. So we have
for small x:
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Furthermore, the wafer of porous glass, which was
soaked from both butts with glucose according above
manner, must be annealed to decompose penetrated
glucose in pores thermally. Simultaneously drive-in step
of graphite diffusion takes place. It’s certain analogue of
the tusk about diffusion from a limited source. If the
glucose concentration at the butts of the wafer coincided
with Co before the thermal decomposition, and the
concentration in the arbitrary point x determined by above
equation and was equal Cy, then new concentration at the
time t will determine by expression:

2
Cx ~C 12(Dt) ]

x4
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x2
~m0)

Fig.10 shows graphite nanoparticles’ distribution in
ensemble, which was formed by the above annealing.
These curves don’t correspond again to graphite
configuration in porous glass. They shows just the reduce
of graphite amount by drifting apart the butts of wafer.

Comparison of the Fig.9 and Fig.10 shows us that the
graphite particles in ensemble in contrast of glucose
nanoparticles are concentrated near the butts of wafer
mainly. And specified concentration quickly fade away by
drifting apart them. Thus, areas with heightened
conductivity arise at the butts of wafer. Presence of these
areas don’t affect to the conductivity of remaining part of
specimen anyhow. Treating these areas of the wafer with
silicone paste or other one we can form an ohmic contact
to the pore glass specimen. Arising conductive areas
present an a-glass, which smoothly passes into A-glass (or
in case of other types of glass we have a pass B1 into B or
y into C or Dyinto D).

C = Cxexp(

uon

.

concentrat

glucose

|
)
I
'
'
'
|
I
|
|
|
|

'
]
]
L
1
1

wafer length
Fig. 9. Glucose distribution in in the porous glass wafer.
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Fig. 10. Distribution of graphite nanoparticles in the
formed ensemble.

It must be noted that the glasses of a- and y-types are
not currently used by themselves: they cannot serve as a
matrix to create ensembles of nanoparticles, because their
pores are completely filled with carbon. As carbon
conducts electricity well, they are actually just constant
resistors, with indefinite resistance. However, they give an
opportunity to dispose of residual silica gel, if they will
anneal additionally, in other words will perform secondary
carbon treatment.

This annealing temperature regime corresponds to the
silicon displacement from the oxide without simultaneous
pores’ collapse (i.e. within 300 + 400°C). This produces
chemically inert carbon dioxide. This gas is heavier than
air and therefore lingers in the pores for a while,
preventing oxygen from entering there. As a result, the
reduced silicon atoms, which are unable to oxidize, will
begin to crystallize into silicon nanocrystallites, which

332

will settle on the dangle bonds, which will appear on the
walls of pores in the "stem" form due to the etching of the
silicate skeleton. The completion of the reaction can be
fixed visually by restoring of the sample transparency.
During secondary carbon treatment, almost all silica gel is
converted into silicon clusters, while the leaching
technique application leads only to the original glass
depletion with silica gel to almost complete sample
dissolution, if the leaching lasts long enough [4, 11]. Thus,
carbon treatment is an alternative way to remove silica gel
from pores. After secondary treatment, o glass is called j-
type glass, and y glass is called -type glass. It should be
noted that these types of glasses differ in many respects
from type B or D glasses, respectively [11]. This is, in
particular, due to the change in the matrix structure during
carbon treatment (as opposed to leaching): as a result,
silicon clusters appear on the slot walls, similar in
structure to porous silicon obtained by laser ablation [32].
As a result, extraneous peaks appear in the glass
luminescence spectra, which correspond to porous silicon
and are located in areas of the spectrum that may be
significant for the test substance. Therefore, f and J type
glasses are not usually used as a matrix to create
nanoparticle ensembles of, although their absorption
properties are applicable to other applications, such as
ophthalmic bioprosthetics [33-34].

Conclusion

Photoluminescence of dyes based on tetravalent
stannum complexes is possible not only in solutions but
also in the dry state, if they are formed in the form of a
nanoparticle ensemble inside a fine-porous matrix
containing residual silica gel in the porous. Silica gel
inhibits the formation of aggregations and this leads to an
increase in the glow intensity compared to the solution.

The luminescence intensity of all tautomeric forms of
this type dyes increases when the substituent of any nature
approaches to the coordination node due to the emergence
of additional electron-rotational levels suitable for the
radiative transition. This effect does not depend on the
coordination node and is true for both solutions and
nanoparticles.

When forming an ensemble of the dye nanoparticles
in a porous matrix, the increase in the concentration of the
impregnating solution first leads to an increase in the
intensity of the glow, and after exceeding the
concentration limit, photon absorption processes begin to
prevail over their radiation, and the luminescence weakens
to typical for solution.

There are two types of luminescence centers in the
dye molecule: a substituent in the hydrazide fragment,
which is analogous to the substitution impurity in the
semiconductor, and a ligand in the coordination node,
which plays the role of the interstitial impurity. The
substituent is responsible for the sensitivity to ammonia
and the ligand is responsible for the sensitivity to HCI
vapors.

The dye nanoparticle ensemble sensitivity to
ammonia shows itself in the luminescence intensity
decrease in comparison with photoluminescence in a pure
atmosphere, if the dye contains an amine substituent of the
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benzoyl type. The effect is probably related to the
formation of bridges within the matrix pores, which are
the leakage channels.

The dye nanoparticle ensemble sensitivity to HCI
vapors shows itself in the switching of the system's
luminescence to a lower intensity due to the negative
charge redistribution in it under the action of excess
chlorine ions if the dye contains a benzoyl-type hydroxyl
substituent.

In both cases, in the extraneous gases presence, the
attenuation of glow compared to photoluminescence in a
pure atmosphere is quite stable, however, the initial
intensity can be restored by short-term low-temperature
annealing, which provides multiple use of active dyes
nanoparticle ensembles as gas sensor active elements.

gel from the pores of glasses. It concerns to the glasses,
with contain this substance. Residual silica gel transforms
into silicon clusters, which settle on the walls of pores.

Primary carbon treatment leads on creation of the
conductive layer inside all the types of porous glasses. It
allows to reduce own electrical resistance of standard-size
specimens sufficiently. After such treatment these
specimens may be used as active element of resistive
humidity sensors.

Partial primary carbon treatment of the standard
specimens of porous glass allows to form ohmic contacts
on the butts of the sample for subsequent applications.

Lepikh Ya.l. — DSc, Professor;
Doycho I.K. — PhD, Senior Researcher.

Through carbon treatment of porous glass, which
consists of two steps, one can dispose of the residual silica
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SLI Jlenix, LK. [{oiiko

BiacTtuBOCTI KpeMHe3eMHHUX MOPUCTUX CTEKOJI 3 AHCAMOJISIMY HAHOYACTHHOK
AeSIKMX CIoJayK. Orisia

Misiceidomuuii naykoso-Haguanvrull Qizuxo-mexuiynuti yenmp MOH ma HAH Yxpainu npu Odecvkomy HAyioHanbHOMY
yuigepcumemi imeri 1.1 Meunuxosa, m. Odeca, Vrpaina, ndl_lepikh@onu.edu.ua

Y npoMy OMIsAl CHUCTEMAaTH30BaHO BIACTHBOCTI INMAPUCTUX CHIIKATHUX cTekod. OmmcaHo meroau
(dopMyBaHHS y MINIapHHAX AaHCAMOJIB HAaHOYACTHHOK DPEYOBHH, IO BHKOPHCTOBYIOTHCS Yy MIKPOEIEKTPOHIII.
ImapucTi CUITIKATHI CTEKJIA € MEPCIIEKTUBHUMH B I[bOMY CEHCI 3aBJISKU BIACHIM XiMiYHINi CTIHKOCTi, MEXaHIYHIN
TPUBKOCTI Ta TapHiii PO3TOPHYTOCTI CBO€I BHYTPIIIHBOI TMOBepXHi. [IpoTe, BIACHWIA ENEKTPUYHHUHA OIIp
CTAHJAapPTHUX 3pa3KiB L€ pEUOBHMHU € HAATO BEIHWKHM, 1 Uepe3 Le y CeHCOpHIi 11, 3a3BH4Yali, BUKOPHUCTOBYIOTh
HEePEBAKHO SIK MATPHIO AJIA CEHCOPIB JIIOMIHECLHEHTHOTO THUILy. JOCHi/KEHO 3ajeXHICTh JIOMIHECHEHTHHX
BIIACTHBOCTEH CHCTEMH SIK BiJl MOJIEKYIIIPHOI OYIOBH TOCITIKYBAHUX PEYOBUH (Ha KIITAIT OApBHUKIB 400 OKCHIIB
MeTaJIB), TaK i Bil TEXHOJOTIYHUX YMOB (hopMyBaHHS aHCAMOJIiB HAHOUYACTHHOK. BusiBIIeHO, 110 sIKMX caMe ra3iB €
YyTJIMBUMH OapBHUKH KOHKPETHOTO THITY i YOMY BOHHM IOBOJATH cebe came TaKuM YMHOM. IIpoJieMOHCTpOBaHoO,
3aBISKHU SIKMM BJIACTHBOCTSM PO3TIIIHYTHX HAaHOPO3MIPHHX CHCTEM BHHHUKA€ 3a3HAUCHA ra304yTIHBICTE. Jlo Toro
XK, 3aBIIKH OCOOJMBOCTSAM OYHOBHM INNAPUCTHX CHIIKATHUX CTEKOJ, y TXHI IIMApUHH MOXKHa BOYIOBYBATH
MPOBiIHY (a3y HUITXOM crierianbHol 00poOku. [Ticns 3a3Ha4eHOi 0OPOOKH CTEKIa MOXKYTh BHKOPHCTOBYBATHCS
SIK MaTpULs JUIst GOPMYBaHHS CEHCOPIB PE3UCTUBHOTO THITY.

Ku1rouoBi cji0Ba: kpeMHe3eMHE TIOPUCTE CKII0, JIFOMIHECIIEHIIIs, CCHCOPH ra3y, CEHCOPH BOJIOTOCTi, 00poOka
BYTJICIIEM, OMIYHI KOHTAKTH, OapBHUKH.
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BnuiuB mapiB pTyTi HAa €JIEKTPUYHHUH ONIP XaJbKOTr€HITHUX
aMopHUX ILTIBOK

Unemumym npobrem peccmpayii ingpopmayii HAH Yipainu, Yoceopoo, Yrpaina, center.uzh@gmail.com
[Tpuxapnamcvkuil nayionanvruti ynieepcumem im. B. Cmeganuxa, leano-Ppankiscok, Yipaina
3 Vowczopoocuruil nayionanshuil ynisepcumem, Yoiczopood, Yipaina,

3 BHKOPHCTaHHSM IUIAHAPHUX CTPYKTYp «wmap Ni — xanpkoreHiani amopdHa ruriBka - map Ni» Ta 3pa3kis
«rpadiToBUi 30HI - XaIbKOTeHiTHA aMopdHa IUTiBKa TpadiToBUil 30HI» MOCTIIKEHO BIUIMB IMapiB PTYTi Ha
eJIEKTPUYHHI OImip aMoppHUX IUTiBOK chucteM Se-Te, Se-Sh i Se-As. BeranosiieHo, 1110 BATPUMKA 3pa3KiB B apax
PTYTi IPU3BOANTH IO 3MEHIICHHS iX €JIEKTPUYHOro omopy Ha 4-7 mopsakiB. 3 MiIBHIIEHHSM TeMIEpaTypH i
KOHIIEHTpauil pPTyTi Yac Iepexoiy 3 BHCOKOOMHOTO CTaHy B HHM3bKOOMHHI 3MeHUIyeThes. [Ipu BBeneHHI B
amopGHwuii cenen Te, Sb Ta AS i 30ibIIeHH] X KOHIIEHTpAIT y CKJIa/Ii IUTIBOK 9ac MEPEXo/y 3pOCTae, a BEMMInHa
3MIHH OMOpPY 3MEHIIYEThCs. BCTaHOBIICHO, 110 3MiHA OMOPY BH3HAYAETHCS B OCHOBHOMY 3MIHOIO TIOBEPXHEBOI
ENIEKTPOIPOBITHOCTI XaNbKOTEHIHUX IUTIBOK. 3MEHIICHHs EIEKTPUYHOIO OIOpPY CEeJICHOBMICHUX aMOp(HHUX
IUTiIBOK, MOJH(IKOBAaHUX PTYTTIO, BUKIHKaHE (JOpMyBaHHSIM B iX MaTpHLIi KpUCTAIIYHAX BKIoUueHb HQSe.

KoarodoBi cinoBa: XanbKOTreHimHI aMOpQHI IUIIBKY, EIEKTPUYHUH oOIip, MOIU(IKyBaHHS IUIBOK PTYTTIO,

CeJIeHI PTYTi, CEHCOPHU HAsIBHOCTI PTYTHHUX MapiB.

Tlooano 0o peoaxyii 28.01.2023; npuiinamo do opyxy 6.06.2023.

Beryn

IMpn pmocHimKeHHI ENEKTPUYHHX Ta ONTHYHHUX
BJIACTUBOCTEH HAIIBIPOBIIHUKOBUX MarepiamiB Oyio
BUSBIICHO, LI0 BUTPUMKa aMOP(HHX IUTIBOK CENCHY B
mapax pTryTi TpU3BOAUTH OO  30UIBIIEHHA  iX
€JIeKTPOIIPOBITHOCTI Ha 5-6 mopsakiB [1]. Busenenwmii
e(eKT CBIMUNUTH NMPO MOKJIMBICTH BUKOPHUCTAHHS JAaHOTO
MaTepialy B SKOCTI aKTHBHOTO €JEMEHTY YYTIMBHUX
CEHCOpIB HasBHOCTI pTyTHHX mapiB. [IpuunHa cyrTeBoro
3pOCTaHHS €JIEKTPOIPOBIAHOCTI, HA TyMKY aBTOpa JIaHO1
poboTH, HalOUTBII IMOBIPHO 0OyMOBIICHA (POPMYBaHHIM
B aMopQHiii Marpuii Se KpUCTalIiYHUX BKIIIOYEHBb
cemeniny pryri (HgSe). Ilpm 1mwomy 3pobieHO
MPUIYLIEHHS, 10 CEJICHIJ PTYTi, SIKUA YTBOPIOETHCS B
pe3yabTaTi B3aEMOJIl PTYTIi 3 aMOpP(GHHUM CEICHOM €
HecTexioMeTpuIHNM (TiepeBakatoTb atomu Se) [loxioHmit
BHCHOBOK HAIPOIIYEThCS 3 PE3YIbTATiB IPOBEIEHHX
HaMH JIOCII/DKEHb CTPYKTYpH Ta MOpQoIorii moBepXHi
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MOAN(DIKOBAHUX PTYITIO aMOPGHHUX IITBOK CeEJeHY
MeTogaMu X-IIPOMEHEBOT AUPPaKTOMETPIl, paMaHiBChKOT
CHEKTPOCKOIIT Ta CKaHYKYOi eJeKTPOHHOT MIKpPOCKOIIiT
(CEM) [2-4]. Ha mudpakrorpamax aMOpQpHHX IDTIBOK Se,
BUTPUMaHUX B Tapax pTYTi, BHABJIEHI pedIieKcH,
IHTEHCUBHICTD SKHX 3pOCTa€ 3i 30UIbIIECHHSAM Yacy
putpuMku [2, 4]. TlonoxeHHs nux pediuekciB mo0Ope
Y3rOJDKYEThCS 3 TOJIOXKEHHSIM  pedrnekciB  Ha
midpakrorpamax kpucrainigHoro HgSe, onep)kaHoro
TIIPOXIMIYHMM METOJOM 3 BHUKOPHUCTAHHSAM BOJHUX
po3uuHiB pizaux pedoBun: HgCly, SeCls i (N2Ha-H20) [5],
Hg(CH3COO), i SeCli[6] B mupucyrHocti NzHs-H,0,
HQ(NO3), i NaySeSO; [7]. B pamaHiBCBKHMX CITEKTpax
MOJIM(]IKOBAaHUX PTYTTIO aMOP(HHUX IUIIBOK Se BHSBIIEHI
cnabki cmyru [3], XapakTepHi AJ1s aHAIOTIYHUX CIIEKTPiB
HaHokpuctaniB HgSe, orpumaHux MeTomoMm XiMidHOTO
ocamkeHHs mapis Hg i Se B EOIITOBUX MATPHIISIX MaiKe
cdepuunoi mopu Nd-Y [8].

BkirouenHst iHIIOT (a3u 1o0pe MposBISIOTHCS 1 Ha
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CEM-300pakeHHSAX MOBEPXOHh MOAU(PIKOBAaHUX PTYTTIO
amopdHux iiBok ceneHy [2]. HaBeneni B po6oTax [2-4]
PE3yABTATH MOCIIIKCHD J03BOJISIOTH 13 3HAYHOI MIpPOI0
JIOCTOBIPHOCTI CTBEPIKYBATH, MO CTPYKTypa (asm, sika
(dopMmyeTbest B Marpuii amoppHHUX IUIBOK Se mpH ix
MoudikyBaHHI PTYTTIO, BiAmoBinae crpykrypi HgSe B
KyOiuHii Moau(iKallii.

B sIKOCTI NmepcneKTUBHUX MaTepiaiiB JJisi CTBOPEHHS
CEHCOpPIB HAsBHOCTI PTYTHUX TMAapiB B OTOUYIOUOMY
CepellOBHII MOKYTh OyTH BUKOPHCTaHI 1 aMOPQHI IUTIBKU
Se-Te, Se-Sb 1 Se-As 3 nHesenmmkum BMictom Te, Sb 1 As
(mo 15 ar.%). Y mopiBHSAHHI 3 TUTIBKaMU Se, TUTIBKA IHX
CHCTEM MAIOTh BHIII TEMIIEPaTypH pO3M SKIICHHA 1
KpucTamizamii i, BIINOBITHO, € OUIBII CTAOUTPHUMH Ta
CTIHKMMHU JI0 CIIOHTaHHOI KpucTanizamii [9-11].

3a3HauMMo, M0 PEe3yNbTaTH AOCHTIIKCHb, HABEICHUX
B [1-4], CTOCYIOTBCSI CTaTUYHOI'O pexumy
Moan(iKyBaHHS PTYITIO aMOp(QHUX IUTIBOK CENeHY.
BumiproBaHHS NpOBOAMINCH Yepe3 MEBHUH dac Micis
BUTPUMKH aMOP(HUX ILTIBOK B IMapax PTYTi. 3 TOUKH 30Py
MPAaKTUYHOTO 3aCTOCYBaHHS CEJIEHOBMICHUX aMOpP(pHHUX
IUTIBOK  MPEACTAaBISIIOTH  IHTEPEC  JOCHIKEHHS  1X
CNIEKTPUYHHUX BJIACTUBOCTEH B mpomeci MonudikyBaHHS
pryrrio. KpiM Toro, Big3HaummMo, IO IIBHJIKICTH
BHIIAPOBYBaHHS PTYTI, a, BIAMOBIAHO, I KOHIIEHTpAIIisg Ta
THUCK HAaCHYEHMX I1apiB y NEBHOMY 00’€Mi BU3HAYAIOTHCS
pO3MIpOM  BiAKpHUTOi TOBEpXHI Kpamii pTyTi Ta
TemmnepaTyporo [12]. BinmosinHo, mi mapaMeTpu CyTTEBO
BIUIMBATUMYTh Ha IIBUJKICTh (OPMYBaHHS BKIIIOYEHBb
HgSe Ta enexTpudHuMii omip ImIIiBOK.

Y 3BA’3Ky 3 BUILICHABEICHWM, IIPEICTaBISIOTH
iHTEpEC JIOCTIHKESHHS BILJIUBY TeMIepaTypH,
KOHIIEHTpaLil pTYTi Ta XIMIYHOTO CKJIaJy Ha eJNeKTPUYHI
XapaKTePUCTUKH amopdHux TUTIBOK cHCTEM
Se-Te(Sb,As). Came BUPIIICHHIO IUX TUTAaHb IPUCBIYCHA
JaHa pobora.

|. Meroauka ekcriepuMeHTy

JlocmimKeH s 3aIe)KHOCTeH eneKTpruaHoro omopy (R)
amop¢pHUX TIBOK cucteM Se-Te€, Se-Sb i Se-As 3
HeBenukuM BMicToM Te, Sb i As B yacy BUTpuMKH (1) B
napax pryTi IPOBOAWINCEH B CHELIaATbHUX I'EPMETHYHUX
KOHTeifHepax B iHTepBani Temmeparyp 287-296 K Ha
IUTAHAPHUX ~ CTPYKTypax  «map  Ni-XaJbKOTeHiaHa
amoppHa mmiBka (XAII) - map Ni» Ta cTpykTypax
«rpadirosuii 3087 (I'3)- XanpKoreHizHa aMmopgHa IITiBKa
(XAII)- rpadirosmit 30ua(I3)». Trck HacudeHHUX MmapiB
PTYTIi Ipu Takux Temneparypax ckianae 0.066-0.152 [1a,
a KoHIeHTpamis — 5.6-13.3 mr/m°.

Jus nocmipKeHb  eNEeKTPUYHHUX — BJIACTUBOCTEH
ctpykryp «map Ni-XAll-map Ni» OyB BUKOpUCTaHHI
KoMOiHOBaHHUN MeTox [13], sIKui MO3BOJISE BEMIPIOBATH
samexxHocti  R(t) mmiBok mpu 3MiHI  dacy  1X
Moau(iKkyBaHHS PTyTTIO. [loCTimOBHICTE oOmepariii mo
BUTOTOBJICHHIO  IUIAaHApHUX  3pa3kiB  «map  Ni-
XaJpKOTeHimHa ToriBKa-map Ni» HactymHa. Ha ckimsHy
KT8 Ky HAaHOCHUBCS HalliBIpo30puii map Ni TOBIIMHOIO
50-150 HM, Ha  sSKOMy IUIIXOM  CKpaiOyBaHHS
¢dopmyBascs pospuB mupuHOO (0.3-0.4 MM. i 1p0r0
OyB BHKOPHUCTAHUH eNiNTUYHUI ckpaiibep. Ha ainsHky
PO3pHUBY Yepe3 MacKy HaHOCHIJIHCS aMOP(HI IUTBKH Se Ta
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SeioxTex TtoBmuHOW 150-300 HM. AmopdHI MUIIBKA
JaHUX CKIaIiB OJCpXKyBalld METOAOM BaKyyMHOTO
BUIIAPOBYBAHHS CKJIOTIOAIOHOTO Se Ta MONIKPUCTATIYHUX
craBiB - SeipoxTex (3<X<15) i3 KBa3i3aMKHYTHX
epy31IMHUX KOMIPOK Ha CKISHI MAKIAIAKH 3 IIapOM
HIKEITO.

B psni excriepuMeHTIB 1O BIUIMBY IapiB pTYyTi Ha
eNIEKTPUYHHH O1Tip aMop(dHHX ILTIBOK cucteM Se-Sb i Se-
As Oymu BukopuctaHi cTpykrypu «(I'3)-XAIl- (I'3)».
Hiametp 30umiB ckiaamaB 0.5 MM, a BifcTaHb MDK HUMH
MOJKHA 3MIHIOBAaTH B MeXax Bif 2 o 5 mm. [lo mepeBar
TaKUX CTPYKTYP HaJeXaTh MPOCTOTA SIKICHOTO OYHIICHHS
KOHTAaKTYIOUNX ITOBEPXOHb BHMIPIOBAIBHOI CUCTEMH Ta
KOHCTPYKTUBHO 3aKJaJicHa CTaOUTBHICTH BIICTaHI MK
30HaMH. BaXJIMBHM € TaKOX CHPOLICHHS KOHCTPYKIii
3paskiB «[3-XAII-I'3» BHacHimoK BiICYTHOCTI eramy
HaIlWICHHsI METAJIIYHUX KOHTAKTIB. B Takili KOHCTpYKIiT
BUMIPIOBAJIbHOI KOMIPKM TOBIIMHA XaJbKOTCHITHOT
TUTIBKY CKJIajana ~ 1 MKM.

Il. ExcnepuMeHTAJIbHI pe3yaibTaTH

Ha puc. | HaBezieH1 3aJ1€)KHOCTI €JIEKTPUYHOTO OIIOPY
IUTAHApHUX 3pa3KiB «map Ni-miiBka Se-map Ni» Bix gacy
ix Moau(ikyBaHHS PTYTITIO IPU PI3HHUX TeMIlepaTypax

OTOYYIOYOTO cepeloBHIIa Ta KOHIIEHTpAIIIsX
PTYTi(ITOYaTOK aKTUBYBAaHHS aMOP(HOTO CENeHY PTYTTIO
Ha pHUCYHKax BigMmideHuil  cTpimkoro  Bropy(1)).

Besmocepennbo Ha pUCYHKaX BKa3aHi TOBIIMHA ILTIBKH
ceneny (dse), muoma kparmti pTyTi (SHg) 1 Temmeparypa,
TIPY SIKiif IPOBOIMIIUCS BUMIPIOBAHHS 3aJIE)KHOCTI OMOPY
3pa3KiB Bix yacy ix MoaudikyBaHHsS pTyTTIO. TOBIIMHA
mapy Ni ckimaganma 60-70um. B excnepumenTax
BHUKOPUCTOBYBAIIH IIOCYMHH, IIOLIA KPAILTi PTYTi B SIKUX
ckmamana 7 i 70 mm2,

3 puc.l BuAHO, WO IiCHYe IJATEeHTHUH NeEpiox,
MIPOTATOM SIKOTO OTIip IUIAaHAPHOTO 3pa3ka 3aJIMIIAETHCS
Maibke He3sMiHHMM. Vloro TpMBamicTh, y 3aNeKHOCTI Bix
KOHIICHTpalii PTYTi 1 TEMIEpaTypH, CKIama€e Bix
JEKIJIbKOX XBWJIMH 10 OJHIE] TOAMHH. Y MNOJaIbLIOMY
omip IUIAHApPHHUX 3pa3KiB pi3k0 3MeHIIyeThcst (Ha 4-6
mopsakiB). [l JesKMX KOHCTPYKIIH 3pa3kiB  Oyio
BHABIICHO 3MEHIIIEHHS OMOpy Maibke Ha 7 mopsakiB [14].
3 MiABMINEHHSIM TEMIIEPaTypH TPHBAIICTD JIATEHTHOTO
Nepiofy 3MEHINYEThCS, a MIBHIKICTh 3MIHH OIOpPY
3pocrae. Taka K KapTHHa CHOCTEpIraeTbCst 1 OpU
30uTbIeHH] KoHUeHTpawii pryti. [lomiOHi pesymbratu
(pizke 3MeHmIeHHA omopy Ha 4-6 mopsaakiB) Oymu
oJiepKaHi 1 MpU BUKOpHCTaHHI 3pa3kiB «map Cr-ruriBka
Se-mrap Cry» [15]. TTosicHEeHHST TAaKOTO X0y 3aJeKHOCTEH
R(t) MoxxHa naTh 3 MO3ULII CTPYKTYPHHX 3MiH, SIKi
BimOyBarOThCS B aMophHHX IITBKax Se mpu ix
MoaudikyBaHHi pryrTIo. B [16, 17] Ha oOCHOBI
paMaHIBChKUX JOCITIHKEHBb 0YJ10 3p00JICHO BUCHOBOK, 1110
MaTpurl  amopdHOi TUTiBKH Se moOymoBaHa  SIK
eIeMeHTaMH  Kiteup  Seg, TaKk 1  eJeMEHTaMHu
CHipaleBUIHUX JAHIIOKKIB Sen. [IpoTsrom jaTeHTHOTO
nepiofy BinOyBaeTbcsi B3aemogis aroMmiB Se 1 Hg , sika
3aBepIIyeTHCS POPMYBAHHAM y TMPUITOBEPXHEBOMY IIapi
celeHy  ocTpiBLeBi-MicTKOBOi  cTpykTypu  HgSe.
Pe3ynpraTi NOCHIPKEHb CTPYKTYpH MOANU(DIKOBAHMX
PTYTTIO aMOpHHX TBOK Se [2-4] He 3amepeuyroTs et
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Puc.1. 3a1eKHOCTI €IIEKTPUYHOTO OIOPY IUIAHAPHHUX CTPYKTYp «irap Ni-amopdHa miiBka Se-mrap Ni» Big yacy
BUTPHUMKH B TIapax pTyTi (MOSICHEHHS Ha PUCYHKY 1 B TEKCTi).

BUCHOBOK. Y IIOJQJIBIIOMY, 30UIbIICHHS 4acy BUTPUMKH
IUBOK B TMapax pTYTi NPHU3BOAUTH OO CYTTEBOTO
3pOCTaHHS PO3MIpPIB OCTPIBIIB 1 MiJCHIICHHS MiCTKOBOTO
3B’s13Ky MK HEMH. CaMe MM MOXXHA MOSICHUTH e(PeKT
pi3Koro 3MEHILICHHS SJIEKTPHUYHOTO oropy
Moan(ikoBaHUX pTYTTIO 3paski «map Ni(Cr)- amopdHa
wriBka Se-tap Ni(Cr)».

Ha puc. 2 HaBemeHa 3aleXHICTH OMOpPY 3pa3ka Bif
Yacy aKTHBYBaHHsI PTYTTIO JUIS BUIIAJKY, KOJH y IpoOIeci
BUMIPIOBAaHHS OIOpPY 3MIHIOBaJacsi KOHLEHTpALis PTYTi
(Y BUMIpIOBaJIbHUI KOHTCHHEp MOYEProBO BBOIMIUCA i
BUBOJMIIMCSA TOCYIMHH 3 PIBHOIO SHg). MoMeHT
BUBEJCHHS IOCYJHHH HA PUC.2 TO3HAYECHO CTPUIKOKO BHU3
(]). BumHo, mo mpu BBENCHI MOCYAWH 3 PTYTTIO B
BUMIpIOBaJIbHUI  KOHTeliHep Ha 3amexHocti R(1)
CIIOCTEPIraloThCS  AULTHKH, J¢ Omip 3pa3ka pi3Ko
3MmeHIryerses. 1IBUAKICTS 3MIHH OMOPY 3pa3ka CyTTEBO
3MEHIIYETHCS MPU 3MEHIIICHH] TMHAMIYHOT KOHIICHTpaLil
pTYTi, TOOTO MpH 3amini nocyaunu 3 Hg miomero 70 Mmm2
Ha MOCYmMMHY 3 Shg=7 MM?. HasBHicTb Ha 3aJeXHOCTI
CNIEKTPUYHOTO  omopy 3paska  «urap Ni-muiBka Se-
mrap Ni» Big gacy #0ro BUTPUMKH B TTapax pTyTi AJISHOK,
Jie OIip MPaKTUYHO HE 3MIHIOETHCS (IICIS BUBEICHHS
nocyauH 3 Hg), no3Boisie cTBepKyBaTH MPO 30aTHICTH
«3armaM’ITOBYBaTW» KOHICHTPAIIO pPTYTi, SKy BiH
yBiOpaB 110 BUBENEHHS MOCYOHUHU 3 PTYITIO 3
BHMIpPIOBAaJILHOTO KOHTEITHEpa.

Ha puc. 3 HaBemeni 3anexxnocti R(t) mns 3paskiB
«map Ni - mmiBka SeiooxT€x - map Ni». Sk 1 s
amopdpuux mmiBok Se, Moau(iKyBaHHS ~ PTYTTIO
amMopdHUX MTBOK SeigoxTex (x=3, 5, 101 15) npussoauts
JI0 3MEHILCHHS X eJIEKTPUYHOTO ONOopy Ha 4-6 MOPSIKIB.
Bunno, mo mpu 30iTbIIeHHI KOHIeHTpamii Te y ckiami
WTiBOK cucteMu Se-Te BelWumHAa 3MIHH OMNOPY MpH
nepexoji 3 BHCOKOOMHOIO CTaHy B HHU3bKOOMHHUH
3MEHIIYEThCS, a Yac TMepexoay 1 JaTeHTHUH Tmepiof
3poctaroth. lle MoXe CBITUMTH NP0 3MEHIICHHS
NablTbHOCT] CTPYKTYPHOT CITKHM IUTIBOK cHCTeMH Se-Te
Ipu 3aMillleHHi aToMmiB ceneHy Ha aromu Te. Sk
BiAMIYaJoCs BHIIE, CTPYKTYpHA CiTKa aMOpP(hHOI IUIIBKU
celleHy MoOymoBaHa eIeMEHTAMH KTelb Seg i TAHIIF0KKIB

Sen. Ipu 3amini aromiB Se atomamu Te B IUTIBKax
SeioxTex  aToMu Tenypy CTATHCTHYHO PIBHOMIPHO
3aMINIylOTh ~aTOMH Se B IUX  JIAHIIO)KKOBHX

yrpynyBaHHsx. lle, y cBOwo uepry, HNpU3BOOUTH 110
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CKOPOYEHHSI MPOTSHKHOCTI JIAHIFOXKKIB Sey 1, SIK HAaCT0K,
J0 3MEHLICHHS KUIBKOCTI aToMmiB Se, sIKi MOXYTb
MPOB3AEMOIATH 3 PTYTTIO. SK 1 A7 aMmopdHUX TUTIBOK
CeleHy, IIPU BUTPUMIII IITIBOK S€100x | € B Mapax PTYTi B
amopdHii MaTpulll BitOyBaeTbcss JOPMYBaHHS BKIIIOUYEHb
HgSe [17], axe mpu3BOOUTH 1O PIi3KOTO 3MEHIICHHS
EJIEKTPUYHOTO OIOpY IUIAaHAPHUX CTPYKTYp «map Ni -
maiBka SeiooxT€x - map Ni». [To maHuM pamaHIBCBKHX
Jociipkens BKmodeHs HgTe B MmoaudikoBaHux pTyTTIO
iiBKax Seipox I €x He BusiBiieHO [17].

10°A T=296 K ,
SHg=7 i 70 Mmm
dNi =125 Hum
S 10’ 70 mvZ 7 MM dSe =200 Hm
o
10°
. 7 a2 7 Mm?
10 T T
0 1 2 3

t, rog
Puc.2. 3anexHIiCTh eNeKTPUYHOIr0 OIOopY IUIaHAPHOT
cTpykTypu «uap Ni-amop¢Ha miiBka Se-map Ni» s
BUMNAJKy, KOJM Yy TIpoleci BHMIPIOBaHHS OMOPY
3MiHIOBaNacs  KOHIGHTpamis  PTYTi(OSICHEHHS  Ha
PHCYHKY 1 B TEKCTI).

ExcnepuMeHTH TIOKa3aiw, IO XiJ 3aJeKHOCTEH
omnopy miaHapHux cTpykTyp «map Ni(Cr)-turiBka XAIT-
map Ni(Cr)» TpakTHYHO HE 3aJeKHTh Bil TOBIIUHH
XaIbKOTeHIAHOT IuIiBKM. Haramaemo, 1[0 TOBIIMHA
XaJIbKOTEHITHUX IUTBOK SeioxTex (0<x<15) B mux
excriepuMmenTax ckianana 150-300 am. Ie no3Bossie Ham
3pOOHUTH BUCHOBOK, 10 3MiHA EJIEKTPUIHOTO OTIOPY TAKUX
IUTAHAPHUX CTPYKTYP BH3HAYAETHCS B OCHOBHOMY 3MIHOIO
MMOBEPXHEBOT  CJCKTPOMPOBITHOCTI  XaJbKOTCHITHHX
wriBok. [leli BHCHOBOK MiATBEPIKYETHCS PE3yIbTaTaMU
JOCIIKEHb BIUIMBY NapiB PTYTiI Ha E€JICKTPHUYHHUN OMIp
XaJBbKOTEHINHUX IUTIBOK IPH BUKOPHCTaHHI 3pa3kiB «I'3-
XATIT-I"3». TosmuHa XaJIbKOTEHITHUX ILTIBOK
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Puc.3. 3a1e:KHOCTI €IEKTPUYHOTO OMOPY IUIAHAPHUX CTPYKTYp «irap Ni-1uTiBKa Se1oo- I €x — map Ni» Big yacy
BUTPHUMKH B TIapax pTYTi.

Se100«Sh(AS)x (x=0, 3, 7) y X eKcriepuMeHTaXx cKiiaana
~ 1 MKM.
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Puc.4. 3anexHOCTI €IEKTPUYHOTO OMNOPY 3pasKiB

«rpadiToBUI 30HA — XaJbKOTeHiTHa aMop(dHa IUTiBKa-
rpaditoBuii 30H1» BiJ 4acy BUTPUMKH B Iapax pTYTi.

3aJeXKHOCTI EJIEKTPUYHOIO ONOpYy NESIKHX 3pa3KiB
«I'3 - maiBka Se100xSO(AS)x - I'3» Bix yacy iX BUTPHUMKH
B IMmapax pTyTi mpu Temneparypi 283-287 K HaBeneHi Ha
puc. 4. Bumso, mo 3anexHocti R(t) 3paskis «I['3 - miiBka
Se100xSb(AS)x - I'3» momiOHi TaKuM Ke 3alIEKHOCTSIM,
HaBeJeHUM Ha puc. | 1 3. 3Bakalouum Ha pe3ynbTaTu
JOCITIDKeHb, HaBeJCHUX BHILE, MOKHA TEX BBAXKATH, 110

3MEHIICHHS  EJEKTPUYHOTO Omopy  Mou(iKOBaHUX
PTYITIO  3pa3KiB «['3-XAII-I'3»  obOymoBieHe
(bopMyBaHHIM y IPHUIIOBEPXHEBUX mapax

XaJbKOTEHIMHUX TUTIBOK KPUCTANIYHUX BKIOUeHb HgSe.
3 puc. 4 BUaHO, 10 3i 30UTBIIEHHSIM BMICTY Sb i As y
CKJIaJl TUTIBOK JIATEHTHUH Mepioj, MPOTArOM SIKOTO OHip
MPAKTUYHO HE 3MIHIOETHCS, 30UIBIIYETRC. 3pOCTae mpu
OBOMY 1 4Yac TIepexoly 3 BHCOKOOMHOIO CTaHy B
HU3BKOOMHUH. SK 1 711 TTIBOK Se100-xT €x 11€ 00YMOBICHO
CKOPOYEHHSIM TPOTSDKHOCTI JIAHIFOKKIB Sen 332 PaxyHOK
YTBOPEHHSI CTPYKTYpHHX eneMeHTiB Sb(As)Ses; [10], B
SIKFIX TE€TEPOTIOIISIPHI 3B’ s13KK Sb-Se 1 As-Se GimbII CTiiKi,
HDK ToMOMOJIsIpHI Se-Se. BiamoBigHO, KUTBbKICTh aTOMIB
Se, sxi MOXyTb Tpo B3aeMonisTH 3 aromamu Hg 3
yrBopeHHaM HgSe, 3HauHo MeHmIa.
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BucunoBkn

B pe3yibTaTi IOCHIIKEHD 3aJIEKHOCTEHN
SJIEKTPUYHOTO ONOpy aMOp(HUX IUIBOK Se, Seioox T Ex,
Se100-xShx 1 Se100-xASx Bifl yacy iX BUTPUMKH B IIapax pTyTi
BCTaHOBJICHO:

IcHye nareHTHWI mepio, MPOTATOM SKOTO OIIip
3pa3KiB MPaKTHYHO He3MiHHuil. Moro TpuBamicts y
3aJIeKHOCTI BiJ KOHIEHTpAlLii PTyTi, TeMIepaTypu Ta
XIMIYHOTO CKJIaIy IUTIBOK CKJIAIa€ Bif AEKITHKOX XBUIHH
JI0 OJIHI€T TOANHH.

[onanere 30UTBIICHHS yacy BUTPHUMKHU
XaIbKOTEHITHUX TUTIBOK B Mapax PTYTi NMPU3BOAUTH 0
3MEHIICHHS iX CJICKTPUYHOIO Omopy Ha 4-7 MOpPSIKIB.
3MEHIICHHS EJEKTPUYHOTO ONOpY BH3HAYAETHCI B

OCHOBHOMY 30UIBIICHHSIM MIOBEPXHEBOT
€JIEKTPOIIPOBIJHOCTI ITIBOK B HACTIOK (JOPMYyBaHHSI B X
MIPUNIOBEPXHEBUX  IIapax KPHUCTAIIYHUX  BKIIOYEHb
CeJICHIAY PTYTI.

Yac mepexoxy IUTIBOK 3 BHCOKOOMHOTO CTaHy B
HU3BKOOMHHWI 3  MiIBUIIEHHSAM TEMIIEpaTypu Ta

KOHIEHTpamii pTyTi 3MeHmIyerbcs. [lpm 30LTBIICHHI
BMmicTy Te, Sb i As y ckitaji I1iBOK 4ac mepexory 3pocTae,
a BEJINYMHA 3MiHU OTIOPY 3MEHIIYETHCSL.

OpepxaHi pe3yiabTaTH CBiA4aTh TPO MOXKIIHUBICTH
BUKOpHCTaHHSI aMOp(HUX TuIiBoK cucteM Se-Te, Se-Sb i
Se-As B SKOCTI UYYTIMBUX €NEMEHTIB EIeKTPHIHUX
CEHCOPIB HASIBHOCTI PTYTHUX IapiB.

Pyoimu B.M. — 3aBigyBau YXropojacekoi naboparopil
MarepialiB ONTOENEKTPOHIKM Ta (OTOHIKM I[HCTHTYTY
npobiem peecrpauii iHbpopmanii HAH Ykpainu, noxrop
¢i3.-Mat. HayK, mpodecop;

IKupunenxo B.K)| — MPOBIIHUH 1H)KEHEP-KOHCTPYKTOP
Y3Kropo/IchKoi 1abopaTopii MaTepiaaiB ONTOEIEKTPOHIKI
ta QoroHiku [HCTUTYTY TIpOOIIEM peectparlii iHopMarii
HAH VYkpaian;

Aypkom  M.O. MIPOBIAHUH  IH)XKEHEP-TEXHOJIOT
YKropoachKoi 1abopaTopii MaTepiaiiB ONTOETIEKTPOHIKA
Ta GoToHikm [HCTHTYTY TIpOGIIEeM peectparii iH(GopMarii
HAH VYxkpainu;

bBopuxk B.B. — xanauaar XiMi9YHAX HayK, JOIEHT;
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Using the planar structures "Ni layer - chalcogenide amorphous film - Ni layer" and "graphite probe -
chalcogenide amorphous film-graphite probe" samples, the influence of mercury vapor on the electrical resistance
of amorphous films of the Se-Te, Se-Sb and Se-As systems was investigated. It was established that exposure of
samples in mercury vapor leads to a decrease in their electrical resistance by 4-7 orders of magnitude. As the
temperature and mercury concentration increase, the transition time from a high-resistance state to a low-resistance
state decreases. When introducing Te, Sb, and As into amorphous selenium and increasing their concentration in
the composition of the films, the transition time increases, and the value of the change in resistance decreases. It
was established that the change in resistance is mainly determined by the change in surface conductivity of
chalcogenide films. A decrease in the electrical resistance of selenium-containing amorphous films modified with
mercury is caused by the formation of HgSe crystalline inclusions in their matrix.

Keywords: chalcogenide amorphous films, electrical resistance, mercury film modification, mercury selenide,
mercury vapor sensors.
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The purpose of the article is to discuss the methods of
synthesis and thermomechanical processing, structural
features, as well as the use of alloys based on nitinol in
modern high technologies.

A very extensive literature review of works in the
field of research of materials with a memory effect does
not allow us to consider them all in detail. Therefore, the
following is only a brief part of all available literature in
this area.

Modern scientific progress is unthinkable without the
search and creation of new materials with functional
properties. Such promising materials include shape-
memory alloys. This contributed to the extensive
popularity of this material for a wide range of applications

[1-5].
Shape memory alloys (SMAS) are such kinds of alloys
whose technical properties contribute to solve

complicated challenges in the modern world. SMAs have
2 main technical properties used in modern industry:
shape memory effect and superelasticity. The shape
memory effect helps SMAS to recover their initial shape
during the thermomechanical cycle. Superelasticity helps
SMAs to resist extra-large loads without plastic
deformation during only mechanical cycles [1-3].

SMAs are used in a wide variety of applications in
modern industries. They are used as dental wires, in
joining broken bones using metal plates, and in the
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construction  of  sensitive medical devices in
bioengineering applications [4]. They are also used as
tubes and wires in applications with hot fluids. SMAs are
ideal as they can return to their original shape even in a
heated environment [1,2 ].

SMAs are applied also in civil engineering, for
instance, in bridge construction. SMAs reduce vibrations,
hence damping the natural frequency of different
structures. This vibration-damping property has also been
used in jet engines and launch vehicles [4]. One potential
application for SMAs with high working temperatures is
decreasing airplane noise [5]

Fig. 1 shows the application of SMAs in medical and
jet engines aerospace engineering.

Nitinol (NiTi) is one the most famous alloy among the
SMAs family and consist of a nearly equal amount of
nickel and titanium. Despite the fact that the region of
homogeneity of this alloy is 50-56 at %Ni, from a
technical point of view, alloys from the region of 50-
52 at% Ni are the most applicable (Fig. 2) [6].

Therefore, in the literature, there are a number of
works devoted to the study of alloys from this range of
compositions  [6-12]. Usually, to improve the
thermomechanical properties, these alloys are alloyed
with a third element: hafnium, zirconium, and silicon [13-
17]. More complex compositions are also used [18, 19].
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Fig 1. Application of shape memory alloys [4,5].

The rapid development of new technologies imposes
the most important and diverse requirements on materials.
However, traditional methods for discovering new
materials, such as empirical trial and error and density
functional theory (DFT), usually require a long research
time. Machine learning (ML) can significantly reduce
computational costs and reduce research time; i.e. it is one
of the most efficient ways to replace DFT calculations and
repetitive lab experiments. Machine learning is used to
discover new materials, predict material and molecular
properties, study quantum chemistry, and design drugs
[20-23].
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Fig 2. Phase diagram of the Ni-Ti binary system [6].
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A number of investigations are devoted to
manufacturing and applications of NiTi-based alloys by
using ML. In [7, 22-25], the dependences of transition
temperatures from features were investigated in NiTiHf
and NiTiFeCuPd alloys by using various ML methods. In
[22] Gauss Process Regression was used to predict
transition temperatures of nitinol-based alloys. Authors of
[23] used the artificial neural network to find the best
parameters for manufacturing NiTi-based alloys. It was
found that cutting parameters, such as feed rate, cutting
speed, and depth of cut have a significant influence on the
machining process of this alloy. Deep Learning was
applied to predict the conventional vyield strength,
conventional tensile strength, and unit elongation of
binary nitinol [24]. It was obtained that, Deep Learning
showed higher performance as compared with Random
Forest which also was used in this article.

The study [25] presents the optimization of cutting
parameters, such as feed rate, cutting speed, and depth of
cut, to obtain appropriate and acceptable values for critical
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outputs, such as cutting forces, tool wear, surface
roughness, and dimensional deviation of machined parts.
This study showed that the developed empirical model can
predict the main results of turning operations with high
accuracy. Cutting speed has been shown to play a critical
role in controlling output data such as tool wear, surface
roughness, and cutting forces (Fig. 3). With a lower
cutting speed, relatively higher feed, and depth of cut,
material removal rate can be maximized when machining
NiTiHf HTSMA.

The optimization of parameters of electrochemical
machining was investigated by using a deep neural
network, Taguchi regression, and response surface
method. The results obtained by the authors were
compared among each other and discussed in the work [7].

In the literature, there is a huge number of works
devoted to various methods of manufacturing and heat
treatment [27-35], the study of the influence of chemical
composition on phase formation and transformation [35-
41], crystal structure [41-46], thermomechanical
properties [45-48], improving and optimization of
manufacturing parameters [30, 49-53].

Let's briefly discuss some of these works.

The machinability of Ti—rich NisggTizo2Hf20 and Ni-
rich NisogTize2Hf20 high-temperature shape memory alloy
(HTSMA) wires were investigated in the 750-825°C
temperature range [8]. Tensile testing and differential
scanning calorimetry have been used to determine the
thermomechanical  behavior of hot-rolling alloy
solutionized and then aged NiTiHf wires. It was obtained
that, the ideal temperature of rolling for Ni-rich NiTiHf
wires is over H-phase dissolution temperature (about 800°
C). The reason for such a temperature is to prevent the
wire from getting more brittle because of the H-phase
effect and restrict compositional instability at the surface
of the wire caused by HfO,. The properties of oxide layers
created during the rolling process and then heat treatments
have been compared to solve several problems related to
NiTiHf wire processing.

A new combinatorial alloy synthesis method
(suspended droplet alloying- SDA) has been proposed for
effective alloy discovery [26]. In this method, a laser is
used to melt alloyed or elemental wires fed at a controlled
rate to get a specific chemistry. The synthesized sample
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was subjected to heat treatment for various periods of
time. The microstructural and chemical inhomogeneity
was assessed using quantitative electron microscopy and
X-ray diffraction. In addition, the phase transition
temperatures of the samples were compared to cast and
heat-treated (reference) samples (Fig. 4). As a rule, long-
term annealed samples showed a limited local deviation
from the target chemical composition (+1 wt.%) while
showing an expected phase distribution with the fairly
homogeneous microstructure. According to this work, the
original sample has a lower temperature of
transformations due to chemical inhomogeneity, while the
heat-treated samples have a similar transformation
temperature to the reference sample.
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Fig. 4. Influence of the heat treatment time on the
transformation temperatures and peak height, in
comparison to the reference Tiso.4Niags Sample (marked as
a reference on the left of the figure) [26].

NiTi-20Hf HTSMA with the composition of 50-
51%Ni has been manufactured and tested by using thermal
cycling, heat treatments, and hardness testing [49]. For all
conditions, transformation temperatures have been
measured, and has been observed negative correlation
between transformation temperature and Ni content up to
50.5%. However, above 50.5% Ni content,
transformation temperature has increased or has been
stable depending on the homogenized condition or age.
Similar behavior has been observed in hardness test
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results. Above 50.5% Ni contents, NiTi-20Hf alloys have
illustrated higher hardness results in 550°C for 3 h aging
conditions

Laser powder bed fusion was extensively investigated
in the shape memory alloys field, primarily NiTi alloys to
adapt microstructures and create complex geometries [30].
However, according to the authors, the processing of
HTSMA still remains unknown. This paper investigated
the dependence of the functionality of this alloy on the
effect of process parameters (PP). Microstructure and the
shape memory properties of additively fabricated high-
temperature NiTiHf alloys were characterized over a large
range of PP (hatch spacing, scan speed, and laser power,)
and correlation with energy density was found. The results
will help for optimizing fabrication parameters in future
works related to HTSMA.

Authors of [34], for the first time, laser welding has
been used to increase the strength of Ni-rich NiTiHf
HTSMA. Initial material aged at 500 °C for 3 h, then air
cooled. After these heat treatments, defectless joints with
conductive ~ weld  conditions  were  obtained.
Microstructural  properties, facilitated by using
synchrotron X-ray diffraction and microscopy, showed
that at room temperature, the melting zone consists of a
single-phase martensitic structure. However, in base
material melting zone consists of martensite and H-phase
precipitates. Loading at constant temperatures (30 °C for
martensite, 200 °C for austenite) both of phases showed
equal strength and nearly perfect superelasticity.

In [41], the microstructure and mechanical properties
of rapidly solidified Tiso-x2Nisox2Hfx (x=0, 2, 4, 6, 8, 10,
and 12 at.%) and Tiso.y2Nisoy2Siy (y = 1, 2, 3, 5, 7, and
10 at.%) shape memory alloys (SMAS) were investigated.
The sequence of the phase formation and transformations
in dependence on the chemical composition is established.
Rapidly solidified Ti-Ni-Hf or Ti-Ni-Si SMAs are found
to show relatively high yield strength and large ductility
for specific Hf or Si concentrations, which is due to the
gradual disappearance of the phase transformation from
austenite to twinned martensite and the predominance of
the phase transformation from twinned martensite to
detwinned martensite during deformation as well as to the
refinement of dendrites and the precipitation of brittle
intermetallic compounds. The authors show a formation of
continuous series of solid solutions exists between the
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Fig. 5. Powder XRD difractograms of the rapidly solidified (a) Ti-Ni-Hf and (b) Ti-Ni-Si samples [41].

HfNi and NiTi phases at the high temperatures (> 1448 K)
(Fig. 5).

Scanning electron microscopy, transmission electron,
and X-ray diffraction (XRD) were used to investigate how
the amount of zirconium (0-20%) affects to morphological
features of martensitic transformation and phase
composition of ternary Ni-Ti-Zr alloys [44]. In a large
range of temperatures, the electrical resistivity of ternary
Ni-Ti-Zr alloys was measured and critical temperatures
were calculated. In addition, based on XRD data the
complete diagram of martensitic transformations B2 «
B19' of ternary Ni-Ti-Zr HTSMA which occurs in a range
between 32-50 K has been constructed. It was shown that
the increasing amount of Zr in alloys results in increasing

martensitic transformation temperature.

Conclusion

In this article, a number of works on nitinol-based
alloys, their synthesis, heat treatment, crystal structure,
and thermomechanical properties are considered and
analyzed. However, the presence of a large number of
unexplored problems requires further research in these
areas.

Chingiz Abbas Imamalizade - doctoral student,
Azerbaijan State Oil and Industry University.

[1]
[2]
[3]
[4]

[5]

[6]
[7]

[8]

[9]

[10]

Shape Memory Alloy Engineering For Aerospace, Structural, and Biomedical Applications. 2¢ Edition. Ed.:
A.Concilio, V.Antonucci, F.Auricchio, L.Lecce, E. Sacco, 934 (2021).

A. Wadood, Brief Overview on Nitinol as Biomaterial, Advances in Materials Science and Engineering., 4173138
(2016); https://doi.org/10.1155/2016/4173138.

J.J. Mohd, M. Leary, A. Subic, M.A. Gibson, A review of shape memory alloy research, applications and
opportunities, Materials & Design, 56, 1078 (2014); https://doi.org/10.1016/j.matdes.2013.11.084.

D. Kapoor. Nitinol for Medical Applications: A Brief Introduction to the Properties and Processing of Nickel
Titanium Shape Memory Alloys and their Use in Stents, Johnson Matthey Technology Review, 61(1), 66 (2017);
http://dx.doi.org/10.1595/205651317X694524.

T. Ikeda, The use of shape memory alloys (SMAS) in aerospace engineering. Shape Memory and Superelastic
Alloys, Applications and Technologies. Woodhead Publishing Series in Metals and Surface Engineering, 125,
(2011); https://doi.org/10.1533/9780857092625.2.125.

M.H. Elahinia, M. Hashemi, M. Tabesh, S.B. Bhaduri, Manufacturing and processing of NiTi implants:
A reviews, Progress in Materials Science. Sci., 57(5), 911 (2012); https://doi.org/10.1016/j.pmatsci.2011.11.001.
W.J. Song, S.G. Choi, E.-S. Lee, Prediction and Comparison of Electrochemical Machining on Shape Memory
Alloy(SMA) using Deep Neural Network(DNN), Journal of Electrochemical Science and Technology, 10(3), 276
(2019); https://doi.org/10.33961/jecst.2019.03174.

AW. Young, RW. Wheeler, N.A. Ley, O. Benafan, M.L.Young, Microstructural and Thermomechanical
Comparison of Ni-Rich and Ni-Lean NiTi-20 at.% Hf High Temperature Shape Memory Alloy Wires, Shape Memory
and Superelasticity, 5, 397 (2019); https://doi.org/10.1007/s40830-019-00255-0.

D.E. Nicholson, O. Benafan, S.A. Padula, B.Clausen, R.Vaidynathan, Loading Path and Control Mode Effects
During Thermomechanical Cycling of Polycrystalline Shape Memory NiTi, Shape Memory and Superelasticity, 4,
143 (2018); https://doi.org/10.1007/s40830-017-0136-X.

O. Benafan, R.D. Noebe, S.A. Padula, D.J. Gaydosh, B.A. Lerch, A.Garg, R. Vaidyanathan, Temperature-
dependent behavior of a polycrystalline NiTi shape memory alloy around the transformation regime, Scripta
Materialia., 68(8), 571 (2013); https://doi.org/10.1016/j.scriptamat.2012.11.042.

344


https://doi.org/10.1155/2016/4173138
https://doi.org/10.1016/j.matdes.2013.11.084
http://dx.doi.org/10.1595/205651317X694524
https://doi.org/10.1533/9780857092625.2.125
https://www.sciencedirect.com/journal/progress-in-materials-science
https://www.sciencedirect.com/journal/progress-in-materials-science
https://www.sciencedirect.com/journal/progress-in-materials-science
https://www.sciencedirect.com/journal/progress-in-materials-science/vol/57/issue/5
https://www.sciencedirect.com/journal/progress-in-materials-science/vol/57/issue/5
https://www.sciencedirect.com/journal/progress-in-materials-science/vol/57/issue/5
https://doi.org/10.1016/j.pmatsci.2011.11.001
https://doi.org/10.33961/jecst.2019.03174
https://doi.org/10.1007/s40830-019-00255-0
https://doi.org/10.1007/s40830-017-0136-x
https://doi.org/10.1016/j.scriptamat.2012.11.042

Manufacturing of nitinol based alloys by using modern technology: A short review

[11] S. Manchiraju, D. Gaydosh, O. Benafan, R. Noebe, R. Vaidyanathan, Thermal cycling and isothermal deformation
response of polycrystalline NiTi: Simulations vs. experiment, Acta Materialia, 59 (13), 5238 (2011);
https://doi.org/10.1016/j.actamat.2011.04.063.

[12] O. Benafan, A. Garg, R.D. Noebe, H.D. Skorpenske, K. An, N. Schell, Deformation characteristics of the
intermetallic alloy 60NiTi, Intermetallics, 82, 40 (2017); https://doi.org/10.1016/j.intermet.2016.11.003.

[13] K. Safaei, M. Nematollahi, P. Bayati, H. Dabbaghi, O. Benafan, M. Elahinia, Torsional behavior and microstructure
characterization of additively manufactured NiTi shape memory alloy tubes, Engineering Structures, 226, 111383
(2021); https://doi.org/10.1016/j.engstruct.2020.111383.

[14] M. Nematollahi, G. Toker, S.E. Saghaian, J. Salazar, M. Mahtabi, O. Benafan, Additive manufacturing of Ni-rich
nitinf 20: Manufacturability, composition, density, and transformation behavior, Shape Memory and
Superelasticity, 5 (1), 113-124 (2019); https://doi.org/10.1007/s40830-019-00214-9.

[15] M. Elahinia, N.S. Moghaddam, A. Amerinatanzi, S. Saedi, G.P. Toker, Additive manufacturing of NiTiHf high
temperature shape memory alloy, Scripta Materialia, 145, 90 (2018);
https://doi.org/10.1016/j.scriptamat.2017.10.016.

[16] G.S. Bigelow, A. Garg, O. Benafan, R.D. Noebe, S.A. Padula Il, D.J. Gaydosh, Development and testing of a
NisosTizzoHf22. 3 high  temperature  shape memory alloy, Materialia, 21, 101297 (2022);
https://doi.org/10.1016/j.mtla.2021.101297.

[17] O. Karakoc, K.C. Atli, O. Benafan, R.D. Noebe, |. Karaman, Actuation fatigue performance of NiTiZr and
comparison to NiTiHf high temperature shape memory alloys, Materials Science and Engineering, 829, 142154
(2022); https://doi.org/10.1016/j.msea.2021.142154.

[18] D.E. Nicholson, S.A. Padula I, R.D. Noebe, O. Benafan, R. Vaidyanathan, Thermomechanical behavior of
NiTiPdPt high temperature shape memory alloy springs, Smart materials and structures 23(12), 125009 (2014);
http://iopscience.iop.org/0964-1726/23/12/125009.

[19] D. Xue, D. Xue, R.Yuan, Y. Zhou, P.V. Balachandran, X. Ding, J. Sun, T. Lookman, An informatics approach to
transformation temperatures of NiTi based shape memory alloys, Acta Materialia, 125, 532 (2017);
https://doi.org/10.1016/j.actamat.2016.12.009.

[20] J. Wei, X. Chu, X. Sun, K. Xu, H. Deng, J. Chen, J., Z. Wei, M. Lei, Machine learning in materials science,
InfoMat, 1(3), 338 (2019); https://doi.org/10.1002/inf2.12028.

[21] A. Agrawal, A. Choudhary, Perspective: Materials informatics and big data: Realization of the “‘fourth paradigm”
of science in materials science, APL Mater., 4, 053208 (2016); https://doi.org/10.1063/1.4946894.

[22] S. Liu, B.B. Kappes, B.A. Ahmadi, Physics-informed machine learning for composition —process —property design:
Shape  memory alloy  demonstration,  Applied Materials  Today, 22, 100898  (2021);
https://doi.org/10.1016/j.apmt.2020.100898.

[23] H. Abedi, K.S. Baghbaderani, A. Alafghani, Neural Network Modeling of NiTiHf Shape Memory Alloy
Transformation Temperatures, Research Squrae, 1 (2021); https://doi.org/10.21203/rs.3.rs-952869/v1.

[24] R. A. Aliev, J. Kacprzyk, W. Pedrycz, M. Jamshidi, M. Babanli, & F. M. Sadikoglu (Eds.). 14" International
Conference on Theory and Application of Fuzzy Systems and Soft Computing — ICAFS-2020. Advances in
Intelligent Systems and Computing. (Budva, Montenegro, 2021), p.467—471. https://doi.org/10.1007/978-3-030-
64058-3_58.

[25] A.O. Kabil, Y. Kaynak, H. Saruhan, O. Benafan, Multi-objective Optimization of Cutting Parameters for
Machining Process of Ni-Rich NiTiHf High-Temperature Shape Memory Alloy Using Genetic
Algorithm, Shape Memory and Superelasticity, 7, 270 (2021); https://doi.org/10.1007/s40830-021-00328-7.

[26] S. Li, N.J.E. Adkins, S. McCain, M.M. Attallah, Suspended droplet alloying: A new method for
combinatorial alloy synthesis; Nitinolbased alloys as an example, Journal of Alloys and Compounds.,
768, 392 (2018); https://doi.org/10.1016/j.jallcom.2018.07.260.

[27] O. Benafan, G.S. Bigelow, A. Garg, R.D. Noebe, D.J. Gaydosh, R.B. Rogers, Processing and Scalability of NiTiHf
High-Temperature Shape Memory Alloys, Shape Memory and Superelasticity, 7(1), 109 (2021);
https://doi.org/10.1007/s40830-020-00306-X.

[28] G.P. Toker, M. Nematollahi, S.E. Saghaian, K.S. Baghbaderani, O. Benafan, Shape memory behavior of NiTiHf
alloys  fabricated by  selective laser  melting, Scripta  Materialia, 178, 361  (2020);
https://doi.org/10.1016/j.scriptamat.2019.11.056.

[29] O. Benafan, G.S. Bigelow, D.A. Scheiman, Transformation behavior in NiTi-20Hf shape memory alloys —
Transformation temperatures and hardness, Scripta Materialia, 146, 251 (2018);
https://doi.org/10.1016/j.scriptamat.2017.11.050.

[30] M. Nematollahi, G.P. Toker, K. Safaei, A. Hinojos, S.E. Saghaian, O. Benafan, Laser Powder Bed Fusion of NiTiHf
High-Temperature Shape Memory Alloy: Effect of Process Parameters on the Thermomechanical Behavior, Metals,
10(11), 1522 (2020); https://doi.org/10.3390/met10111522.

[31] N. Babacan, M. Bilal, C. Hayrettin, J. Liu, O. Benafan, I. Karaman, Effects of cold and warm rolling on the shape
memory response of NisoTisgHf2o high-temperature shape memory alloy Acta Materialia, 157, 228 (2018);
https://doi.org/10.1016/j.actamat.2018.07.009.

345


https://doi.org/10.1016/j.actamat.2011.04.063
https://doi.org/10.1016/j.intermet.2016.11.003
https://doi.org/10.1016/j.engstruct.2020.111383
https://doi.org/10.1007/s40830-019-00214-9
https://doi.org/10.1016/j.scriptamat.2017.10.016
https://doi.org/10.1016/j.mtla.2021.101297
https://doi.org/10.1016/j.msea.2021.142154
http://iopscience.iop.org/0964-1726/23/12/125009
https://www.sciencedirect.com/journal/acta-materialia/vol/125/suppl/C
https://doi.org/10.1016/j.actamat.2016.12.009
https://doi.org/10.1002/inf2.12028
https://doi.org/10.1063/1.4946894
https://doi.org/10.1016/j.apmt.2020.100898
https://doi.org/10.21203/rs.3.rs-952869/v1
https://doi.org/10.1007/s40830-021-00328-z
https://doi.org/10.1016/j.jallcom.2018.07.260
https://doi.org/10.1007/s40830-020-00306-x
https://doi.org/10.1016/j.scriptamat.2019.11.056
https://www.sciencedirect.com/journal/scripta-materialia/vol/146/suppl/C
https://doi.org/10.1016/j.scriptamat.2017.11.050
https://doi.org/10.1016/j.actamat.2018.07.009

C.A. Imamalizade

[32] B. Amin-Ahmadi, T. Gallmeyer, J.G. Pauza, T.W. Duerig, R.D. Noebe, A.P. Stebner, Effect of a pre-aging treatment
on the mechanical behaviors of Niso 3 Tiag 7.«Hfx (x <9 at. %) shape memory alloys, Scripta Materialia, 147, 11 (2018);
https://doi.org/10.1016/j.scriptamat.2017.12.024.

[33] M. Moshref-Javadi, S.H. Seyedein, M.T. Salehi, M.R. Aboutalebi, Age-induced multi-stage transformation in a Ni-
rich NiTiHf alloy, Acta Materialia, 61(7),.2583 (2013); https://doi.org/10.1016/j.actamat.2013.01.037.

[34] J.P. Oliveira, N. Schell, N. Zhou, L. Wood, O. Benafan, Laser welding of precipitation strengthened Ni-rich NiTiHf
high temperature shape memory alloys: Microstructure and mechanical properties, Materials & Design, 162, 229
(2019); https://doi.org/10.1016/j.matdes.2018.11.053.

[35] G.S. Bigelow, O. Benafan, A. Garg, R.D. Noebe, Effect of Hf/Zr ratio on shape memory properties of high
temperature Nisg.3Tiz2g.7 (Hf, Zr)y  alloys, Scripta  Materialia, 194, 113623  (2021);
https://doi.org/10.1016/j.scriptamat.2020.11.008.

[36] G.S. Bigelow, O. Benafan, A. Garg, R. Lundberg, R.D. Noebe, Effect of Composition and Applied Stress on the
Transformation Behavior in NiyTigo- x Zr2o Shape Memory Alloys, Shape Memory and Superelasticity,, 5 (4), 444
(2019); https://doi.org/10.1007/s40830-019-00259-w.

[37] N.A. Ley, R.W. Wheeler, O. Benafan, M.L. Young, Characterization of Thermomechanically Processed High-
Temperature Ni-Lean NiTi—20 at.% Hf Shape Memory Wires, Shape Memory and Superelasticity. 5, 476 (2019);
https://doi.org/10.1007/s40830-019-00254-1.

[38] P.S. Chaugule, O. Benafan, J.B. le Graverend, Phase transformation and viscoplasticity coupling in polycrystalline
nickel titanium-hafnium high-temperature shape memory alloys Acta Materialia, 221, 117381 (2021);
https://doi.org/10.1016/j.actamat.2021.117381.

[39] O. Benafan, G.S. Bigelow, D.A. Scheiman, Transformation behavior in NiTi-20Hf shape memory alloys
Transformation temperatures and hardness, Scripta Materialia, 146, 251 (2018);
https://doi.org/10.1016/j.scriptamat.2017.11.050.

[40] N. Zarkevich, O. Benafan, J. Lawson, Controlling properties by chemistry in doped shape memory alloys, APS
March Meeting, abstract id.S41.006 (2021).

[41] L. Han, K.K. Song, L.M. Zhang, H. Xing, B. Sarac, F. Spieckermann, T. Maity, M. Muhlbacher, L. Wang, |. Kaban,
and J. Eckert, Microstructures, Martensitic Transformation, and Mechanical Behavior of Rapidly Solidified Ti-Ni-
Hf and Ti-Ni-Si Shape Memory Alloys, Journal of Materials Engineering and Performance, 27, 1005 (2018)
https://doi.org/10.1007/s11665-018-3209-x.

[42] S.M. Kornegay, M. Kapoor, B.C. Hornbuckle, D. Tweddle, M.L. Weaver, O. Benafan, G. Bigelow, R. Noebe, G.
Thompson, Influence of H-phase precipitation on the microstructure and functional and mechanical properties in
a Ni-rich NiTizZr shape memory alloy, Materials Science and Engineering: A., 801, 140401 (2021);
https://doi.org/10.1016/j.msea.2020.140401.

[43] J1.P. Oliveira, J. Shen, J.D. Escobar, C.A.F. Salvador, N. Schell, N. Zhou, Laser welding of H-phase strengthened
Ni-rich NiTi-20Zr high temperature shape memory alloy, Materials & Design, 202, 109533 (2021);
https://doi.org/10.1016/j.matdes.2021.109533.

[44] N.N. Kuranova, A.V. Pushin, V.G.Pushin, N.I.Z. Kourov, Structure and Thermoelastic Martensitic
Transformations in  Ternary Ni-Ti-Zr Alloys with High-Temperature Shape Memory Effects,
Physics of Metals and Metallography, 119, 582 (2018); https://doi.org/10.1134/S0031918X18060091.

[45] A.N. Titenko, L. D. Demchenko, M. B. Babanli,l. V. Sharai, Ya. A. Titenko, Effect of thermomechanical treatment
on deformational behavior of ferromagnetic Fe-Ni—Co-Ti alloy under uniaxial tension, Applied Nanoscience, 9,
937 (2019); https://doi.org/10.1007/s13204-019-00971-0.

[46] O Benafan, R.D. Noebe, S.A. Padula I, D.W. Brown, S. Vogel, Thermomechanical cycling of a NiTi shape memory
alloy-macroscopic response and microstructural evolution, International Journal of Plasticity, 56, 99 (2014);
https://doi.org/10.1016/j.ijplas.2014.01.006.

[47] O. Benafan, G.S. Bigelow, A. Garg, Thermomechanical Behavior of NiTi-8Hf Low-Temperature Shape Memory
Alloys, Shape Memory and Superelasticity, 7, 314 (2021); https://doi.org/10.1007/s40830-021-00325-2.

[48] O. Karakoc, K.C. Atli, A. Evirgen, J. Pons, R. Santamarta, O. Benafan, R. Noebe, I. Karaman, Effects of training
on the thermomechanical behavior of NiTiHf and NiTiZr high temperature shape memory alloys, Materials Science
and Engineering: A., 794(5), 139857 (2020); https://doi.org/10.1016/j.msea.2020.139857.

[49] O. Benafan, A. Garg, R.D. Noebe, G.S. Bigelow, S.A. Padula I, D.J. Gaydosh, N. Schell, J.H. Mabe, R.
Vaidyanathan, Mechanical and functional behavior of a Ni-rich Niso3Tiz7Hf20 high temperature shape memory
alloy, Intermetallics, 50, 94 (2014); https://doi.org/10.1016/j.intermet.2014.02.006.

[50] H.E. Karaca, S.M. Saghaian ,G. Ded , H. Tobe, B. Basaran , H.J. Maier , R.D. Noebe , Y.l. Chumlyakov, Effects
of nanoprecipitation on the shape memory and material properties of an Ni-rich NiTiHf high temperature shape
memory alloy, Acta Materialia, 61(19), 7422 (2013); https://doi.org/10.1016/j.actamat.2013.08.048.

[51] O. Benafan, D.J. Gaydosh, Machined helical springs from NiTiHf shape memory alloy ,Smart Materials and
Structures., 29(12), 125001(2020); https://doi.org/10.1088/1361-665X/abbec9.

[52] K.E. Kirmacioglu, Y. Kaynak, O. Benafan, Machinability of Ni-rich NiTiHf high temperature shape memory alloy,
Smart Materials and Structures., 28(5), 055008(2019); https://doi.org/10.1088/1361-665X/ab02a2.

346


https://doi.org/10.1016/j.scriptamat.2017.12.024
file:///C:/Users/Lenovo/Dropbox/Журнал/Крок%205%20-%20вичитані%20авторами%20коректури/en/Acta%20Materialia
https://ui.adsabs.harvard.edu/link_gateway/2013AcMat..61.2583M/doi:10.1016/j.actamat.2013.01.037
https://doi.org/10.1016/j.matdes.2018.11.053
https://doi.org/10.1016/j.scriptamat.2020.11.008
https://ui.adsabs.harvard.edu/link_gateway/2019ShMeS...5..444B/doi:10.1007/s40830-019-00259-w
https://ui.adsabs.harvard.edu/link_gateway/2019ShMeS...5..476L/doi:10.1007/s40830-019-00254-1
https://ui.adsabs.harvard.edu/link_gateway/2021AcMat.22117381C/doi:10.1016/j.actamat.2021.117381
https://doi.org/10.1016/j.scriptamat.2017.11.050
https://ui.adsabs.harvard.edu/link_gateway/2018JMEP...27.1005H/doi:10.1007/s11665-018-3209-x
https://www.semanticscholar.org/author/O.-Benafan/13862166
https://www.semanticscholar.org/author/G.-Bigelow/98728562
https://www.semanticscholar.org/author/R.-Noebe/15682721
https://www.semanticscholar.org/author/G.-Thompson/2308796
https://www.semanticscholar.org/author/G.-Thompson/2308796
https://www.sciencedirect.com/journal/materials-science-and-engineering-a
https://www.sciencedirect.com/journal/materials-science-and-engineering-a/vol/801/suppl/C
https://doi.org/10.1016/j.msea.2020.140401
http://dx.doi.org/10.1016/j.matdes.2021.109533
https://ui.adsabs.harvard.edu/search/q=author:%22Kourov%2C+N.+I.+Z.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/link_gateway/2018PMM...119..582K/doi:10.1134/S0031918X18060091
https://doi.org/10.1016/j.ijplas.2014.01.006
https://ui.adsabs.harvard.edu/link_gateway/2021ShMeS...7..314B/doi:10.1007/s40830-021-00325-2
http://dx.doi.org/10.1016/j.msea.2020.139857
https://www.infona.pl/contributor/6@bwmeta1.element.elsevier-977d91db-13d2-32c7-919f-15f3a9da3f1f/tab/publications
https://www.infona.pl/contributor/7@bwmeta1.element.elsevier-977d91db-13d2-32c7-919f-15f3a9da3f1f/tab/publications
https://www.infona.pl/contributor/8@bwmeta1.element.elsevier-977d91db-13d2-32c7-919f-15f3a9da3f1f/tab/publications
https://www.infona.pl/contributor/8@bwmeta1.element.elsevier-977d91db-13d2-32c7-919f-15f3a9da3f1f/tab/publications
http://dx.doi.org/10.1016%2Fj.intermet.2014.02.006
https://www.sciencedirect.com/journal/acta-materialia
https://ui.adsabs.harvard.edu/link_gateway/2020SMaS...29l5001B/doi:10.1088/1361-665X/abbec9
https://ui.adsabs.harvard.edu/link_gateway/2019SMaS...28e5008K/doi:10.1088/1361-665X/ab02a2

Manufacturing of nitinol based alloys by using modern technology: A short review

[53] O. Benafan, D.J. Gaydosh, Constant-torque thermal cycling and two-way shape memory effect in Niso3Tize. 7Hf20
torque tubes, Smart Materials and Structures, 27(7), 075035 (2018); https://doi.org/10.1088/1361-665X/aac665.

[54] O. Benafan, R.D. Noebe, T.J. Halsmer, S.A. Padula, G.S. Bigelow, G.J. Gaydosh, A. Garg, Constant-Strain
Thermal Cycling of a NisosTiz7Hf2 High-Temperature Shape Memory Alloy. Shape Memory and
Superelasticity, 2, 218 (2016); https://doi.org/10.1007/s40830-016-0068-x.

Y.A. Imamanizane

BupoOHMUTBO CIIABIB HA OCHOBI HITHHOJIY HA OCHOBI Cy4YaCHHUX
TEXHOJIOTIN: KOPOTKHUI OTJIsi/

Aszepbaiiodcancokuti depaicasnuil ynieepcumem navumu ma npomuciosocmi, baxy, Asepbaiioncan, cimamelizade@gmail.com

VY cTaTTi MOoJaHO KOPOTKUH OIJIA JIITepaTypHHX JaHUX IIOA0 CHHTE3Y, HepepoOKH, CTPYKTYpH, MEXaHIYHHX
BJIACTHBOCTEH 1 MPAKTHUYHOTO 3aCTOCYBaHHS HITHHOJNy Ta CIUIaBiB Ha HOTO OCHOBI, SIKi € TEPCHEKTHBHUMHU
(YHKIIOHATPHIMH MaTepialaMHi Ta 3HAWIUIM 3aCTOCYBaHHS B PAIl BHCOKHX TEXHOJOTiH. IS MporHO3yBaHHS
TeMreparyp (pazoBHX NEPETBOPEHb 3aCTOCOBAHO METO/ MAILIMHHOTO HABYAHHS.

KiouoBi ciaoBa: crutaBu 3 mam'atTio (OpPMH, HITIHON Ta CIUIABH HAa HOTO OCHOBI, MallMHHE HaBYAHHSA,
MIKPOCTPYKTYpa, TepMOMEXaHIuYHa IOBEIIHKA.

347


http://dx.doi.org/10.1088/1361-665X/aac665
https://ui.adsabs.harvard.edu/link_gateway/2016ShMeS...2...68B/doi:10.1007/s40830-016-0068-x
mailto:elnur.oruclu@yahoo.com

PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 2 (2023) pp. 348-353

Section: Physics

DOI: 10.15330/pcss.24.2.348-353

PACS: 61.43.Gt, 81.05.Uw, 82.47.Uv

Vasyl Stefanyk Precarpathian
National University

PI3UKA I XIMIA TBEPJOI'O TIJIA
T. 24, Ne 2 (2023) C. 348-353

Dizuko-mamemamudti HayKu

ISSN 1729-4428

S. A. Lisovskal: 2, R. V. llnytskyy?, R. P. Lisovskyy? 3, N. Ya. lvanichok® 3,
Kh. V. Bandura?, B. I. Rachiy!

Structural and sorption properties of nanoporous carbon materials
obtained from walnut shells

Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine, bogdan_rachiy@ukr.net
2lvano-Frankivsk National Medical University, Ivano-Frankivsk, Ukraine, rlisovsky@ifnmu.edu.ua
3Joint Educational and Scientific Laboratory for Physics of Magnetic Films of G. V. Kurdyumov Institute for Metal Physics of the
National Academy of Sciences of Ukraine and Vasyl Stefanyk Precarpathian National University, Ivano-Frankivsk, Ukraine,
lesrom2000@gmail.com

Using the method of low-temperature nitrogen adsorption/desorption, the porous structure of nanoporous
carbon materials obtained by alkaline activation of light industry waste (walnut shells) with subsequent thermal
modification was investigated. The optimal relationship between temperature and modification time has been
established. It is shown that an increase in the modification temperature reduces the transition time of micropores
into mesopores and leads to a decrease in the specific surface area and total pore volume. Thus, the material obtained
at a modification temperature of 400 °C and a holding time of 120 min is characterized by the maximum specific
surface area of 940 m?/g. It has been investigated that an increase in the time of temperature modification leads to

an increase in specific electrical conductivity.

Keywords: nanoporous carbon material, thermochemical activation, specific surface area, pore size

distribution, specific electrical conductivity.

Received 28 February 2023; Accepted 2 June 2023.

Introduction

The study of sorption properties of materials with a
highly developed surface is currently receiving the
greatest attention of researchers due to the wide scope of
their application [1-3]. The main advantage in this type of
research is precisely those materials that, along with a
highly developed surface, would have such characteristics
as a wide range of applications, variability between the
possibility of controlling their properties both during
acquisition and adjusting certain parameters in subsequent
modification. Activated carbon materials obtained from
raw materials of vegetable origin (wood sawdust, nuts,
fruit stones, rice husks, etc.) have an undeniable advantage
when used in such research. Along with the properties
mentioned above, these materials also have such an
important property as environmental friendliness [4]. And
this property is currently the main advantage of these
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materials and makes them practically the main materials
for research. Among the numerous advantages of this raw
material, one should also include the wide-scale scope of
their application: from the medical field (sorbents, blood
purification, etc. [5]) to industrial applications
(purification of drinking water, material for
electrochemical power sources, etc. [6,7]).

The aim of the research is to obtain carbon materials
based on food industry waste with controlled sorption
properties and to adjust their properties using
thermochemical activation for use as electrodes of
electrochemical capacitors.

I. Materials and methods of research

Depending on the fields of application, researchers try
to achieve specific properties of the developed surface,
such as the ratio of the sizes of macro-, meso- and
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micropores of carbon materials during the carbonization
of raw materials. However, the correction of these ratios
is usually acquired during their further modification
through chemical and thermal activations. This is
primarily related to the structure of the raw material,
subsequent modification and composition of the precursor
during chemical processing and thermal activation of the
finished material [8]. Heat treatment and chemical
activation usually take place at different temperature and
time regimes depending on the raw material using
dehydrating agents (phosphoric acid, zinc chloride,
potassium hydroxide) [9].

Preparation of nanoporous carbon materials (NCM)
was carried out by the method of thermochemical
activation. At the first stage, mechanically crushed walnut
shells were poured into an autoclave and heated to 300-
350 °C at a heating rate of 10 °C/min and held at this
temperature for 30 min. The obtained carbonate was
mechanically crushed to a fraction of 250 pm and mixed
with water and potassium hydroxide in a weight ratio of
1:1:0.5. The resulting mixture was stirred for 30 minutes
and dried in vacuum oven at a temperature of 70-80 °C for
48 hours. After complete drying, the obtained material
was poured into an autoclave, placed in a furnace and
heated to 900 °C at a heating rate of 10 °C/min and held at
this temperature for 30 min. Cooling was carried out with
the furnace turned off. After complete cooling, the carbon
material was washed with distilled water to neutral pH. In
this way, we obtained thermochemically activated carbon
material (L). Additional thermal activation was performed
to open the internal porosity and increase the specific
surface area of the carbon material. At the next stage, the
obtained carbon material was subjected to thermal
activation in an air atmosphere. Activation was carried out
at a temperature of 400 °C for different time intervals from
30 to 240 min in steps of 30 min. The samples were
numbered according to the time of thermal activation
(LH30-LH240). For example, sample LH90 is a material
thermally activated for 90 min at a temperature of 400 °C.
According to the described method, series of carbon
materials activated at a temperature of 450 °C (series —
LD) and 500 °C (series — LH) were obtained.

Nitrogen adsorption/desorption  isotherms  for
evaluating the porous structure of the carbon material
were obtained using a Quantachrome Autosorb Nova
2200e sorbtometer. Calculations were performed using the
Brunauer-Emmet-Teller (BET) method for specific
surface area, complementary Barrett-Joyner-Halenda
(BJH) methods, Density Functional Theory (DFT), and
the t-method for pore size distribution.

The content of chemical compounds in the studied
materials was determined by burning the carbon material
at a temperature of 1000 °C. The analysis of the
composition of the obtained ash was carried out using the
"EXPERT 3L" alloy elemental composition analyzer.

I1. Results and discussion

The basis for calculating the values of the specific
surface area (Sger), the specific surface area of micropores
(Smicro) @nd mesopores (Smeso), as well as the value of the
total pore volume (Vs) and the volume of micropores
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(Vmicro), as well as the distribution of pores by the
dimensions were the analysis of sorption isotherms [10-
12]. Before the measurements, the samples were degassed
at a temperature of 180 °C for 18 hours. Nitrogen
adsorption/desorption isotherms for the studied carbon
materials obtained by thermal treatment at a temperature
of 400 °C with different exposure times of this treatment
are shown in Fig. 1. All isotherms belong to the 1l type of
isotherms according to the IJUPAC classification and are
characteristic of the formation of a polylayer on the
surface with a high adsorption potential. A hysteresis loop
is observed on almost all isotherms, which is associated
with sorption processes in sub-nanopores (pore size
between 0.1 and 1nm according to the IUPAC
classification [13]). The presence of a hysteresis loop for
the investigated carbon materials and changes in its
dimensions also indicate the presence of a relative number
of mesopores. There is an open hysteresis loop, that is, a
divergence of the adsorption/desorption curves in the
region of low pressures for the carbonized material that
was not subjected to heat treatment. It is characteristic of
materials that retain the adsorbate over the entire range of
relative  pressures. Changes in the shape of
adsorption/desorption curves indicate the development of
a porous structure during heat treatment of carbon
materials. Isotherms of other series with different
temperatures and time of heat treatment have similar
shapes, so they are not given in this paper.
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Fig. 1. Nitrogen adsorption isotherms of the obtained
samples.

The parameters of the porous structure of the obtained
materials are shown in the table 1. The specific surface
area was determined by the BET method [14]. Several
complementary methods were used to estimate the pore
size distribution. The BJH method is usually used to
determine the size distribution of mesopores (correctness
interval is 3-60 nm), while using the desorption curve in
the pressure range of (0.4-0.967) p/po [15]. The
mesoporous  structure was developed for all the
investigated materials of the LH series. The share of
mesopores in the total volume of pores calculated by the
t-method is 72-95 %. For samples of the LH series, the
growth of micropores occurs up to 120 min, after the
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Parameters of the porous structure of the obtained materials of the LH series Teble
Specific surface area
SAPIe | Sser, | Sweor | S | cndlg | omire | o | VmgVE | VesaVie g nm
m2/g | m?g m2/g
L 707 528 179 0.709 0.081 0.628 0.114 88.6 4.016
LH 30 831 460 371 0.709 0.156 0.553 0.220 78.0 3411
LH 60 868 445 423 0.695 0.173 0.522 0.249 75.1 3.203
LH 90 897 419 478 0.708 0.196 0.512 0.277 72.3 3.156
LH 120 940 443 497 0.727 0.201 0.526 0.276 72.4 3.092
LH 150 875 636 239 0.835 0.101 0.734 0.121 87.9 3.819
LH 180 782 576 206 0.761 0.086 0.675 0.113 88.7 3.896
LH 210 707 624 83 0.764 0.039 0.725 0.051 94.9 4.32
LH 240 511 511 - 0.613 - 0.613 0.000 100.0 4.795

specified time, the total volume of micropores decreases
due to their burnout and transition to mesopores, the
volume fraction of which increases by 40 %. At the same
time, a decrease in the total specific surface area is
observed both due to the transition of mesopores into
macropores and due to the combustion of carbon material
(Fig. 2). A further increase in exposure time leads to an
uneven redistribution of macro- and mesopores. For the
sample aged for 240 min, there are practically no
micropores, and the percentage of material yield by mass
is 33 %. The maximum volume of mesopores is observed
for materials with a heat treatment time of 150-210 min.
The decrease in the percentage mass of the material for the
sample of the LH series is presented in Fig. 2.

100 4

B
2] o}
o o
1 1

% mass yield
S
o
1

20

0 T T T T
60 120 180

heat treatment time, min
Fig. 2. Dependence of the mass of the obtained NCM on
the time of temperature exposure (LH series).

T
240

For series of materials with a higher temperature of
thermal modification, a decrease in the time of
temperature influence on the maximum value of the
specific surface area and the maximum volume of
mesopores is observed. Thus, the peak value of the
specific surface area with increasing activation
temperature shifts toward decreasing activation time. For
the LD series, the maximum value of the specific surface
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area is 910 m?/g (heat treatment time 90 min), and for the
LF series it is 870 m?/g (heat treatment time 60 min).
However, the maximum value of the specific surface area
for higher activation temperatures is not reached.

The characteristics of the mesoporous structure were
described using the BJH method. For samples of the LH
series, the maximum mesopore volume in the range of
Vmeso = 0.11 — 0.12 cm?/g is reached at 150-210 min. For
practically all samples of the LH series, the maximum of
the differential pore volume falls on the pores in the
interval d = 3.3-3.7 nm. With the growth of the pore
diameter a sharp decrease in the differential pore volume
is observed, and for d = 30-60 nm in all the studied
samples it changes monotonically in the interval (1-
2) - 10° cm®/g. For samples of the LD, LF series, the peak
of the differential pore volume falls on a similar pore
diameter interval. The maximum mesopore volume for
samples of the LD and LF series is in the range of
Vmeso = 0.11-0.12 cm®/g at 30-60 min, respectively. The
dependence of the differential pore volume on their
diameter for materials with the maximum value of the total
pore volume in each of the series is shown in Fig. 3.
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—w— LF60
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~
= 0.04 1
=
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2 4 6 8 10 12 14 16 18 20
d, nm

Fig. 3. Dependencies of the maximum values of the
differential pore volume on the diameter for different
series of the obtained materials.
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To describe the size distribution of micropores, the
QSDFT (Quenched Solid DFT) method of Density
Functional Theory (DFT) [16] was used, which takes into
account the structural heterogeneity of the surface of slit-
like pores. The carbonized material is characterized by the
presence of a peak in the region d=1.0-1.2 nm with a
maximum d=1.1 nm (Fig. 4). A peak in the region of sub-
nanopores (up to 1 nm) is clearly distinguished in the
samples of the LH series, for all times of temperature
exposure. With increasing temperature exposure time (up
to 120 min), a peak shift from d = 0.7 nm (for sample LH-
30) to d = 0.8-0.9 nm (for samples LH-90 — LH-120) is
observed, which is also accompanied by an increase in the
differential volume of pores (Fig. 4). That is, probably, at
the given times of temperature exposure, the formation
and burnout of pores of the specified diameter takes place.
An increase in the time of temperature exposure leads to a
monotonous decrease in the differential pore volume, and
the LH-240 sample shows a wide and homogeneous
micropores size distribution and a relatively low value of
dv(d) < 0,15 cm®/nm/g. Samples of the LD series (Fig. 5)
are characterized by the presence of peaks in a similar
range. The difference is an insignificant increase in the
differential volume of pores and the formation of peaks at
shorter times of temperature exposure. For samples of the
LF series (Fig. 6), the peak at d = 0.9 nm is present for the
sample with a temperature exposure time of 30 min. A
further increase in the time of temperature exposure leads
to a decrease in the differential pore volume and a shift of
the peak to the region d = 0.6-0.7 nm. That is, an increase
in temperature probably leads to the combustion of carbon
particles, which is manifested in a decrease in the volume
of sub-nanopores. Thus, the time of temperature exposure
is one of the determining factors for the formation of a
mesoporous structured.
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Fig. 4. Size distribution of micropores for LH series
carbon materials (QSDFT method).

The dependence of the specific electrical conductivity
on the time of temperature exposure is shown in Fig. 7.
The carbon material was pressed at a pressure of 1.5 MPa.
A further increase in pressing pressure leads to
insignificant deviations in the changes in specific
electrical conductivity values. An increase in the time of
temperature exposure leads to an increase in specific
electrical conductivity, which is probably due to a change
in the structure of carbon particles, a significant burnout
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of the carbon material, which in turn leads to densification
and arrangement of its structure.
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Fig 5. Micropores size distribution for LD series carbon
materials (QSDFT method).
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Fig. 6. Micropores size distribution for LF series carbon
materials (QSDFT method).
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Fig. 7. Dependence of specific electrical conductivity on
time of temperature exposure.

The content of chemical compounds in the obtained
carbon materials was evaluated by burning it at a
temperature of 1000 °C. Table 2 shows a number of
existing compounds found in ash. An insignificant amount
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(about 1.5%) of potassium oxide in the ash is due to the
specificity of the method of obtaining porous carbon

material.

Table 2.

The content of chemical compounds in carbon material

The The
. concentrati Mass of concentration
Chemical on of the of the
compound .
compound | compound in ash, mg compound in
in the ash, ' the carbon
% material, %
Al,Os3 3.032 5.49 0.164
SiO; 1.544 2.79 0.083
K20 27.288 49.39 1.474
CaO 15.363 27.81 0.830
Cr,0s 0.637 1.15 0.034
Ni>O3 0.224 0.41 0.012
MnO; 0.297 0.54 0.016
Fe 03 50.33 91.10 2.719
CuO 0.885 1.60 0.048
SOs 0.248 0.45 0.013
SrO 0.095 0.17 0.005
Conclusions

The technique of obtaining nanoporous carbon
material from light industry waste (wallnut shells) by
thermochemical alkaline activation with subsequent
temperature exposure to form an optimal pore size ratio
was studied. A clear correlation was found between the
volume and surface of micropores and the temperature and
time of NCM modification. It was established that
changing the modes of modification of carbon materials is
an effective tool for regulating their porous structure,

which makes it possible to obtain samples with a
predetermined morphology.

It was established that an increase in the treatment
temperature leads to a decrease in the maximum specific
surface area from 940 m?/g for the LH 120 sample to
870 m?/g for the LF 60 sample and a decrease in the
temperature exposure time to reach the specified peak
values.
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CTpyKTYpHO-COpPOLIliHI BJACTUBOCTI HAHOMOPUCTHUX BYIJIEHEBUX
MarepiaJiiB, OTPMMAHHUX 3i IIKAPAJIYIIH ropixa
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MeTtomoM HH3BKOTEMIIEPATYpHOI aacopOIii/mecopOmii a30Ty HOCTiKeHa MOPHCTa CTPYKTypa HAHOTOPUCTHX
BYIJICHIEBUX MaTepialiB, OTPUMAHHUX JY)KHOIO aKTHBAI[i€I0 BiIXOJIB JETKOi MPOMHCIOBOCTI (IIKapalymu ropixa) 3
MOJIANTBIIIO0 TEPMIYHOK Moaudikaiiero. BCTaHOBIEHO ONTUMATBbHY 3alEKHICTh MK TEMIEPaTypol Ta YacoM
momudikarii. [Tokazano, 10 3pocTaHHs TeMIepaTyps MoaudikaIlii 3MEHIIIye Jac Mepexoy MIKpOIop B ME30TOpHU Ta
MPU3BOAUTH JI0 3MEHIIIEHHS IJIOIII TUTOMOT TIOBEPXHi 1 3arajbHOr0 06’ eMy mop. Tak, MaKCHMaTbHOIO TUTOMOFO TLIOIICIO
nosepxui 940 M%/r Bonojiie MaTepial, OTpuMaHHUil pu TemmepaTypi Moaudikauii 400 °C Ta uaci ButpuMku 20 XB.
JlocnmipkeHo, IO  3pOCTaHHS dYacy TemmeparypHoi Moaudikarii MOpu3BOAUTH A0 30UIBIICHHS MTHUTOMOT
€JIEKTPOTPOBITHOCTI.

Kio4oBi cjioBa: HaHOTIOPUCTHIT BYTJICIEBUI MaTepiall, TEPMOXiMi4HA aKTHBAIlis, IIMTOMA TUIOMIA MOBEPXHI,
pO3ToaiN mop 3a po3Mipamu, MATOMA EIEKTPOTIPOBIIHICTb.
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The growth of iron-yttrium garnet YsFesO12 (YIG) films with of 1...15 um thicknesses on single-crystal
substrates of gallium-gadolinium garnet GdsGasO12 (GGG) was carried out using the method of liquid phase
epitaxy (LPE). The influence of the composition and mass of the charge, the temperature regimes, the rates of
movement and the substrate rotation on the films parameters were studied. The layered structure caused by the
heterogeneity of the chemical composition in the film thickness was determined and studied. The dependence of
the degree impurity of Pb?* and Pt** ions in YIG films and their influence on the ferromagnetic resonance (FMR)
line width AH on the films growth conditions was investigated. It’s shown that in order to obtain by the LPE method
the series of defect-free films with low magnetic losses and reproducible parameters, it’s necessary to use melt-
solutions of large mass (6...12 kg) and apply their additional mixing during the growth process.

Keywords: iron-yttrium garnet, ferrite-garnet films, liquid phase epitaxy, ferromagnetic resonance.

Received 16 March 2023; accepted 6 June 2023.

Introduction

The monocrystalline iron-yttrium garnet YsFesO1z
films are a perspective material for the making of passive
integrated ultrahigh-frequency (UHF) circuits working on
the spin and magnetostatic waves (MSW) [1,2,3]. For
these purposes is required a material with a certain set of
parameters: the ferrite layer thickness (d), saturation
magnetization (4ntMs), the anisotropy field, the FMR line
width AH etc. This is achieved by selecting the optimal
chemical composition of the charge and the technological
process for growing high quality films with a minimum
number of defects [4].

To obtain the specified working parameters of MSW
devices the YIG films with a homogeneous distribution of
the internal magnetic field and the narrow FMR line width
are required. The narrower the FMR line width, the lower
the magnetic losses. The saturation magnetization and the
magnetic anisotropy field determine the value of the
operating frequency. The quality of the ferrite film also
depends on the homogeneities of her thickness, magnetic
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parameters over the area of the ferrite epitaxial structure
(FES), mechanical stresses, impurities and growth defects.
Most defects in YIG films are due to defects in GGG
substrate [5].

In bulk YIG single crystals it is possible to obtain the
FMR AH value of the order of 0.2...0.3 Oe. It’s quite
problematic to achieve such values for monocrystalline
YIG films with the thickness of 1...15 um.

The purpose of this work was to determine of the
charge composition and growing conditions for obtaining
of the high-quality monocrystalline Y1G films, similar in
magnetic parameters to bulk YIG single crystals.

I. Experimental techniques

Currently the method of liquid-phase epitaxy is the
most recognized for obtaining the monocrystalline YIG
films.

YIG films were grown by isothermal dipping of GGG
single crystalline substrates of (111) orientation in the
oversaturated melt -solution (MS) of ferrite charge using
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PbO-B20O3 solvent. The ratio between of the quantity
composition of components in the charge was selected
taking into account the Blank-Nielson molar coefficients

[6]:

R1 = Fe;03/Y203;

Rs = PhO/B:0s; o))
_ Fez03+Y,03
Ra= X oxides

Melting of the charge, its homogenization and films
growth were carried out in platinum crucibles. The
saturation temperature (Ts) of the melt-solution was
determined as the temperature of the beginning of film
growth on the substrate.

The substrates with a diameter of 50,8 mm were cut
from the GGG single crystal of cylindrical form. It’s
known that the GGG crystal lattice parameter
as = 12.382 A and for YIG as = 12.376 A. The thickness of
the substrates was 0.5 mm, and the density of defects on
their area did not exceed 0.5 cm?. The substrates were
mechanically ground and polished to 14- purity class.
Such treatment does not completely eliminate the defects
of the substrate surface layer. The defects appear after
their etching in hot orthophosphoric acid. The presence of
defects in the substrate leads to the increase AH parameter
of YIG films to 8.2...8.9 Oe.

Therefore the substrates else were subjected to
chemical-mechanical polishing using the colloidal
suspension. After that, the substrates were chemically
polished in orthophosphoric acid at the temperature of
438 K.

An automated installation was used for epitaxial
growth. The temperature in the furnace zones was
maintained with an accuracy of £0.1 K. The thickness of
the grown films was 1..15 pum. Optical interference
method was used to measure their thickness. The
interference pattern is formed by measuring the
transmission spectra when a light stream is incident on the
sample in a direction close to normal. The measurement
error of the film thickness did not exceed 2 %.

The transmission spectra of FES were obtained using
Specord M-40 and Specord 75 IR spectrophotometers.
The line width AH of films was measured by the
"magnetic gup” method [7] in which the area of
localization of measurements is 0,4 mm. The saturation
magnetization 4nM; of films was measured using a
vibrating magnetometer [8]. The structure and
composition of epitaxial films were studied using an
electron  microscope with a Comebax X-ray
microanalyzer.

Il. Results of experiments and their
discussion

The purpose of the technology of growing
monocrystalline YIG films is to minimize to the
acceptable level from the numbers of negative factors,
which influence on the AH value, the homogeneity of AH
over the film area, the repeatability of the main films
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parameters during the growth of the series films.
Therefore, to obtain high-quality films suitable for
practical use, it’s necessary to control the composition and
weight of the starting charge and the technological
conditions of their growth.

For the small thicknesses of ferrite film (1...15 um),
the influence of the film-substrate (FS) transition layer and
the film-air (FA) surface layer on its main parameters
becomes significant. These layers have a defective
structure compared to the film itself [9-11] and obviously
contribute to the anisotropic properties of the film [12-16].

In the process of forming a ferro-garnet film the
transition FS layer grows on the boundary between the
YIG layer and the GGG substrate enriched with Ga®* and
Gd** ions.

These ions migrate into the melt-solution. As the
result, the acid of the GdsGasO1, substrate in the PbO-
B.0; solvent at the beginning growth stage. The FS
transition layer is a solid solution of Y1G and nonmagnetic
GGG. The Gd* and Ga®* ions in this solid solution are
introduced into the dodecahedral and tetrahedral positions
of the ferro - garnet film, respectively. This transition
layer has a lower saturation magnetization and a higher
AH value than the YIG. Since Gd** ions contribute to the
increase of the AH value through the mechanism of ionic
relaxation. Consequently, the heterogeneity of the YIG
film composition in the FS layer leads to the increase of
the AH parameter.

The decrease in the FS layer of Gd® and Ga®* ions
carried out by means of the selected molar ratio R3 in the
charge. The experiments with the PbO - B,O3 solvent for
value Rz =12.4; 14; 15.6; 16 showed that the degree of
solubility of GGG substrates linearly increases with
increasing concentration of B,Os in the solvent. It is
necessary to use solvents with the lower content of
B20s.During the films growth from the different charge
compositions it was found that the most optimal for
decreasing of Gd®* and Ga®* ions in the FS layer are MS
with R3 = 15.6.

The select of the R4 ratio (1) was based on the need to
decrease the quantity of Pb?* and Pt** ions in the structure
of the YIG films. The Pb?* ions are introduced into the
YIG film from the PbO-B,0;3 solvent and Pt** ions - from
the crucible material [17].The quantity of Pb%*and Pt**
ions is increases with the increase of the film growth rate,
which is proportional to the overcooling degree AT of the
MS. The AT is equal to the difference between the
saturation temperature Ts and the film growth temperature
Tg, which is lower than Ts: AT =Ts- T4 For each MS
composition there is a growth rate at which the film has a
minimum value of the AH parameter. The appearance of
these minimums is explained by the same content of
Pb?*and Pt** ions in the YIG films. With equal in ratio of
the Pb?* and Pt** ions in the film, the charge compensation
is realized. That eliminating is causes of the appearance of
Fe* and Fe?* ions in the films. The exchange of electrons
between Fe** and Fe?* ions leads to the increase of AH
parameter.

The coefficient Ry (1) should be such that only the
garnet phase crystallizes from the melt - solution. From
the results of phase analysis of charges it was obtained that
this requirement realized when R, = 11....30.

The Table 1 shows the growth technological
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parameters for two FES with a thickness of 5 um and
different values of AH.

Table 1 shows that the minimum value of
AH=0.22 Oe has film No. 2 with almost the same
contents of lead (0.23mass. %) and platinum
(0.21 mass. %). According to the data of Table 1, it can
also be observed that with the increase the growth rate to
0.54 ym/min, the concentration of lead in the YIG film
increases more quickly than the concentration of platinum.
As the result, the also increases the AH to AH = 0.61 Oe.

Consequently, to obtain YIG films with minimal
values of AH, it's necessary to set the rate of their growth
at which the same concentrations of Pb?* and Pt** ions are
generated in the films, i.e. charge compensation is created.
This growth rate must be supported constant when
growing a series of films.

We have found that at the substrate rotation rate with
® =100 rpm/minthe impurity of Pt** ions into the film
structure increases with the increase of the overcooling
degree of the MS. The concentration of Pb?* ions in the
YIG films also increases with increasing growth rate and
decreases with decreasing of the MS overcooling degree.
This means that it’s possible to create such technological
regimes when the platinum and lead ions in the film have
certain ratio concentrations. This way it is possible to
influence on the AH line width.

At the first moment when the substrate is introduced
into the melt-solution of the liquid phase epitaxy process
the diffusion border layer is formed near the substrate.
Further growth of the film is caused by mass transport of
garnet-forming components through this layer [18]. The
thickness & of the diffusion layer depends on the growth
parameters. With a stationary substrate this layer has a

maximum thickness. When the substrate rotates, its
thickness decreases with increasing rotation rate:

S= 1,58 D1/3 ,Y1/6 m—l/Z, (2)
D - diffusion coefficient; y — kinematic viscosity; @ — the
angular rotation rate.

This equation is valid if the laminar flows, arising due
to convection, forms the homogeneous in thickness the flat
diffusion layer along the crystallization front. The
heterogeneity of the film thickness over its area influences
on magnetic properties [19] and degree of practical use of
the growing film.

At the growth of YIG films with the thickness of
1...15 um using one-sided horizontal rotation of the
substrate, the heterogeneity of the film thickness equal to
30...50 % and the FMR line width AH - > 100 % are
observed (Table 2).

This heterogeneity is due to the formation of a convex
diffusion layer at the crystallization front. The thickness
of the diffusion layer increases to the center of the
substrate. As can be seen from the Table 2 the AH
increases with increase of the diffusion layer thickness.
During reverse rotation, the shape and thickness of the
diffusion layer change periodically. In this case, the
heterogeneity of the film thickness over the area equal to
20...30 %, the AH ~50 %. The such periodic change is
formed of a layered film structure with different lead
content in the layers. Therefore, one-sided and reversed
rotation of the substrate does not form a flat diffusion
layer, which is necessary for growing YIG films with
homogeneous parameters in over the area of film.

To include the total bulk of the melt-solution in the

Tablel.
Technological parameters, contents of lead and platinum,
the FMR line width of YIG films
Ne Molar coefficients Overcooling | Growth | Content of | Contentof | FMR line
of the i i R degree AT, rate fg, Pb, Pt, width AH,
sample ! s 4 K um/min | mass. % mass. % Oe
1 11.698 15.606 0.08 15 0.54 0.50 0.34 0.61
2 25.0 15.603 0.13 10 0.35 0.23 0.21 0.22
Table 2.
Dependence of the ferrite film thickness and the FMR line width AH
on the method of substrate rotation
Ne of Thickness of the YIG film, pm FMR line width AH, Oe
the at the distance from the edge, cm at the distance from the edge, cm
sample
05 | 15 | 25 | 35 | 45 05 | 15 | 25 | 35 | 45
One-sided rotation of the substrate
1 6.1 5.5 4.9 5.4 6.1 0.51 1.15 1.47 0.81 0.62
2 8.8 7.8 6.9 7.9 8.8 0.75 1.43 1.87 1.33 0.90
3 14.6 12.4 9.5 12.1 14.5 1.03 2.10 2.50 2.20 1.70
Reverse rotation of the substrate
1 5.9 5.1 5.0 5.2 5.8 0.45 0.52 0.81 0.93 0.34
2 8.7 7.3 7.2 7.4 8.8 0.56 0.77 1.10 0.72 0.41
3 14.3 12.4 11.3 12.5 14.5 1.04 0.95 1.73 2.15 0.98
One-sided rotation of the substrate with mixer
1 6.2 6.3 6.1 6.1 6.2 0.31 0.30 0.31 0.32 0.31
2 9.2 9.1 9.5 9.1 9.1 0.38 0.40 0.41 0.40 0.40
3 15.3 15.1 14.8 15.0 15.3 0.60 0.61 0.61 0.62 0.60
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film growth process and to form a flat diffusion layer the
method of additional mixing of the melt-solution with a
special mixer was used. The mixer was attached to the
holder substrate and rotates with substrate [20]. The mixer
grips fresher liquid from the depths of the crucible and
moves it to the surface of the grown film. At the same
time, removes the used melt-solution, which is degraded
on ferro-garnet components. Table 2 shows that when
using a mixer the difference of the thickness over the films
area does not exceed of 4% and the value of AH — 8 %.

Fig. 1 shows the FMR spectra of the YIG films grown
by reverse rotation (1) of the substrate and by one-sided
rotation (2) of the substrate together with the mixer. From
Fig. 1 we can see that the FMR spectrum of the YIG film
grown using reverse rotation has a distorted shape. The
FMR resonance curve (2) for the YIG film grown with the
use of a mixer has good resolution.

1 1 [
541 547 H, Oe
Fig. 1. The FMR spectra of the YIG films grown by
reverse rotation (1) of the substrate and by one-sided
rotation (2) of the substrate together with the mixer.

Using the method of X-ray spectral electron
microanalysis, we studied the layered structure of YIG
films of (111) orientation with thicknesses up to 5 um. To
investigate the FS and FA transition layers and their
influence on the magnetic properties of the epitaxial ferrite
films structures were subjected these structures to layer-
by-layer chemical etching in a mixture of concentrated
orthophosphoric and sulfuric acids in the temperature
range  353..423 K. The etching rate  was
0.05...0.20 pm/min. After each etching the ferrite film
thickness, saturation magnetization, and AH parameter

were measured.

Table 3 shows the values of 4nM;, AH and film
thicknesses d of the three YIG films after etching in the
acid mixture. Table 3 shows that the ferrite film has a
layered structure in relation to the values of AH and 4ntM;
parameters. This layered film structure is forms during the
growth process. These layers have different thicknesses,
are characterized by lower or higher saturation
magnetization compared to YIG (for the YIG
4nM;s = 1750 Gs) and much higher values of the AH
parameters. For example, films 1 and 3 had a
magnetization of 1780 Gs. After two etchings, their
magnetization decreased to 1700 Gs. The increased
magnetization of the FA layer of these films is due to the
presence of a large number of Pb2* ions in this layer, which
displace Fe®* ions from the octahedral positions of the
garnet. In the transition FS layers with the thickness of
0.2 um, there are large number of Ga®* ions that displace
Fe** ions from the tetrahedral positions of the garnet,
decreasing the magnetization to 1470 and 1510 Gs,
respectively (Table 3).

As noted above, in order to decrease the etching of the
GdsGasO1, substrate in the MS and, consequently, the
decrease of Gd® and Ga3* ions content in the MS, it’s
necessary to decrease the boron oxide content in the
solvent. However, a decrease of boron oxide content in the
MS, along with positive factors also has negative ones -
the compositional stability of the garnet phase is decreased
and the volatility of lead oxide is increases. The highly
volatility of PbO also leads to significant etching of
substrates and films as they are lowering or lifting out of
the growth furnace. Fig. 2 shows the surface of the YIG
film etched by PbO vapor. To minimize of substrates and
film etching the platinum screen should be attached below
the substrate to the substrate holder. In our experiments
the platinum mixer served as a screen.

The dependence of the thickness of the transition
layers on the technological regimes was investigated. The
thicknesses of the FS and FA layers are decreased if the
substrate holder together with the mixer rotates at a
frequency of ~50 rpm/min during the dipping of the
substrate into the MS and the FES drawing from the MS
after the end of the growing process. This can be explained
by the removal of Gd®, Ga®* and Pb?* ions from the
substrate by the upward flow of fresh MS and supply the
Y1G components to the substrate.

The thickness of the FA layer also dependent on the
rate of vertical movement of the substrate during its
dipping and post growth removal from the melt-solution.
Experiments have shown that the removal of FES from the

Table 3.
Thicknesses and magnetic parameters of three samples of YIG films during the etching process

d, um 4.1 3.2 2.4 15 0.8 0.5 0.2

Ne 1 AH, Oe 0.9 0.83 0.80 0.64 0.73 1.40 2.11
4nMs, Gs 1780 1780 1700 1710 1650 1600 1470

d, um 3.8 3.0 2.2 1.4 0.7 0.6 0.4

Ne 2 AH, Oe 0.80 0.85 0.71 0.47 0.7 1.34 1.92
47M;, Gs 1740 1710 1680 1590 1530 1460 1390

d, um 3.7 2.8 1.9 1.2 0.6 0.4 0.3

Ne 3 AH, Oe 1.10 1.00 0.86 0.78 0.93 1.38 2.14
47M;, Gs 1780 1780 1700 1720 1670 1580 1510
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MS at a rate of ~ 20 cm/min minimizes the thickness of
the surface layer of the FA and the change in the parameter
AH.

When growing the series of films from the one MS the
following reasons cause the depletion of the MS:

a) lead evaporation during homogenization and
growth processes;

b) depletion of the MS into garnet-forming
components during of the film growth process;

c) reducing of MS quantity due to the formation of
droplets and small melt marks on the FES and equipment.

Based on our research, it was concluded that when
growing YIG films it’s necessary to use a large mass of
MS to minimize the change in the saturation temperature.
This makes it possible to grow a larger number of films
with identical parameters from one MS.
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Fig. 3 shows the influence of MS depletion on the AH
of YIG films grown from the melt-solution of 6 kg. It can
be seen that the AH increases with the number N of grown
films. This increase of AH is associated with a change in
the starting ratio between the quantities of Fe;O3 and Y203
oxides in the melt-solution. This ratio which given by the
coefficients R1 and Rg, leading to a change in the growth
parameters (Ts, T, AT, fg) and the increase in the content
of Pb?* and Pt** ions in the film structure. The greater of
the MS mass the greater the numbers N of films with
similar parameters can be grown. The research results
showed that the most favorable charge for growing the
YIG films with the thickness of up to 15 um and a
diameter of 50,8 mm is a charge with the mass of 12.0 kg.

As the result of the research, the optimal weight

composition of the melt-solution in which the solubility of
GGG at growing temperatures is insignificant:
PbO — 90.34 %; B,03 — 1.81 %; Fe,O3 — 7.13%; Y203 —
0.72%. The YIG films with a thickness of 1..10 ym
grown from this melt-solution on GGG substrates with a
diameter of 50,8 mm have a FMR line width
AH =0.3...0.5 Oe and are suitable for use in microwave
devices.
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Fig 3. The dependence of the AH FMR line width on the
number N of grown films.

Conclusions

The optimal composition of the charge for growing
YIG films by liquid-phase epitaxy is determined by the
molar coefficients R, Rz and R4, which must have values:
11 <R;<30; Rg3=15.6 and R4, =0.13.

When growing a series of YIG films with similar
parameters, it’s necessary to use melt solution of large
mass (6...12 kg) with a high content of garnet-forming
oxides and the use additional mixing.

To decrease the concentration of lead in the YIG films
it’s necessary to grown the films at small overcooling.

The film-substrate layer is enriched with Ga®* and
Gd® ions and the surface layer of the YIG film is enriched
with Pb?* ions. Transition layers have different
magnetizations from the main YIG film and have a higher
FMR line width AH.

To obtain YIG films with narrow values of AH it is
necessary to set the growth rate at which similar
concentrations of Pb%* and Pt** ions are formed in the
films.

The use of additional mixing of the melt-solution
during the growing process decrease the thickness
heterogeneity to 4 % and the AH to 8 %.
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EniTakciiiHi IJIiBKH 3a51130-ITPi€BOro rpaHaTy 3 OHOPIIHUMHA
BJIACTHUBOCTAMH TA BY3bKOK0 IIUPUHOKO JiHiI PMP

Hayionanvnuii ynisepcumem “Jlvsiscoka nonimexuixa”, (izuunuii paxyromem JIvgie, Yxpainas.o.yuryev@gmail.com
2Inemumym memanogpizuxu in. I B. Kyporomosa, HAH Ypainu, Kuis, Ykpaina, mvvmev@gmail.com
3leano-Dpanxiecokuii nayionarsHuii mexuivnuil ynisepcumem nagpmu i 2azy, leano-@panxiscok, Ypaina,
volodymyr.mokliak@nung.edu.ua

Meronom pinkodasuoi emitakcii (POE) npoBeneHo BUpOLIyBaHHS IUTIBOK 3ali30-iTpieBoro rpanary YsFesOiz
(YIG) ToBIuHOKO 1...15 MKM Ha MOHOKPHCTATiYHHX IMiIKIagKax ramiii-ragoninieBoro rpanary GdsGasO12 (GGG).
JlociKeHO BILUTHB CKJIAY T4 MACH IIHXTH, TEMIIEPATYPHUX PEKUMIB, IIBUIKOCTEH PyXy Ta 0OepTaHHs MTiIKIa K1 Ha
IapaMeTpH IDTiBOK. BI3HAUEHO Ta DOCIIPKEHO MapyBaTy CTPYKTYPY, 3yMOBIIEHY HEOJHOPIAHICTIO XIMIYHOTO CKIIALy
B TOBIIUHI TWIiBKH. JIOCII/KEHO 3aI€XkHICTL CTyTIeHs 3a0pyAHeHHs ioHiB Pb%* Ta Pt** y mmiskax YIG Ta ix BB Ha
mupuHy JiHii pepomarnitHOro pezonancy (PMP) AH Bix ymoB pocty miBok. ITokasaHo, 0 1715t OTPEMaHHS METOJIOM
P®E cepii 6e3nedekTHUX IUTIBOK 3 MaJUM{ MarHITHUMH BTpaTaMH Ta BiITBOPIOBAHHUMH MapaMeTpaMH HEOOXiTHO
BHUKOPUCTOBYBAaTH PO3YMHHU-PO3ILIABH BEMUKOI MacH (6...12 Kr) Ta 3aCTOCOBYBATH X JOJATKOBE 3MIIIyBaHHS Mil 4ac
HPOLIECY POCTY.

KiouoBi cioBa: 3ami3o-iTTpueBmid rpaHart, GpepuT-rpaHaTOBi IUTIBKH, pinkodasHa emitakcis, GepoMarHiTHHA
pE30HaHC.
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The interaction of the components in the Hf—Re—Al system was investigated by X-ray powder diffraction and
scanning electron microscopy with energy-dispersive X-ray spectroscopy. The isothermal section of the phase
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Keywords: hafnium, rhenium, aluminum, X-ray powder diffraction, energy-dispersive X-ray spectroscopy,

phase diagram, isothermal section, crystal structure.

Received 18 February 2023; Accepted 20 June 2023.

Introduction

Ternary systems involving d-elements of groups 1V
and VII and p-elements of group 111 of the periodic table
have been studied for more than 50 years. Isothermal
sections of the phase diagrams have been constructed for
the Ti-Mn-B [1], Zr-Mn-B [2], Ti-Re-B [3], H-Re-B
[4], Ti-Mn-Al [5-8], Ti-Mn-Ga [9], Zr-Mn-Ga [9, 10],

Hf-Mn-Ga [10, 11], and Zr-Mn-In [12, 13] systems.
TV_TVI_M'"" systems are characterized by no or few
ternary compounds [14-17]. Some of the systems have
been investigated for the formation of compounds of
particular compositions, isostructural to known types.
Information about the compounds found in the systems
{Ti, Zr, Hf}{Re, Mn}{B, Al, Ga, In} is summarized in
Table 1. Other TV-TV"-M""" systems, probably due to the

Table 1.
Ternary compounds in TV-TVI'-M'"" systems [17]
System Phase Structure type Pearson symbol Space group
Ti-Re-B Ti;ReB; Mo, FeB; tP10 P4/mbm
Zr-Re-B ZrsRe4B HfyMo,B hP28 P6s/mmc
Hf-Re-B Hf;Re,B Hf;Mo,B hP28 P63/mmc
Ti—-Mn-Al Ti7,25Mn7,25AI14,5 MgGCU165i7 cF116 Fm-3m
Zr—-Mn-Al ZrMngAlg ThMn;, t126 14/mmm
. TiMno_sGaz,s CusAu cP4 Pm-3m
THMn-Ga Tin.15Mns 25Ga% TioSns hP22 P65/mme
ZrsMnyosGaios ThsMnj3 cF116 Fm-3m
ZrMnpsGazs CusAu cP4 Pm-3m
Zr-Mn-Ga ZrsMn;Gas Hf:Mn;Gas 0P22 Pmmn
Zr3:Mn,Gay Zr3V,Gay oP72 Pnma
HfMnGa, HfFeGa, oP48 Pnma
Hf-Mn-Ga HfsMn,Gas Hf;Mn,Gas oP22 Pmmn
HfsMn,Ga, Zr3\VGay oP72 Pnma
Zr—Mn-In ZrMnp7In, 3 CusAu cP4 Pm-3m
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difference between the melting temperatures of the
components and the complexity of the synthesis, remain
little studied.

The aim of this work was to investigate the interaction
of the components in the Hf—~Re—Al system at 1000 °C.

It should be noted that the binary systems Hf-Re, Hf-
Al, and Re-Al, which border the ternary system under
investigation, have been studied quite thoroughly. The
phase diagrams have been constructed [18] and the crystal
structures of several compounds have been determined
[17].

I. Experimental

The interaction of the components in the Hf-Re-Al
system was investigated on 2 binary and 35 ternary
samples. The alloys were synthesized from high-purity
metals (Hf > 99.9 mass %, Re > 99.9 mass % (pressed
pellets), Al > 99.999 mass %) by arc melting with a
tungsten electrode, a water-cooled copper hearth and a Ti
getter, under an argon atmosphere. After the synthesis, the
ingots were sealed in quartz ampoules under vacuum,
annealed at 1000 °C for 1 week and quenched into cold
water. Phase analysis and structure refinements were
carried out using X-ray powder diffraction (XRPD) data
collected on diffractometers DRON-2.0M (Fe Ka
radiation) and STOE Stadi P (Cu Ko radiation). The
phase analysis was performed using Powder Cell [19] and
STOE WinXPOW [20] programs. The profile and
structural parameters were refined by the Rietveld
method, using the WIinCSD [21] program packages. The

overall compositions of the samples and of the individual
phases, in particular for the determination of the
solubilities of the third component in the binary phases,
were investigated by means of energy-dispersive X-ray
spectroscopy (EDXS; scanning electron microscope
Tescan Vega 3 LMU equipped with an X-MaxN2° silicon
drift detector).

I1. Results and discussion

As a result of the phase analysis by X-ray diffraction
and EDXS of the samples of the Hf-Re—Al system at
1000°C, we confirmed the existence of 13 ofthe 20 known
binary compounds, the compositions and crystallographic
parameters of which are given in Table 2. The results are
in good agreement with literature data on the interaction
of the components and phase diagrams of the binary
systems Hf-Re, Hf-Al, and Re—Al [18, 22-25].

According to the results of the local X-ray spectral
analysis, the binary compounds HfAl;, Hf,Als, HfAI
Hf4A|3, Hf3A|2, Hf2A|, and R814A|54,75 do not dissolve
significant amounts of the third component. The
maximum solubility of Hf in the compounds ResAl1; and
ReAl is ~5 at.%. Approximately the same amount of Al
is soluble in the compound Hf>1Reys.

The formation of two extended solid solutions based
on the compounds HfRe; (a certain region of homogeneity
exists) and HfAI; is expected, given the isostructurality of
the parent compounds (see Table 2) and the similar sizes
of the rhenium and aluminum atoms (rus = 0.1564,
rre = 0.1370, ra = 0.1431 nm [26]). A continuous series

Table 2.
Crystallographic parameters of binary compounds in the Hf-Re, Re—-Al, Hf-Al systems [17]
(binary phases stable at 1000 °C are highlighted)
Compound Structure Pearson Space Cell parameters, nm
type symbol group a b c
Hf21Rezs Zr1Rezs hR276 R-3c 2.5773 — 0.8760
HfRe; MgZn; hP12 P63/mmc 0.5239 - 0.8584
HfsRezs TisRezs cl58 1-43m 0.9708 — —
ReyAl CuZr; tl6 14/mmm 0.29802 - 0.95796
ReAl CsCl cP2 Pm-3m 0.288 — —
Re1sAlz Re(Reo.4Alp6)2Al tP4 P4/mmm 0.30785 — 0.59515
Rl | MmAl | Pl | pa | 0SU2 [ OSISE ] 08ees
Re14Als4.75 Re14Als4.75 apP71 P-1 OfiSIQ 00.9|40; ﬂo;ggggoo; = 923%7025
RegAlsz.07 RegAlsz .07 aP43 P-1 2319563.852‘0; ﬁ29905758§1 = L — 9123;792270
ReAls MnAlg 0S28 Cmcm 0.7599 0.6606 0.9029
REA|12 WA|12 cl26 Im-3 0.7527 - -
HfAI; rt ZrAl; t116 14/mmm 0.3989 — 1.7155
HfAl; ht TiAl; t18 14/mmm 0.3893 - 0.8925
HfAl, MgZn; hP12 P63/mmc 0.525 - 0.868
HRAlG ZrAl; oF40 Fdd2 0.9529 1.3763 0.5522
HfAI TII 0S8 Cmcm 0.3253 1.0822 0.4280
Hf:Als Zr,Al; hP7 P6/mmm 0.5334 - 0.5429
Hf:AlL Zr3Al tP20 P4,/mnm 0.7535 — 0.6906
HfsAl; MnsSis hP16 P6s/mcm 0.8052 - 0.5690
HfAl CuAl; 112 14/mem 0.6776 - 0.5372
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of solid solutions is likely to form at higher temperatures.

At the temperature of the study, in the region of high
hafnium content in samples with the element ratio
Hf:Re:Al = 9:4:1 according to the EDXS analysis, the
existence of a new compound of approximate composition

~HfsReAl, isostructural with the compound TisGas
(hP18, P63s/mcm) [27], was discovered. A detailed
description of this compound will be the subject of a
separate publication.

Table 3 shows the compositions, and Fig. 1 presents

Table 3.
Compositions of the samples shown in Fig. 1

© Composition © Composition
g £
8 nominal from EDXS 8 nominal from EDXS
1 HfoRegoAlio Hf11.06Res6.26A .8 6 HfsRez0Alss Hf2s.04)Re33.74)Al38.39)
2 HfisResAls Hf13.43)Rea052)Al16.1(5) 7 HfsoRe1sAlss Hf.15)Re1066Al7.4)
3 Hf2oRes0Als Hf22.1(6)R€49.56)Als.4(9) 8 HfsoRes0Alzo Hfss.38)Re28.80Al7.909)
4 Hf:sRe10Alss Hf22202)Res.4(2)Also 4(s)

9 Hf;sRe0Al Hf Re Al
5 H0ResAlLs Hiys sRe7 46l 100 75Re10AlLs 7347 Re1137)Al1s.36)

v

Hf‘lh)Rclm.‘lAI\lll

Hf, o Rey05AL )

Hfzq :ancs: ys;Alls 3(6)

HE oo Rew Al HE, 0, Res5 ALz

fom:.Refow:rAlnﬁm

SEM HV: 25.0 kV WD: 14.66 mm
View field: 9.2 ym Det: BSE

SEM HV: 25.0 kV WO: 14.00 mm SEM HV: 25.0 KV WD: 14.23 mm
View fleld: 69.2 pm Det: BSE 2 View field: 69.2 ym Det: BSE 20 pm

Hf,, oo R€e oAl o) fio Re Al g,

»

HE,
}IfZ\KHDRc(I‘GvAl“V(‘) g -
HE, o RE, 0 Al B RomeALy

Hf, ‘:‘:»ch :mA]n 94)

Hfm:;Rex-.nAlw:x

SEM HV: 25.0 kV WD: 14.70 mm
View field: 69.2 ym Det: BSE 20 pm

HE o Rey oAl o) HE,, . Res 0 Al

SEM HV: 25.0 kv WD: 14.88 mm SEM HV: 25.0 kV WD: 12.62 mm
View fleld: 69.2 ym Det: SE View field: 69.2 ym Det: BSE 20 pm

HE, (o Res Al

HfWHVRc:“(\)Al!\{\l wa“"Rc".hAlI:‘“

Hf o0 R, 06ALy i)

Hf",M,RC,"_ Al HfwaRe0ALxs

Hf,, 5 Re, 40 AlLo

SEM HV: 25,0 kv wo: 1481 mm | SEM HV: 25.0 KV WD: 13.96 mm

SEM HV: 25.0 kV WD: 14.57 mm
‘ View fleld: 69.2 ym Dot: BSE View field: 208 pm Det: BSE

View flold: 69.2 ym Det: BSE 20 pm

Fig. 1. Microstructures of selected samples and compositions of the detected phases.
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Table 4.

Results of the phase analysis of the samples shown in Fig. 1, compositions from EDXS, cell parameters from XRPD

= Pearson symbol, space Cell parameters, nm
£ Phase
8 group a b c
HfsRe2s
1 Hfio)Ress@)Al2q) cl58, I-43m 0.96621(3) - -
HfoeRess@Als) not detected by XRPD
Hf(Re,Al)2 -
Hf20.23)Res2.53)Al1s3) hP12, P6a/mme 0.52294(3) 0.85248(9)
2 HfsRe2s cl58, 1-43m 0.96694(9) - -
ResAl aP15, P-1 0.5213(2) 0.5132(2) 0.9010(3)
Hfos3Rezs 6Al72.96) ' o=74.98(2)°; B=91.28(3)° y = 80.32(3)°
Hf(Re,Al)2 -
3 Hfs1.6(2)Res6.92)Al11.5(3) hP12, P6s/mme 0.52327(2) 0.85345(4)
ResAlr
Hf1.o6)Re2.95Al72.1(9) not detected by XRPD
Hf(AI,Re)2
Hfs1.34Re1106)Als7.7(7) hP12, P6s/mmc 0.52573(3) - 0.85710(7)
HfAlz rt
4 Hf23.8(4)Reo052)Al7s.7(5) t116, 14/mmm 0.39907(3) - 1.7164(2)
ResAl11 ] .
Hfs.92)Re23.2(4)Al72.92) aP15, P-1, >5 % by XRPD
Hf(Re,Al)2 -
Hfs2.59)Resa.60)Al2.9() hP12, P6a/mme 0.52450(3) 0.85774(9)
5 HfsRe2a
Hfis.60)RerssmAl7.00) cl58, 1-43m 0.97154(8) - -
Hfs.o)Resr7)Als.a@) not detected by XRPD
Hf(Re,Al)2 -
Hfsz)Reso)Alis) hP12, P6s/mmc 0.52485(3) 0.85404(8)
Hf(ALRe)2
6 HfspRer@Alsio not detected by XRPD
ResAl11
Hfam)Rezs@Alza) not detected by XRPD
Hf(Re,Al)2 -
Hfs2.4(6)Re25.65)Ala21) hP12, P6/mme 0.52592(4) 0.8554(1)
HfsAls
! Hf7.7¢5)Res.46)Alas.o(6) hP7, P6/mmm 0.53282(8) - 0.5435(2)
HfAI
HfsooRez00Alr.10) 058, Cmem 0.3318(6) 1.116(2) 0.4185(7)
Hf(Re,Al)2
Hf3oa)Ress)Al2a(s) hP12, P6s/mme 0.52741(7) - 0.8603(2)
8 ~HfsRe2Al2
HfszRezoAlzse) hP18, P6s/mcm 0.8091(2) - 0.5689(2)
Hf hP2, Pea/mmc 0.3170(0) - 0.5038(3)
Hf
9 Hfzss)ReiomAlzq hP2, P6s/mmc 0.31599(3) - 0.50208(9)
~HfsRe2Al2 hP18. P64/ 0.8076(1 0573002
Hfso)Re21(6)Al19(s5) » Fog/mem - @) - . 2

photographs of the surfaces of individual samples. Table 4
summarizes the results of the phase analyses. Fig. 2 shows
the isothermal section of the Hf—Re—Al phase diagram at
1000 °C. The ternary phase ~HfsRe,Al, forms equilibria
with Hf3Als, HR,Al, (Hf), Hf21Rezs and the extended solid
solution of HfRe,.

If we compare the Hf~Re—Al system with previously
studied TV-TVI'-M""" systems, we can see that they differ
both in the nature of the phase fields and in the number
and types of ternary compounds that exist in the systems
[1-17]. In most of the systems involving boron,
compounds are either absent or a single compound is
formed. The systems with aluminum and indium are
characterized by the presence of one or two compounds.
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Slightly more compounds (2-4) are formed in the systems
with gallium. The Ti—-Mn-Al system has been studied at
various temperatures.

Similarly to the system studied by us, hexagonal
phases isostructural to the MgZn, type with regions of
homogeneity of different size are also known in the
systems {Ti, Zr, Hf}~Mn-Al and {Zr, Hf}-Mn-Ga,
whereas in the system Hf-Re-B the binary phase HfRe,
does not dissolve significant amounts of the third
component. In contrast to the Hf-Re—Al system, no
ternary compound with a structure of the TisGas or
HfsCuSns types [28] has been reported in the systems
considered here.
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Al

Re ,Alsy 55
Re,Al, ¢

/

Re 4

X, HfAL
), HfAL

i XHf

Hf.Re,, HfRe,

Hf, Re,;

Fig. 2. Isothermal section of the Hf—Re—Al phase diagram at 1000 °C (1 — ~HfsRe-Aly).

Conclusions

Ternary systems involving d-elements of groups 1V
and VI1I and p-elements of group 11 of the periodic system
are characterized by either the absence, or a low number
of ternary compounds. The isothermal section of the phase
diagram of the Hf-Re-Al system at 1000 °C was
investigated in the full concentration range using X-ray
powder diffraction, scanning electron microscopy, and
energy-dispersive  X-ray spectroscopy. Under the
conditions of the study, the existence of 13 previously
reported  binary  compounds was  confirmed.
Approximately 5 at.% of Hf can be dissolved in the
compounds ResAli;; and RexAl, and about the same
amount of Al in Hf21Rezs. A new ternary compound of the
approximate composition ~HfsRe,Al,, adopting a
TisGay-type structure (hP18, P63/mcm), and two extended
solid solutions based on the hexagonal Laves-type
(MgZny) binary compounds HfRe; and HfAI, were found.

The Hf-Re—Al system differs from previously studied
TV_TVI_LM'" systems, both in the nature of the phase
fields and in the number and structures of the ternary
compounds. Hexagonal Laves-type phases also form in
the {Ti, Zr, Hf}—Mn-Al and {Zr, Hf}—-Mn-Ga systems,
however, no ternary compound with a TisGas-(or
HfsCuSns-) type structure was found in these systems.
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JI. 3inbko, I'. Huuunopyk, O. Manenko, P. I'magumeBcbkuii

IloTpiiina cucrema Hf—Re—Al npu 1000°C

JIveiscokutl nayionanorutl ynieepcumem imeni leana ®panxa, Jlveis, Ykpaina, lianazinko@gmail.com

B3aemomito kommoHeHTiB y cucremi Hf-Re-Al mocmimkeHo MeTomaMu pEeHTTEHIBCHKOI MOPOIIKOBOL
mudpakiii, CKaHyro4oi eJIEKTPOHHOI MIKPOCKOHII Ta EHEeproJucCIepCiiHOl PEHTTeHIBCHKOI CIIEKTPOCKOMII.
ITobynoBano i3otepmiunuii mepepi3 miarpamu crany npu 1000 °C B MOBHOMY KOHICGHTpaLiifHOMY iHTepBaJi.
BusHa4eHo icHyBaHHs HOBOI TepHapHoi crionyku ~HfsRe2Alz, i3octpykryproi go tumy TisGas (hP18, P6s/mcm),
i IBOX MPOTSDKHUX TBepaux po3unHiB ckiany Hf(Re,Al)a.

Knrwuoei cnosa: raduii, peHiid, adroMiHil, peHTTE€HIBCbKa MOPOMIKOBAa AWGPAKLisi, €HeproaucrepciiiHa
PEHTTEeHIBCbKA CIEKTPOCKOIIIs, diarpamMa CTaHy, i30TepMidHHMil epepi3, KpUCTallidHa CTPYKTYypa.
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Introduction

Non-crystalline solids of systems As(Ge)-S(Se) are
very interesting objects with wide practical and
fundamental applications [1,2]. The fundamental
researches using ideas of synergetics for the self-
organizing processes and formation of self-organized
structures in them, also is extremely also important and
unigue [2]. In the region of low temperatures (T < 50 K),
the behavior of a number of thermal properties (the heat
capacity, the coefficient of thermal expansion, the velocity
of sound propagation) for non-crystalline solids is
different from the temperature characteristics of the
crystalline compounds. The low-temperature anomalies of
physical properties for non-crystalline solids are described
at present on the basis of representations of two-level
tunnel states and soft atomic configurations without a
single interpretation of their microscopic nature [3-5]. An
interesting application of such phenomena is also the Bose
& Einstein condensation, which is being studied
intensively studied over the past decades [6]. Processes of
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self-organization and a synergetic approach to low-
temperature anomalies can cardinally change the views
and methods of implementation without dissipative
dissemination of information through the realization of
fractal structures [7].

In order to explain the nature of the low-temperature
phenomena of non-crystalline materials of As(Ge)-
S(Se,Te) systems in a wide temperature range, it is
necessary to consider the behavior of physical-mechanical
properties in conjunction with the features of the structure
and factors that determine it. These factors include the
conditions for obtaining non-crystalline materials and the
effect of external fields (electromagnetic radiation,
external  noise).  Non-crystalline  materials  are
characterized by the presence of self-organized and fractal
structures [2, 7-10], whose parameters, due to influence on
the near and medium order, are largely determined by the
conditions of obtaining. For example, such factors include
the synthesis temperature, cooling rate, annealing regimes,
which determine the spatial fluctuations of structural
parameters. In addition, the self-consistent consideration
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of the dynamics of atomic oscillations, the reorganization
of local atomic potentials, and the spectrum of low-
frequency excitations of non-crystalline materials in terms
of conditions for their obtaining is of fundamental interest.
The nature of the transition to a non-crystalline state as a
self-organized process and low-temperature anomalies
also have much in common [7, 11]. From this perspective,
the study of the formation processes of orderly self-
organized structures in non-crystalline solids continues to
arouse constant interest in the synergetic approach and
their practical application in the creation of non-volatile
memory and technologies, the development of intelligent
non-crystalline materials of artificial intelligence [7]. The
above-mentioned approaches are discussed in this article.

H=%:% (
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I. Model of system

Let's consider the relationship between the behavior
of physical properties (mean-square displacements and
frequency of oscillations of atoms, heat capacity and
thermal expansion) of non-crystalline solids in the region
of low temperatures T < 100 K with the conditions for
their obtaining. The fluctuations of the parameters of the
non-crystalline structure, which are described at the near-
order level by the dispersion of the interatomic distances
and angles between the bonds, cause the local
heterogeneity of the matrix and lead to the formation of
regions with different levels of ordering. The Hamiltonian

H of such a system can be given as follows

—#)ala) . (1)

Here U (7)) = Xf @ 0 (7, — 7r) s the single-particle potential, @, ./ (7, — 7) is the paired interaction potential, alfare
the local characteristic functions. Effective Hamiltonian H of two-level states (f = 1,2) the system has the look:

~F\2

H=Y0,08 = ale<(*;’)

Where A; = 1 — 62, A, = 6%, 0, + 0, = 1. Inthe future,
we will introduce the notation ¢ = g,. Configuration
g

entropy dS; = —kgln [Hf {N}T}:Nf)'}:l

associated with fractal regrouping the regions of soft-
atomic configurations inside the system, is determined for
this case by the number of distribution methods N, atoms
in f possible states with degrees of degeneracy g,. Degree
of degeneracy g, takes into account the splitting of the
corresponding energy level due to the influence of
neighbors, and gr > Ng. So, 92 > Nomax
(Nymax = (107* = 1072) - N)(is the density of possible
soft atomic configurations in non-crystalline material,
which is determined by its structure and conditions of
obtaining [11]) and g; = Nyper = N, which gives an
estimation g,/g; = 10™* + 1072, Since in the non-
crystalline material the proportion of atoms contained in
soft atomic configurations is significant
(0 =107* <+ 1072), and the displacement of the atoms
for the system near the order (10 + 30)% the interatomic
distances, then for the study of the temperature behavior

Ay A, —9ind2/N2=1
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o= g1/Ny 11 ,Af =
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of the non-crystalline system, it is necessary to involve
methods that take into account strongly non-harmonic
effects and structural rearrangements. We use the self-
consistent  pseudo-harmonic  approximation, which
enables us to determine the renormalization of the force
constants and local potentials as a result of the
anharmonicity of atomic oscillations [11-14].

Let's consider the solution of the variational problem
[11, 12] for the functional of energy

dF /0o = a, - (0 — 7,),

F=Y;F—T-dS, dS=ds;+ds,, 3)
a. = (0°F/da,). -

Where dS; > 0 is a flow of entropy within a non-

crystalline system, dSe < 0 is a flow of synentropy from

the external environment [7], o, is an equilibrium value o.
The variational problem leads to self-consistent equations:

fZ

U, 8, = S0 G- 7o @
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The system of equations with respect to renormalized power constants f(l) and mean-square displacements

'D’(l) — <{u(l) lu(o)}l

) in the approximation of the pair interaction of near neighbors Z, it is possible to investigate the

temperature behavior of the non-crystalline system and has the form

w(k) how (k)
T (z) 29 '

ZDf(l) = _Zk

(D) = Af [exp{ Dfa }(Df(rl -1 )] (5)

Describing the effective interaction of atoms with the Morse potential, we find for a self-consistent interaction
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potential:

W,(1) = AVosexpl{~0'} [exp{-2a(l - ap)}exp {2y} - zexp{~al ~ ap)}exp {y, 2} ©)

where a = ay+3Q*/2a is an averaged interatomic
distance taking into account the static disordering of
equilibrium positions characterized by a parameter
Q" = a?Q? y; =a?Ds(l) are given reduced mean-
square displacements of atoms; a and V,r are the
parameters of the potential. Thus, according to the
principle of the local quasi-equilibrium of non-crystalline
material in the presence of external applied pressure P, the
average inter atomic distance is equal

_ 3yf _ _ _Prexpy)
lf - 0[0 + 2a + 5f1 5f (3(1(1—60’22))'
Vozexp{y1—y2} « _ 6Paad
{=1-——"—""K1, PP=—2
Vo1 zf

is the reduced pressure, f = 2aV,rexp{—Q"} is the power
constant in a harmonic approximation, then the potential
energy and force constants in the region of low

‘T’f(lf) = —AfVOfexp{—Q*}exp {—yf},

~ P*
vf(lf) = Asf (exp {—yf} + 1_&%) @)
B 5B
Y, == 194(1+ —L ot + )
Afas 2472
Vopao(1+P")V-exp{~Q"} _ a—4
where Ap = Zhvorsor B, = 60(hso™
Sty = zfag(1 + T &TZ)/Zm is a sound speed in harmonic
=502

approximation, v, is a geometric structural factor
(0 < vy < 1). The system of equations (4) - (7) allows
us to investigate the behavior of the mean-square
displacements, the atomic fraction in soft atomic
configurations and a number of other physical properties
that are determined through y;(T) and o(T) in the

temperatures (6 « kpT,, where T, is a Debye's  temperature  range T <100°K. Because
temperature) are defined by expressions Ap®p = zNP,(1)/2, 0pA; = zNDp(1)/a?, Then equation
(4) using the relation (7) is rewritten in this way:
Vo2 (exp(-y2 b ez ) ~Voryn (L4 0) (exp(-y 1 ez ) +0In Fr—eap(Q*}+ e (0-02)
o= . ®)

Vorexp{-y1}-Vozexp{-y2}

In particular, taking into account (7), for T < 10°K we get

_ (a+prv* (ﬁzVoz _ B1Vo1 ) )
2e A03  A1(1-02)(1+02)’
_ B2(1+P")Vyp

From here we have o = y0, y* YIS
2

K 1, £=V01_V02.

Internal energy and volume
E‘ = (1 - 0-2)51 + 0-252 + O-/Iz + (1 - G)Al,

V=N(1-0)vy+0-v5), v =vpl3, (10)

there are functions o, y; , and given this way:

E~'=—exp{ Q" }x[ Vore™1 + a?(Vore ™1 — Ve ™1) + Vo3, (1 — 02 )( 4+ €U)+V02y2<72 (€_y2+
=) (11)

3y P*eY1 3y, Pre¥2
0')1]01 (a t 2 2a 3a(1—02)) + 0V, (d -y 2a 3(1(1—{0’2)) ' (12)

L=a

Thus, the low-temperature thermal capacity and the coefficient of thermal expansion of the system are described by
the relations

((E+Pv))
=Ma A\ N J)f _2ZMa 0"
Cp T m aT T2m €
2
_ _ P* 3
([Vo1e (1= y1) —Voae2(1 = y2) = Vo — Vozyel = 102 ng) +Vpre ™1 (1 —0?)(2 - y1) + Vore ™2+ a2

P*

a 3 a
2 -y,) J/z [V01(1_02)£+V02 2222 102

+ P*(v, — 171)—+P* 6171 P*o%(vz —171)), (13)
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Here M_,is molar mass. Using (11), (12) for E and V in the temperature range T < 10°K we will get:

B Z__Q* 292 B2Vo2(2+P") B1Vo19* X *..2.92
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The corresponding thermal capacity and thermal
expansion coefficient of the system will look like 0.12 + SR °
2 3 3 /./'/./.
CP = aIT + azT + a3T , Ar = _blT + sz y (15) 0.10 4 /.:/./
o nm
Where @ 0.081 /
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I1. Results and discussions

Solutions of the self-consistent system of equations
(8, 9) in the temperature region T <100 K calculated
numerically using the iterative method [11] (model
parameters for non-crystalline solids of As(Ge)-S(Se)
systems
(P*=0.1, e =10"*eV, f = (10* = 10° dynes/cm,
91/9> = 11 = 15, a - ay = 6). The parameter Q* is taken
into account based on the results of the study of inelastic
neutron scattering of chalcogenide glasses as the
magnitude of the amplitude of continuum disorder:
Q*=0.15+0.18 [10, 11 ]. Linear temperature dependence
of the fraction of atoms in soft atomic configurations at
T < 1°K which the temperature rises it becomes nonlinear
(6 =Tk k < 1), saturated
(Omax = 107% +1072) about T ~ 10 + 10% K (Fig. 1).
Anomalous temperature behavior of changes in the
fraction of atoms in soft atomic configurations do /0T
(Fig. 1) manifests itself in the temperature range (3+30) K
and correlates with the position of the frequency domain
of the boson peak vy, of chalcogenide glasses [3, 8, 15].
The presence of a boson peak confirms the formation of
nanoscale ordered structures in chalcogenide glasses [3,
15]. One of the variants of such an implementation is the
formation through the processes of self-organization of
soft atomic configurations of a fractal structure, which
precisely realizes the minimum of energy dissipation [7,
14].
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Fig. 1. Temperature dependence of the fraction of atoms
in soft atomic configurations o Q*=0.15 (black square),
Q"=0.18 (red circle).

Within the synergetic model, the structure of non-
crystalline solids can be described as a linear contribution
to thermodynamic functions C, and ar, caused by
fluctuation transitions of atoms or their groups between
soft atomic configurations, and cubic, due to phonons
(Fig. 2). Since the coefficient of the linear part of the
temperature dependence aq is negative (15), then in the
low temperature region a; of the system initially
decreases with heating, and then, due to the growth of the
contribution of phonons (= b,T3), begins to grow
(Fig. 2). The nature of the effect of temperature
compression of non-crystalline solids in the region
T < 1°K is as follows. Structural heterogeneity at the
level of the near and middle orders determines for the
heterogeneity of the phonon subsystem (the
anharmonicity of the atomic oscillations is most
pronounced for weak links). Accumulated in the local
areas of the non-crystalline system energy is stored in the
form of elastic deformations ~ P*exp(y,)/(1 — &a?).
With the growth of the fraction atoms in soft atomic
configurations, elastic deformations will also increase,
causing the sample to compress. At higher temperatures
(1+10) K cubic contribution to a; becomes decisive
(Fig. 2). The obtained result is consistent with the
experimental data [4] on the temperature dependence of
the Griineisen coefficient (G= — 1) for a number of non-
crystalline solids in the temperature range T < 10 K.
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Fig. 2. Low-temperature dependences of the heat capacity
C, (black square) and the coefficient of  thermal
expansion a; ( red circle) for non-crystalline As,S;, Q* =
0.18.

This model explains the quasilinear temperature
dependence of heat capacity C, ~ TS (6§ =0.1+0.4),
taking into account the self-consistent way along with the
contribution of purely phonon excitations, their
renormalization as a result of interaction with low-energy
structural states (Fig. 3). This contribution, due to the
interaction of phonons with soft configurations, has the
order a,-T? and is essential in the temperature range
T <(1+3) K. The temperature dependence of the heat
capacity, including not very low temperatures and
calculated in accordance with (14), is presented in Fig. 3.
In Fig. 3 shows experimental data of the dependence of
the heat capacity C, of glass As,S; in the temperature
range T =(0+12) K<<Tp=161K, where T, is the
Debye’s temperature, which is in good agreement with the
theoretically obtained ones (15). For T = (3+10) K this
dependence Cp/T3 have a wide maximum (“hump"),
which is due to the interaction of atoms in soft atomic
configurations with the matrix of the soft atomic state,
which leads to a self-consistent renormalization of the
force constants, the distribution of low-energy states and
its nonlinear temperature dependence.

We analyze the influence of the conditions of
obtaining on the nature of low temperature anomalies of
the thermal properties of non-crystalline solids. The
influence of technological regimes of obtaining (changes
in the temperature of synthesis 7p) was taken into account
as follows: an increase in the synthesis temperature causes
an increase in the continuum disorder of the
framework Q*, which is described by the dispersion of
distortion of the short order and causes the change in
atomic potentials (11), the frequency of oscillations of the
atoms and thermodynamic functions E,V (14). So, for
non-crystalline material As,S; obtained by cooling the
melt from the synthesis temperatures in the range
T =(870+1370) K (the boundaries are determined by the
minimum and maximum temperature of synthesis of this
composition at a rate q=1.8 K/s [1]), there is a change in
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the dispersion of interatomic distances, which is
coordinated in order of magnitude with experimental data
[11]. It should be noted that the variation of the conditions
of synthesis does not change the universal nature of low-
temperature anomalies C, and ar of non-crystalline
solids, but causes a change in the ratios of different
contributions and temperature intervals. The growth of the
dispersion of the fluctuations of the interatomic distances
of the material obtained at the synthesis temperature
T =1370 K, causes an increase in the atomic share in soft
atomic configurations and a shift in the temperature
interval of saturation to a region of lower values in
comparison with those for a material obtained at a
temperature T = 870 K. This result is consistent with the
results obtained by the authors [7] in studies of the growth
of the density of low-energy states with a decrease in the
transition temperature to a non-crystalline state (an
increase in the synthesis temperature at g = const for
As,S; causes a decrease in the temperature interval of
softening-glass transition). Correspondingly, the change
Q" affects the nature of the dependence Cp /T3 from T,
which qualitatively agrees with the experimental studies
on the influence of the conditions of obtaining As,S; to
low-temperature heat capacity in the temperature range
(2 + 10)°K [16].
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Fig. 3. Low-temperature dependence of the heat capacity
of vitreous As,S;. Red circle — experiment [8], black
square — calculation according to (15), Q* = 0.18.

It should be noted that the correlation studies of low-
temperature anomalies of physical properties (mean-
square displacements, heat capacity, and coefficient of
thermal expansion) of non-crystalline solids with the
conditions of their obtaining indicate the common features
of the transition to state of the non-crystalline solids [10,
17]. The authors of [1, 5] established empirical relations
between the softening temperature and the density of soft
low-temperature states. In particular, it is shown that the
coefficient for the linear part of the temperature
dependence of the heat capacity is a function of the
softening temperature a; = f(T,). Since the softening
temperature depends on the conditions for obtaining in
particular the synthesis temperature, using (15) it will be
rewritten as follows:
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a, = zy“kg —1e e+ FE s c +exp(Q*) c +f(q'T0) f(Ty). (16)

That is, the ratio (16) for the coefficient of thermal obtaining. The common features of the transition of the
dependence of the heat capacity allows us to obtain an system into a non-crystalline state and the realization of
empirical relation a; = f(T,), which describes the low-temperature anomalies as a manifestation of the

correlation between low-temperature anomalies and the ~ formation of self-organized structures are discussed.
transition to the state non-crystalline solids [15-18].
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Nanostructured TiO2/Agl photocatalyst under the action of ultraviolet or visible electromagnetic radiation
effectively neutralizes organic pollutants in the aqueous environment. It is a nanostructure in which micro- and
small mesopores of anatase TiO2 are filled with silver iodide in the superionic state. The content of the a-Agl ion-
conducting phase in the volume of TiO2 pores can be ~20 wt %.

To obtain a photocatalyst, titanium dioxide is synthesized by the sol-gel method, using a titanium aquacomplex
solution [Ti(OH2)s]**-3CI- and a Na2COz modifier additive as a precursor. The modifying additive during synthesis
ensures the fixation of =02CO carbonate groups on the surface of oxide material particles. The presence of these
groups leads to an increase in both the pore volume and the specific surface area of TiO2. The specific surface area
of carbonized titanium dioxide is 368 m2.g2, the pore volume is 0.28 cm3-g2, and their size is 0.9-4.5 nm.

To fill the micro- and small mesopores of TiO2 with the superionic a-Agl phase, Ag* cations are first adsorbed
from the AgNOs solution on the titanium dioxide surface, and then the oxide material is contacted with the KI
solution.

Compared to the Evonik P25-TiO2 photocatalyst, the nanostructured TiO2/Agl photocatalyst demonstrates a
significantly higher efficiency of photodegradation of organic dyes Congo Red and Methyl Orange in visible and
ultraviolet radiation. The most active TiO2/40Agl sample achieved complete degradation of the CR dye (5 mg/L)
in 6 minutes of UV irradiation (A = 365 nm), while the efficiency of commercial P25-TiO2 over the same time was
only 42%.

Keywords: titania, Congo Red, Methyl Orange, photocatalyst.
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Introduction

To improve the spatial separation of photogenerated
charges and increase the quantum yield of photocatalytic
transformations, nanostructured binary photocatalysts are
used. The coordinated energy of the conduction band and
the valence band of these nanostructures contributes to the
irreversible interfacial transfer of photogenerated
electrons and holes.
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In binary photocatalysts based on TiO,, metal oxide
[1-4] or chalcogenide semiconductors [5-7], conductive
polymers [8-10], carbon materials such as graphite,
fullerenes, graphene [11-14], etc. can perform the co-
catalyst function.

The components of photocatalysts based on TiO; are
also solid-state electrolytes, in particular, silver halides
[15-17]. TiO2/AgBr nanostructures have a photocatalytic
effect in dye oxidation reactions, they are characterized by
photobactericidal properties.


mailto:myrif555@gmail.com
mailto:danyliuk.nazariy@gmail.com
mailto:lturovska@ifnmu.edu.ua
mailto:kotsuybynsky@gmail.com

Structural, morphological and photocatalytic properties of nanostructured TiO,/Agl photocatalyst

TiO2-Agl nanocomposites obtained by mixing the
corresponding sols exhibit photocatalytic activity in the
reduction reactions of methylviologen [17].

TiO2/Agl nanoheterostructures should be more
efficient photocatalysts than nanocomposites of this
composition. By definition, in a nanostructured
photocatalyst, nanometer-scale components must be
interconnected and placed in a certain order relative to
each other. The large area of phase contact in these
nanostructures and the ionic conductivity of Agl ensure
the removal of photogenerated holes of the valence band
of titanium dioxide and prevent their recombination with
the electrons of the conduction band.

In this work, our goal was to synthesize a
nanoheterostructural photocatalyst in which TiO; is
combined with silver iodide in the superionic state, to
study the structural and morphological characteristics of
the photocatalyst, and to study its activity in dye oxidation
reactions in ultraviolet and visible electromagnetic
radiation.

I. Experimental

1.1. Preparation of TiO2/Agl nanostructures

Nanostructured TiO2/Agl photocatalyst was obtained
by filling titanium dioxide mesopores with silver iodide
during the reaction between AgNOsand KI. Ag* cations
were adsorbed from the AgNO3 solution on the surface of
the oxide material for Agl to enter the TiO- pores, and only
then the oxide material was brought into contact with the
KI solution. Due to the high Laplace pressure, Agl
nanoparticles in the pores of the oxide material pass from
the dielectric state (B-Agl phase) to the superionic state (a-
Agl phase). The ionic conductivity of the a-Agl phase is
108 times higher than the ionic conductivity of the p-Agl
phase.

The synthesis of anatase nanoparticle TiO> is based on
the sol-gel method, in which a solution of the
[Ti(OH2)6]**-3CI- aquacomplex is used as a precursor. In
order to increase the pore volume of TiO, its specific
surface area, and adsorption activity with respect to metal
cations on the surface of the oxide material, carbonate
groups =0,CO were grafted during synthesis [18]. To
implement this process, the modifying reagent Na.COs;
was introduced into the titanium precursor solution. Its
percentage was 8 wt.% relative to TiOa.

The mixture of reagents was diluted with water and
kept at a temperature of 70°C for 30-40 minutes. After
heating, the pH of the reaction medium was adjusted to 6-
7 with a 10% NaOH solution. The resulting TiO; particles

were removed from the reaction medium using a vacuum
filter, then washed from adsorbed Na* and CI- ions with
distilled water and dried at a temperature of 120-140°C.

With a pore size of 0.9-4.5 nm and a pore volume of
0.28 cmi.g?, the specific surface area of the synthesized
TiO, was 370 m2g 2.

Table 1 shows the morphological characteristics
(specific surface area, pore volume) of base and modified
TiO,. The base titanium dioxide in the table is designated
a-TiO., and the modified one is 8C-TiO,. Morphological
characteristics indicate that the modified TiO; exceeds the
base one in terms of specific surface area and pore volume.
The carbonated TiO, obtained by this method is an
effective adsorbent for the extraction of metal cations
from an aqueous medium.

To obtain nanoheterostructured photocatalysts, silver
cations Ag* were adsorbed on the 8C-TiO; surface. To do
this, an adsorbent was introduced into the AgNO3 solution
and kept for 30-40 minutes. It was removed from the
dispersion medium and mixed with the KI solution. After
10-20 minutes of contact, the precipitate of the solid
product was separated from the reaction medium, washed
with distilled water, and dried at a temperature of 140-
150°C for 2 hours.

Studies of the adsorption of silver cations by
carbonized TiO2 showed that 1 g of the 8C-TiO; adsorbent
extracts 190-210 mg of silver ions from an AgNOs
solution.

To optimize the phase composition of the
photocatalyst in the specified way, three test samples of
the photocatalyst containing 20, 30, and 40 wt.% of silver
iodide were obtained. These samples are designated
Ti02/20Agl, TiO2/30Agl, and TiO2/40Agl, respectively.

1.2. Characteristics of methods

Phase analysis of the TiO; samples and TiO2/Agl
nanostructures was carried out on an XRD-7000
Shimadzu X-ray diffractometer in copper anode radiation.
Crystal phases were identified using the Mateh 3.0
software.

The morphological characteristics of powder
materials, namely, their specific surface area, pore
volume, and pore size distribution, were calculated from
N, adsorption/desorption isotherms. Adsorption was
studied at the boiling point of liquid nitrogen (T =77 K)
on an automatic sorbometer Quantachrome Autosorb
(Nova 2200 e). Before radiation, the test samples were
calcined in vacuum at a temperature of 180°C for 24 hours.
The pore size distribution was calculated using the density
functional theory [19].

Images of TiO; particles and TiO2/Agl nanostructures

Table 1.

Morphological characteristics of test samples (average value of specific surface area and pore volume)

Porous structure parameters
Test
same;fles S, Smicro Smeso Smeso/S, \% Vmicro Vmeso Vmeso/V,
mz,g-l m2,g»1 m2,g»1 % Cm3,g»1 Cm3,g-l Cm3,g-1 %
a-TiO; 239 100 139 58 0.15 0.054 0.098 64.4
8C-TiO; 370 6 364 98 0.28 0.001 0.279 99.6
TiO2/40AgI 222 - 222 100 0.20 - 0.20 100
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were obtained using a JSM-2100F transmission electron
microscope and a REMMA-102 scanning electron
microscope. The scanning electron microscope is
connected to an energy-dispersive X-ray spectrometer.
This allowed us to control the elemental composition of
the test samples.

1.3. Evaluation of photocatalytic performance

The photocatalytic activity of nanostructured
TiO2/Agl composites was evaluated by studying the
photodegradation of dye solutions: Congo Red (CR) and
Methyl Orange (MO) under the influence of UV and
visible electromagnetic radiation. The source of
electromagnetic radiation was LEDs with a wavelength of
365, 395 and 430 nm. The power of each LED was 5 W.
The design of the photoreactor is described in detail in
[20].

Before the start of the experiment, a suspension
containing 30 mg of photocatalyst and 20 ml of an
aqueous solution of CR or MO dye (5 mg/L) was stirred
with a magnetic stirrer for 30 minutes in the dark to ensure
the establishment of an adsorption-desorption equilibrium
between the dye molecules and the photocatalyst surface
at room temperature. After that, the suspension with its
continuous stirring was irradiated with electromagnetic
radiation with a given wavelength. The photodegradation
kinetics of the dyes was recorded with a DT-1309 light
meter. The final concentration of the dye in the solution
was determined with a Ulab 102UV spectrophotometer. A
detailed description of this technique and calibration

10 nm

dependences are given in [21]. The percentage of dye
degradation was determined by equation (1):

% degradation dye = Co-C/Co *100%, 1)

where % degradation dye is the percentage of dye
degradation, Cy is its initial concentration, and C is the dye
concentration at time t. A commercial P25-TiO;
photocatalyst from Evonik was also studied under these
conditions.

1. Results and discussion

2.1. Morphological condition of the samples

The liquid-phase method for obtaining carbonated
TiO, makes it possible to obtain an oxide material with
small mesopores and their large total volume (Table 1).
The image of the microstructure of the 8C-TiO, sample
with a resolution of 5 nm (Fig. 1a) makes it possible to see
the primary particles of the oxide material, which are
anatase nanocrystallites. Their size is 3-7 nm, and they
have a faceted shape. Rows of TiOg octahedra are visible
on the faces of individual crystallites. White dots in the
rows indicate the absence of titanium atoms in them.
Defects in the structure of crystallites are micropores
<1.5nminsize.

During the sol-gel synthesis, the primary particles-
crystallites are combined into aggregates. The aggregate

Fig. 1. Image of primary paticles (a) and their aggregates (b, c) in the 8C-TiO, sample.
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size is 180-360 nm (Fig. 1c¢). The image of the aggregate
with a resolution of 20 nm (Fig. 1b) shows numerous
white areas 1-4 nm in size, which are mesopores.

Filling the pore volume of carbonated TiO, with silver
iodide leads to a decrease in its specific surface area and
pore volume. Thus, the specific surface area of the
TiO2/40Ag| test sample is 222 m?g, and that of the 8C-
TiO; sample is 370 m?.g* (Table 1). The pore volume of
this nanostructured material decreases from 0.28 cm?.g*
to 0.2 cm?-g compared to carbonated TiO». The contact
area between titanium dioxide and the a-Agl phase is
148 m?-gt. An analysis of the pore size distribution in
carbonated TiO, and in the TiO2/40Agl sample shows
(Fig. 3) that silver iodide in the nanostructured material is
localized only in small mesopores 2.4-3.2 nm in size and
micropores, and these pores are half filled with Agl. The
absence of silver iodide in pores with a diameter of 3.2-
4.5 nm is due to the fact that during the Agl formation
reaction, pressure arises that displaces reaction products
from the volume of these pores, so the condensation of
silver iodide molecules occurs outside the pore volume of
the oxide material. The formation of Agl crystallites in the
volume of small mesopores and micropores is probably
due to their small necks, which limit the extraction of Agl
molecules from their volume.

200 ~
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&
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Fig. 2. Isotherms of adsorption/desorption of N
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Fig. 3. Pore size distribution in carbonated titanium
dioxide 8C-TiO> (1) and photocatalyst TiO2/40Agl (2).

377

Fig. 4 shows an image of TiO2/40Agl sample particles
obtained using a scanning electron microscope. We can
see that the mixture with large xerogel-like particles of
TiO2/40Agl of black color contains small particles of Agl
of white color. The elemental composition of TiO2/Agl
and Agl particles is confirmed by the spectra of energy-
dispersive X-ray microanalysis (Fig. 5 a, b).

Fig. 4. Image of TiO2/40Agl particles. Black particles are
TiO2/Agl heterostructure xerogel, white particles are Agl.

2.2. Phase composition of the photocatalyst

Silver iodide belongs to the class of solid electrolytes,
which are characterized by ionic conductivity. At room
temperature and normal pressure, the crystalline state of
silver iodide corresponds to the B-Agl phase [22]. In some
cases, a metastable y-Agl phase may also be present along
with this phase.

At normal pressure, according to the phase diagram
[22] (Fig. 6), at a temperature of 146°C, the B-Agl phase
undergoes phase transition into the a-Agl phase. As a
result of this phase transition, Agl passes from the
dielectric to the superionic state. In the superionic state,
the electrical conductivity L of the a-Agl phase is
1.38 S.cm® [22]. This value is close to the L value of
concentrated liquid electrolytes. At room temperature, the
electrical conductivity of the p-Agl phase is
108 S.cm?,

The phase diagram of Agl indicates that with
increasing pressure, the temperature of the p—a-phase
transition decreases. At a pressure of 270 MPa, Agl
acquires a superionic state already at room temperature. It
is important to note that the temperature of Agl transition
to the superionic state depends on the particle size. Very
small nanocrystallites in the superionic state can exist at
room temperature. This phenomenon is due to the action
of Laplace pressure. Phenomenologically, the Laplace
pressure P arises due to the action of surface tension o
and its value depends on the curvature of the surface of the
solid. For spherical particles

),

where d is the effective particle diameter.
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Fig. 6. Phase diagram of Agl.

The calculation shows that silver iodide particles in
pores of the photocatalyst with a diameter of 2.4 nm at an
Agl surface tension of 0.18 J'm are under pressure of 300
MPa. At this pressure, Agl particles localized in small
titanium dioxide mesopores pass into the superionic state.

Phase analysis of the test samples of TiO2/20Agl,
Ti02/30Agl and TiO2/40Agl by X-ray diffractometry
revealed an anatase modification of TiO2 and two phases
of silver iodide — a-Agl and B-Agl in each sample. The
diffraction patterns of the test samples are shown in Fig. 7.

Table 2 shows the space symmetry groups of the
phases, their content and lattice parameters. The a-Agl
phase is localized in small mesopores and micropores of
anatase, while the B-Agl phase is located outside the pore
volume of TiOx. It can be seen from the presented data that
with an increase in the content of silver iodide in the
samples from 20% to 40%, the content of the a-Agl phase
in the pores of the oxide material increases from 6.17 wt.%
to 20.17 wt.%. Characteristically, with an increase in the
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content of the current-conducting phase, the efficiency of
the nanostructured photocatalyst increases.
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Fig. 7. X-ray diffraction patterns of TiO2/20Agl (1),
Ti02/30Agl (2), and TiO2/40Agl (3) samples.

2.3. Discussion of the results

2.3.1 Effect of Agl loading percentage

Agl effectively absorbs in the visible light region [23],
so the percentage of Agl incorporation into titanium
dioxide pores should have a significant effect on the
activity of  nanostructured  photocatalysts.  The
photocatalytic activity of Agl/TiO, photocatalysts was
evaluated by their ability to affect the degradation of dyes
under the action of UV and visible electromagnetic
radiation. Figs. 8-11 show that the efficiency of
destruction of molecules of CR and MO dyes increases
with an increase in the percentage of Agl in the
nanostructured photocatalyst. The maximum efficiency of
CR and MO removal is achieved in the TiO2/40% Agl
photocatalyst.
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Table 2.
Phase composition of samples and lattice parameters of anatase TiO», a-Agl and B-Agl.
TiO (Anatase) B —Adgl (lodaregyrite) a —Agl (Miersite)
ICSD # 44882 ICSD # 65063 ICSD # 52361
Tetragonal, 141/amd Hexagonal, P6mm Cubic, F-4 3m
Sample
Content, a A o A Content, a A e A Content, a A
% ’ ’ % ’ ’ % ’
Ti0,/40Agl 60.0+ 3.7839+ | 9.4432+ 19.83t 45651+ | 7.5191+ 20.17 6.4914+
4.4 0.0024 0.0089 7.73 0.0679 0.2779 0.61 0.0035
Ti0,/30Agl 70.0+ 3.7365+ | 9.39322 19.26+ 45765+ | 7.4828+ 10.74+ 6.4889+
411 0.0046 0.05712 0.48 0.0030 0.0108 0.39 0.0017
TiOa/20Ag! 80.0+ 3.7752+ | 9.4015+ 13.83+ 45687+ | 7.4782+ 6.17+ 6.4924+
3.29 0.0034 0.01634 0.51 0.0016 0.0091 0.73 0.00132
As shown in Figs. 8-11, the CR and MO dyes were
effectively degraded as a result of the action of test 2.3.2 Photocatalytic degradation of Congo Red
samples of photocatalysts. Accordingly, with an increase The kinetics of photodegradation of Congo Red by

in the mass fraction of Agl from 20% to 40%, the test samples of the photocatalyst is shown in Fig. 8. The
efficiency of dye degradation increases, while the reaction obtained kinetic curves are described by a pseudo-first
rate constants increase from 0.1277 min to 0.1844 min’! order equation, since the function of dependence of
for CR and from 0.0640 min? to 0.1051 min? for MO In(C/Cy) on the reaction time (t) shows linearity with high
when irradiated with visible light (A= 430 nm). The correlation coefficients in the range from 0.9016 to 0.9983
photocatalytic reaction occurs on the surface of the (Table 3), where Cq is the initial concentration of CR
catalyst; therefore, the adsorption capacity of the 8C-TiO; before irradiation, C is the concentration of CR at reaction
base has a significant effect on the rate of degradation of time t, k is the reaction rate constant. The calculated

the CR and MO dyes. photodegradation rate constants of Congo Red are shown

It is known that the combination of Agl and TiO; in Fig. 9. Self-photodegradation of CR dye under
leads to a shift of the absorption spectra to the visible light irradiation with LEDs is not observed. The efficiency of
region [24]. Agl nanoparticles act as a sensitizer [25]. the degradation of Congo Red for all samples decreases

Accordingly, the nanostructured TiO2/Agl composite with increasing irradiation wavelength from 365 to
efficiently absorbs visible light during photocatalytic 430 nm. For the TiO2/40Agl sample, the reaction rate
reactions. The obtained samples of photocatalysts were constants are 0.4099 min! and 0.1844 min™, respectively.
studied at wavelengths of electromagnetic radiation of In particular, the incorporation of Agl into TiO;
365, 395, and 430 nm. Among all the samples, the mesopores contributes to an increase in the activity of the
TiO2/40Agl photocatalyst at an irradiation wavelength of photocatalyst in the visible light spectrum. The
365 nm destroyed the CR and MO dyes four times faster Ti02/40Agl sample during irradiation at a wavelength of

than the P25-TiO, photocatalyst. 430 nm showed almost 5 times higher -efficiency
(@ (b) : (c)
1.0 365 nm ——Ti0,/20Ag] 1.0 395nm — TO/20Ad! 1.0+ 430 nm
TiO,/30Ag! TiO,/30Ag!
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Fig. 8. (a-c) Effect of Agl concentration on CR dye degradation; (d-f) experimental lines transformed according to
first-order kinetics.
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Table 3.

Rate constants of the first order kinetic model of CR photodegradation on TiO2/Agl and P25-TiO, samples
(experimental conditions: solution volume 20 ml, dye concentration 5 mg/L).

A nm Ti02/20Agl Ti02/30Agl Ti02/40Agl P25-TiO2
' k, min?t R? k, mint | R? k, mint R? k, mint | R?
365 0.2903 0.9794 0.3191 0.9753 0.4099 0.9885 0.0892 0.9933
395 0.0275 0.9016 0.0795 0.9631 0.1342 0.9901 0.0337 0.9362
430 0.1277 0.9881 0.1068 0.9462 0.1844 0.9843 0.0369 0.9983
0.4- py  [1365nm
395 nm
L B 430 nm
034 i
i
Eoa2.
i
0.1

TiO,/20Agl TiO,/30Agl TiO,/40Agl P25-TiO,

Fig. 9. Rate constants of the first-order kinetic model of CR dye photodegradation on TiO2/20Agl, TiO2/30Agl,
Ti02/40Agl, and P25-TiO, samples.

compared to P25-TiO, with reaction rate constants of
0.1844 min*and 0.0369 min, respectively. Test samples
show increased photocatalytic activity when illuminated
with visible light (430 nm) for 15 minutes. In the
photodegradation of CR dye by TiO2/20Agl, TiO2/30Agl,
and TiO2/40Agl samples when irradiated with a
wavelength of 365 nm and 430 nm, the efficiency is 96%,
100%, and 100%, respectively. The resulting
nanostructured TiO2/Agl composites showed better
efficiency when irradiated with 365 nm light compared to
commercial P25-TiO,. For example, the TiO2/40Agl
sample achieved complete degradation of CR in 6 minutes
of irradiation, while P25-TiO; destroyed the dye by only
42% during the same period of time. According to the
efficiency of CR photodegradation, test samples can be
arranged as follows:

P25-TiO; < Ti02/20Agl < TiO2/30Agl < TiO2/40Agl.
Thus, at 40% Agl, the photocatalytic activity was the
highest. A further increase in the content of Agl in a
nanostructured composite is unreasonable since it entails
electron-hole recombination [26]. A similar result was
described in [24]. The 0.2Ag@AgI/TiO;, photocatalyst
showed the highest efficiency of RhB removal (91%) in
90 min. As the content of Agl increases, its activity
decreases.

2.3.3 Photocatalytic degradation of Methyl Orange

To illustrate that the resulting TiO2/Agl
nanostructures can degrade various organic toxicants,
their photocatalytic activity was measured by monitoring
the decomposition of Methyl Orange dye in aqueous
solution under the same conditions as Congo Red.
Changes in the MO concentration during the experiments
were recorded using a DT-1309 light meter. The color of
MO gradually decreases and the color of the solution
changes from orange to colorless within 20 minutes of the
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reaction, indicating that the chromophore groups of the
MO molecules are destroyed, and the corresponding color
change can be registered using a light meter. For
comparison, similar MO photodegradation experiments
were carried out in the presence of commercial P25-TiO5.
The efficiency of MO photodegradation in 10 min of
photooxidation at a wavelength of 365 nm reaches 95%,
100%, 100%, and 59% for TiO2/20Agl, TiO./30Agl,
TiO2/40Agl, and P25-TiO, samples, respectively. The
efficiency of MO degradation in 20 min of the irradiation
reaction at a wavelength of 395 nm is 99%, 100%, 100%,
and 74% for TiO2/20Agl, TiO2/30Agl, TiO-/40Agl, and
P25-TiO; samples, respectively. The efficiency of MO
degradation in 20 min of 430 nm light irradiation is 67%,
84%, 99%, and 44% for TiO2/20Agl, TiO2/30Agl,
TiO2/40Agl, and P25-TiO, samples, respectively. The
Ti02/40Agl sample showed the highest photocatalytic
activity among the test samples. According to the
efficiency of MO degradation, the samples can be
arranged as follows:
P25-TiO2 < TiO2/20Agl < TiO2/30Agl < TiO2/40Agl.
The photocatalytic degradation of MO is described by
a first order equation (Fig. 10), as is the photodegradation
of most organic substances [20,27,28]. Linear
transformations of kinetic curves are shown in Figs. 10 d-
fin the coordinates of In(C/Cy) versus reaction time t. The
reaction rate constants of MO photodegradation for
various  photocatalysts  TiO2/20Agl,  TiO2/30Agl,
Ti02/40Agl, and P25-TiO, are shown in Fig. 11. The
value of k for the process of MO photodegradation by
TiO2/40Agl photocatalyst was the highest compared to
other samples. The reaction rate constant was 0.3698 min
1/0.1885 min!, 0.1051 min' for light energy sources with
wavelengths of 365, 395, and 430 nm, respectively. It was
determined that the photocatalytic activity of TiO2/40Ag|
significantly exceeds the activity of P25-TiO,, especially
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Fig. 10. (a-c) Effect of Agl concentration on MO dye degradation; (d-f) experimental lines transformed according to

first-order kinetics.

Table 4.

Rate constants of the first order kinetic model of MO photodegradation on the TiO, sample (experimental
conditions: solution volume 20 ml, dye concentration 5 mg/L).

A nm Ti02/20Ag| Ti02/30Ag| Ti02/40Ag| P25-TiO2
' k, min? R? k, mint | R? k, mint R? k, mint | R?
365 0.1956 0.9578 0.3204 0.9826 0.3698 0.9963 0.0857 0.9965
395 0.1028 0.9917 0.1173 0.9757 0.1885 0.9931 0.0685 0.9928
430 0.0640 0.9786 0.0700 0.9687 0.1051 0.9838 0.0499 0.9457
0.4 [ 365 nm
B 395 nm
B 430 nm
0.3
i
Eo.2]
-
0.1

0
TiO,/20Agl TIO,/30AgIl TiO,/40Agl P25-TiO,
Fig. 11. Rate constants of the first-order kinetic model of MO dye photodegradation on TiO2/20Agl, TiO2/30Agl,
Ti02/40Agl, and P25-TiO, samples.

when irradiated at a wavelength of 430 nm, the reaction
rate constant is twice as high, which is explained by the
presence of Agl nanoparticles in TiO, mesopores. Thus,
the TiO2/40Agl photocatalyst can provide effective
degradation of MO under UV and visible light irradiation.

Table 5 shows the results of the efficiency of similar
photocatalysts based on TiO, and Agl in the
photodegradation of various organic dyes. Under
optimized experimental conditions, the activity of the
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resulting TiO2/Agl nanostructures significantly exceeded
the efficiency of the nanocomposites presented in Table 5.
Thus, nanostructured TiO2/Agl photocatalysts obtained by
this method can be used to neutralize organic pollutants in
an aqueous medium.

Efficient separation of electron-hole pairs in the
nanostructured TiO2/Agl composite increases its
photocatalytic activity in photodegradation reactions of
CR and MO dyes under UV and visible irradiation.
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Comparison of photoactivity of nanocomposites based on TiO; and Agl Tebles:

Photocatalyst Light source Experimental conditions Photeof(fjiec?ggg;tion Ref
0.2Ag@AgI/TiO; Xe (1000 W) [C;;gi’ * :05%5)8 91%in90 min | [24]
0.2-Agl-TiO; Xe (%> 420 nm) [BDEggg]ﬂZSi _;,%%_Tgol,bl 70% in 180 min | [27]
TiO, QDs/CDs/Ag 50W LED [Rh%?t"l'fto.zl 32°mfg?_L_l 97%in 20 min | [25]
30AgI@TiO,/USN (500“':%'2“;80 o) [C;;gi’ 3 ;02%5/‘8 100% in 30 min | [29]
Ag-Agl(4%)-TiO./CNFs Xe (300 W) %:%3]’2 :101%397:_9 97% in 180 min | [30]
Agl-TiO2—cotton éefi%%onvn\g [MO] =5 mg/L 56% in 120 min [31]
Agl-TiO2/PAN Xe (300 W) (E:;l‘g)]’i ;OZ?T?QW_Q 87.8% in 270 min | [32]
TiOZ/40Ag] (2430 m) C[aé%'i’ e 100%in15min | 1
TiO2/40Ag] (xl():\gvsgiz) C[:%]/Si p ?rfg;‘lg 100%in20min | 1%

Conclusions TiO2<Ti02/20AgI<TiO2/30AgI<TiO./40Agl under UV

This paper describes the synthesis and properties of
nanostructured TiO2/Agl photocatalysts. Filling micro-
and mesopores of TiO, with Agl nanoparticles in the
superionic state is an effective strategy for obtaining
photocatalysts efficient in ultraviolet and visible
electromagnetic radiation. Synthesis of TiO» has been
carried out by the sol-gel method using a solution of the
titanium aquacomplex [Ti(OH,)s]**+3CIl- and a NaCOs
additive-modifier as a precursor. The presence of
carbonate groups =0,CO on the surface of TiO; leads to
an increase in the pore volume and specific surface area of
the photocatalyst. The specific surface area of carbonated
titanium dioxide is 368 m?g?, the pore volume is
0.28 cm.gL, and their size is 0.9-4.5 nm. The process of
filling micro- and small mesopores of TiO, with the
superionic a-Agl phase consists in the adsorption of Ag*
cations on the surface of titanium dioxide, followed by the
interaction of the oxide material with the KI solution.
Among the studied nanostructured composites, the
Ti02/40Agl sample was the most effective, destroying CR
and MO dyes four times faster than commercial P25-TiO;
under UV irradiation (A =365 nm). According to the
photodegradation efficiency of CR and MO, the studied
samples can be arranged as follows: P25-

and visible irradiation. The high efficiency of the
nanostructured TiO2/40Agl photocatalyst will make it
possible to use it to neutralize toxic organic substances in
the aqueous environment.
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HanoctpykrypoBanmit  ¢otokaramizarop TiO2/Agl, mpm nii ymeTpadioneroBoro abo BHAMMOTO
€JIEKTPOMArHITHOTO BHIIPOMIHIOBaHHS, €(QEKTHBHO 3HEIIKOUKYE Yy BOJHOMY CEPEIOBHUINI OpTraHivyHi
3a0pyaHIoBayi. BiH sBisI€ 0000 HAHOCTPYKTYPY B sIKiif Mikpo- Ta npiOHI Me3omopu aHaTa3Horo TiO2 HammoBHEH1
HoauToM cpibia B cynepiloHHOMY ctaHi. BmicT iioHOnpoBinHOT Ga3u a-Agl B 06’emi mop TiO2 Moxke cTaHOBUTH
~ 20 wmac.%. [liokeun THTaHy, U1 OAepXaHHsA (OTOKATai3aTopa, CHHTE3YIOTh 30Jb-T€lIb METOJIOM,
BMKOPHCTOBYIOUH, sIK PEKYPCOP PO3UMH TUTaHOBOTO akBakommekcy [Ti(OH2)s]**+3CI Ta no6asky-monudixatop
Na2COs. Moaudikyroua 1006aBKa B MPOIeCi CHHTE3Y 3a0e3Meduye BKOPIHEHHS Ha TIOBEPXHI YACTHHOK OKCHIHOTO
Marepiay kapOonatHux rpymyBans =02C0O. HasBHiCTs nuX TpyIryBaHb IPHBOIUTH 10 3POCTaHHS K 00’ €My TIOp
Tak i murtomoi nmosepxui TiO2. TIuTOMa MOBEPXHS KapOOHATOBAHOTO IOKCHIY THTaHy 368 M%rl, 06’eM mop
0.28 cm®r?, a ix posmip 0.9-4.5 HM. [lns 3amoBHEHHA MiKpo- Ta ApiGHuX Mesomop TiO2 cynepiionHow a-Agl
(hazor0 CrovyaTKy Ha MOBEpPXHi MIOKCHIY TUTaHy 3 po3unHy AgNO3 ancopOyroTs KarioHn Ag*, a micis HbOro
3IIMCHIOIOTh ~ KOHTaKTyBaHHs OKCHAHOTrO Marepiamy 3 po3unHoM KI. CTBOpeHMII HaHOCTPYKTYpOBaHHI
¢otokarainizarop TiO2/Agl B nopiBHsAHHI 3 hoToKaTanizaropoM KoHiepHy Evonik mapku P25-TiO2 nemoHcTpye
CYTTEBO BHILY e(eKTUBHICTB 1110710 (oToAerpaaanuii opranigyHux 6apBHUKiB KoHro uepBoHoro ta MeTuiopaHky
B BUIUMOMY Ta yibTpadioneroBoMy BunpomiHioBaHHi. HaifaktuBHimmii 3pazok TiO2/40Agl mocsiraB moBHOTO
pyitnyBanHs1 GapBHuka KY (5 mr/m) 3a 6 xBunmH Y®-onpominenns (A = 365 HM), Toai K e(EKTHBHICTH
komepiiiiHoro P25-TiO2 cranoBuia Becboro 42%, 3a 1ieii caMuil IPOMIKOK 4acy.

Kiouosi cioBa: tutan (IV) oxcnn; Korro uepBonuit; MeTunopanx; poTokaTamizaTop.
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Beryn

TepmoenekTpuiHi OXO0JIOJKYBaYi IUPOKO
BUKOPHCTOBYIOTHCS JUISI OXOJIOJIKCHHS EJISKTPOHIKH B
pi3HUX cdepax 3aCTOCYBaHHS, IIOYMHAIOYHA  Bij
CHOXKMBYHX TOBAPIB Ta 3aKIHYYIOUHN JU3aHHOM KOCMIYHHX
KopaOiiB. Y TPOHWKHHX TEPMOCIIEMEHTaX € IIMPOKe
3aCTOCYBaHHS y TEXHIIlI OXOJO/UKEeHHs. JleranbHi,
TEOPETUYHI Ta EKCHepHUMEHTAJbHI JOCHILKEHHS 1
OINTHMI3aLlisl MPOLIECY TEPMOCICKTPUIHOTO OXOJIOHKCHHS
MPOBEJCHI B OCHOBHOMY /sl CTal[lOHAPHOTO PEKUMY
poboTr oxonomKyBadiB (MomymiB). PesymbraTém mmx

JIOCHIDKEHb ~ CIPUSUIM  MAacoBOMY  IPOMHCIOBOMY
BUPOOHHULTBY  TEPMOCIEKTPHYHUX  MOIYIIB IS
pi3HOMaHITHUX 1I0Tpeo [1,2].

ITpouec TEPMOEIEKTPHUYHOTO OXOJIOKEHHS

BUBYCHUI Ha CHOTOAHI HENOCTaTHBRO. ToMy came 3a
JIOTIOMOTOI0 KOMIT IOTEPHOTO MOJICIIOBAaHHS MH MOYKEMO
OiTBII JETanbHO BHBYMTH HOTO Ta CTBOPIOBAaTH HOBI
TEPMOEJIEKTPUYHI MOy 1 MpUCTPOi Ha iX OCHOBI [3,4].
JlocmimkeHo Mopeni MPOHHMKHOTO TepMoeleMeHTa 3
PO3BHHEHOIO CHCTEMOIO TEINIOOOMIHY JUIS OXOJIOKEHHS
TEIJIOBOTO TIOTOKY 3315 MOIITYKY ONTUMAITbHUX (DYHKIIIH
HEOHOPITHOCTI MaTepiay Orop y MOE€AHAHH] 3 OIIYKOM
ONTUMAJBHUX IApaMeTpiB, 3a SIKMX TEepMOAWHAMIiuHA
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e(eKTUBHICTD HOTYXHOCTI KOHBepcii Oyne
MaKcUMalbHOIO. Taka TepMOeNeKTpUYHa MOJIEIb B
HepCHeKTI/lBi MOKE€ BUKOPUCTOBYBATUCH [JId NOAAJIBIINX
JIOCTI/DKEHB B I Tamy3i, 3 pi3HUMH KOHCTPYKIIHHIMH
0COOJIMBOCTSIMH TEPMOENIEKTPUYHNX 0013 HaHb, IO B
CBOIO 4Yepry 3pOOHTh MOJKJIMBHM JOCITIIKYBaTH HOBI
TEPMOENCKTPUYHI MaTepiaii B paMKaX 3 METO
MOKpAIeHHs] TIEpEeTBOPEHHST eHeprii Ta caMoi BapTOCTi
TEPMOENEKTPUYHIX MPIIIAIIB Ha X OCHOBI.

OTKe, MeToI0 pOOOTH € MepeBipKa BILIMBY TeOMETpil
Ha e(eKTUBHICTH IPOHUKHOTO TEPMOEIIEMEHTA Y PEXKHIMI
OXOJIOKCHHSL.

|. ®izmuHa Moae b NIPOHMKHOIO
TEPMOEJeKTPHUYHOI0 X0JI0AHILHOT 0
TepMoeJeMeHTa

OCKiIbKM, TpH BUKOPHCTaHHI Marepially L0 Mae
BEIUKY MMPOHUKHICTh, BHYTPIIIHS TTOBEPXHS TEIIOOOMIHY
MoXke OyTM pO3BHHYTa, B TakOMy BHIaIKy cama
IHTEHCUBHICTh TEIUIOOOMIHY Oyie 3pOCTaTH B pasd, a
mepernag  TEeMIEepaTypu MDK — CepelOBHIIAMH, IO
OOMIHIOIOTBCSI TEIUIOM, 3MEHIIYeThCs. B Haciinok doro
KOPHCHHH Ieperaj TeMIIepaTypy Ha TepMOEIEMEHTi Oy e
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3pocTaTH, IO TNPOAYKTHBHO BIUIMHE Ha

e(eKTUBHICTh TEPETBOPEHHS eHeprii [5-7].
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Puc. 1. ®i3myna MOJes TEPMOETIEMEHTA B TIKOMY TEILIOBI
MOTOKH (POPMYIOThCS 32  PaxyHOK TEIUIOOOMIHY 3
TemaoHocieEM ae 1— amiabarmyHa 130Jsms, 2 — BITKa N-
TUIy, 3 — KaHaI, 4 — KOMyTaIlliifHa UTAaCTHHA, 5, 6 — KaHau,
7 — TemnoHOCIM, 8 — amiabaruyHa i30JsALiA, 9 — KaHal,
10 — BiTka p — Tuny, 11 — 12 — komyrauiiiHi wIacTHHY,
13 — enekrpuuHi koHTakTH. Bitkum 2, 10 oxormuteHi
amiabaTHIHOIO 30JISIIETO 1, 8 1 pa3oM yTBOPIOIOTH KaHAIH
5, 6, 9. Uepe3 kaHaim 6 BHOCHTHCS TEIUIOHOCIH 7 3
TemmnepaTypoio Th, sSKuil mepeTikae pIBHUMH JOJSIMH
yepe3 kaHanu 3, 5 ta 5, 9.

3MIHIOIOYM YMOBH TEIUIOOOMIHY B3IOBX BITKH MH
BIUIMBAEMO 1 Ha 00 €MHHUI PO3MOAUT [DKEpeN Tera B
MIPOHUKHOMY TepMoesieMeHTi. OTxe, me Iae MIHpOKi
MOXJIMBOCTI BIUIMBATH Ha €HEPreTUYHI XapaKTepUCTUKU
TepMOeJIeMeHTa — HOro KOeQIilieHT KOPUCHOI aii um
MOTYXXHICTh abo XOJIOAUIBHUN KoeQilieHT
0X0JI0/DKEHHS. [[pOHUKHUI TEPMOETIEMEHT CKIAIA€THCS 3
MOCIITIOBHO — TIapaJielbHO PO3TAIlIOBAHUX HA Bimmali
1acTUH BiTOK N- Ta P- THITIB MPOBIAHOCTI, 110 3’€aHaHI
KOMYTAallIiHUMH  IUTacTHHAMH.  Kpisk  NPOHUKHHI
TEPMOEJIEMEHT, 110 KaHajlax, IPOKAYyEThCsl TEIIOHOCIH.
BiH o0XONOmMKYETbCS 3a paxyHOK TeIDIOOOMIiHY 3
MarepiajioM  BITOK, JI€ BCTAHOBJIIOETHCS TPai€HT
TEeMIIEpaTypy 3a PaxyHOK TEPMOECIEKTPHYHOTO e(eKTy
[Tenbre ToMCOHa Ta HAsBHOCTI ENEKTPUYHOTO CTPYMY.
Bepxui cmai TepMOCTAaTyIOThCS — TEIJIOOOMIHHHUKOM

pCy (5-+ (BV)T)

ne p — ryctuHa, Cp — TEIIOEMHICTh, 1 — TeMIieparypa,
9- BEKTOD HNIBUAKOCTI PIJUHU,  — TYCTHHA TOTOKY TeIuIa,
P — THCK, 7j — TeH30p B’SI3KOTO HAINPYXEHHS, [€
7 — B’A3KiCTb, | — OJMHHYHMHA TeH30p, S;; — TEH30p
mIBUAKOCTI Aedopmartii, Q — BHyTpIlIHI [HKepesia Terua.

VY3aranpHeHa MaTeMaTW4yHa MOJETh 3aCHOBaHA Ha
piBHSHHI TeruioBoro OanaHcy TBepaol (asu, piBHSHHI
MAacCOIIEPEHECeHHs  Tra30BOi  CKJIAJOBOi,  piBHSAHHI
HEMepepBHOCTI, AWHaMili QiIbTpaniiiHoi piauHE Ta
piBHsAHHI cTany. KpiM Toro, HeoOXigHO chopMmyrroBaTH
BiMMOBiaHI TpaHWYHi yMOBHU. /[l po3B's3aHHS i€l
npobiemMu uepes KOMII FOTEp PEKOMEHYEThCS
BHUKOPHCTOBYBaTH CIIEIIAJILHO PO3po0OJIeHy Mporpamy,

—(94) + o7y Siy — =
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BHACITIZIOK TPOKAYKH TEIJIOHOCIS, pemTa IMOBEpXHi
amiabaTHO i30bOBaHa. TemmepaTypa TEIUIOHOCIS Ha
BXO/Il B TEPMOEJIEMEHT 3aJIaHa.

Bitky BUKOHaHI 3 OJHOPITHOTO MaTepiady Ha OCHOBI
Bi Te, ne TemieparypHy 3ajeXHICTh Z Ciif
BpaxoByBaTH. KoMmyTaliliHi IIIaCTUHA BUKOHAHI 3 Mii,
koMyTauiitnuii omip — 10° (Om * cm?). Temneparypa To
HIWKHIX Komytaliiiaux tiactua — 20°C. Bitku N, P
3’¢mHaHI MDK CcO0OI0 TOHKHM TIpommapkoMm 14,
TEIUIONIPOBIHICTIO, EEKTPOIPOBIAHICTIO Ta TOBLIMHOO
SIKUX MU HeXTyemo. Po3Mip TepMoeneMeHTy B HampsiMi,
MEpHECHANKYSIPHOMY 10 IUIOLIIMHU  pHCYHKa d,
BernunHa d = a. [Tmommuaa d =0 1d = a € agiabaTnyHUMH
13oJAmisaMH, o GOpMYIOTh KaHatH 5, 6, 9. Teprs Mk
TEIJIOHOCIEM Ta amiabaTHUYHUMK  i3omsmismu 1, 8
BiICYTHE.

Il. MareMaTHYHH# Onmuc MOaeJai

IcHyBaHHS TEII000MiHY TEPMOETIEKTPHYHNX
MarepiayiiB 3 TEIUIOHOCIEM OOYMOBIIIOE HEOOXiTHICTH
BHUpIMIEHHS  TpoOieM  pO3MOAiTy  TeMIepaTypH,
SJICKTPUYHOTO MOTEHLIATy Ta TeIJIOBOrO IIOTOKY B
MaTepiani, TMOB'SI3aHMX 3 PIBHIHHAMH pyXy Ta
TEIUIOOOMIHY TeIUIOHOCIA. PyX TeruioHocis B KaHamax
CIIil OTIMCYBATH 3a J0TIOMOTroio piBHsHb Hes'e-CTokca Ta
PIBHSHB 0€3MEepPepBHOCTI, a PIBHAHHS TEILIONIPOBITHOCTI
CiA  po3MIAAaTH Uil PO3MOJUTY  TeMIlepaTypu
6e3mocepenHBO y caMoMy TerutoHocii. PiBasHHS Hep’e:

do = = = 1 =0, &
p; =pPF—VP+ ;jv219 + gﬂV(dlUﬁ), (1)
divpy = 0.

Je nmiBa wactmHa mepmoro piBHAHHS (1) me cuia
iHepuii. Ilepmmii nogaHok y mpaBii yacTHHI JaHOTO
PIBHSIHHS — MACOBY CHUITY, IPYT'Uil — /{0 MOBEPXHEBUX CHII
TUCKY (HOPMaJbHHUX HAIPYXKCHB), @ OCTAHHI JBa JJOJJAHKH
— IIf0 MOTHYHHUX CKJIAJOBUX TIOBEPXHEBUX CHJI (CHII
BHYTPIIIHBOTO TEPTH).

TenmooOMiH B piAWHI ONHCYEThCA PIBHIHHIM
TEIUIOMPOBITHOCTI:

T3l (2 (57

paTP(aT+(19V)P+Q )

Hanpukiaax COMSOL Multiphysics.

Pe3ynprat Takoro TUIy JOCHIDKEHHS Oynu
MpOBeACHI Ui TPOHUKHOTO TepMmoeneMenta B 3D-
MOJIeN, a pe3yJIbTaTH BIIEpIIe OTpUMaHi B po0oTi [8] s
MTOTOKY OXOJIOJKYIOUOi pifiHu Ta MoBiTps. Jlocmimkeno
BIUIMB IIBHJIKOCTI TEepeKadyBaHHS TEIUIOHOCIS Ta
HaINpYTY JKUBJICHHS TEPMOIIApH Ha PI3HUII0 TEMIIEpaTyp
Ta XapaKTEPUCTHKH NEPEeTBOPEHHS cHeprii. Bu3HaueHo
ONTUMAJIbHE 3HAYCHHS BUTPATH BoAW (TIOBITpPsI) Ha BXO1
B KaHal 1 pI3HUIIO TOTEHIiaJiB Ha TepMomapi s
JOCSITHEHHST MaKCHMAaJTbHOT 0XO0JIOJDKYIOYO1 3IaTHOCTI 111
Yac oxoJsio/pKeHH. OnTuMizanis iHmMxX napamerpis y 3D
MOJIENI € BEJMKOIO CKJIaHICTIO.
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I11. MeToa BupimeHHst
¢popMyJILOBAHOIO 3aB/JIAHHA

Uepes pi3HOMAHITTSA 3aCTOCYBaHb TEPMOEIEKTPHUHI
OXOJIO/KyBadli ~ MOXYTh ~ MaTh  Oarato  pi3HHX
KOHIrypaitiii, Tomy, 3a I0TIOMOTOI0 IPOTPAMHOTO MaKeTa
COMSOL Multiphysics MoOXHa JAETalbHO OIHCATH
6a3oBy KOHCTPYKIIIFO OJIHOCTYITIHYaCTOTO
TEPMOENICKTPUYHOTO  OXOJIOJDKYBa4a 3 PI3HUMH
pO3MipaMH TEPMOEJIEMEHTIB Ta IHIIUMH ['€OMETPUIHIUMHA
XapaKTEepUCTUKaMH. 3MoeIp0BaHIHA IIPOHUKHUH
TEPMOCIIEMEHT TaKOX MOJKHa BHKOPHUCTOBYBATH SIK
BIANIPaBHY TOYKY JUIsi OUIBII NETaJbHUX PO3PAXYHKIB, a
JOJATKOBI IapaMeTpy BBEICHHS MOXKHA PO3IIMPHTH Ha
0araTrocTymiH4acTi TEepMOEJIEKTPHYHI OXOJIOMKyBaui Ta
BHKOPHUCTOBYBATH B pi3HUX yMOBax [9].
BukopucroBytoun edekr I[lenbThe, moTik cTpymy Bin
OJIHOTO KIHIISI TEPMOEJIEKTPUYHUX E€JIEMEHTIB MEpexi J0
IHIIOTO CTBOPIOE OPTOTOHANBHI TEIUIOBI ITOTOKH, IO
MIPU3BOUTH 0 MEpenajiB TeMIeparyp MiX IIIaCTHHAMH,
0 Jae MOXJIHMBICTH  pO3paxyBaTd  IapaMeTpH
NPOJAYKTUBHOCTI.  3rojoM  II0  MOJEJIb  MOXKHA
BUKOPUCTOBYBATH ISl IIOIIYKY HAHKPAIOTo IPOHUKHOTO
TEpMOEJIEMEHTa 3 IOKpPAaIIEHOI  IPOIYKTHBHICTIO,
o0JaiHaHHS HA WOTO OCHOBI, JJIs1 TIEBHOI mporpamu abo
BHPOOHHKA, IS onTuMizaii KOHCTPYKIIii Ta
3abe3nedeHHs PO JyKTHBHOCTI.

BukopucToByeThCs y3araapHEHa TEOPisS pO3paxyHKiB
MIPOHUKHHUX TEPMOTIAp 3 ypaxyBaHHIM 3MIHU BiAIIOBITHUX
mapamMeTpiB MaTepialy TUIKH BiZ TeMmmeparypu i
KOHILIEHTpalii HOCI{B 3apsily Ta yMOB TEIUIOOOMIHY IIO
BucOTI rinku. Ilefi MeTo[ MOMACTIOBaHHS PO3MOILTY
TEeMIIEpaTypH Ta TEIIoBoro notoky B 1D Ta 3D monensax
OCMOTHYHHMX  TepMomap,  YIOCKOHaJeHa  Teopist
00YHCITIOBAIBHUX OCMOTHYHHX TepMoIap,
BUKOPHCTOBYETHCS JUTsL BUIIICHHS 3aBaHb
OaratoakTopHOi ~ omTHMi3amii  ANMS  TOCSTHEHHS
MaKCHUMaJIbHOT ~ €HepreTn4Hoi  eeKTUBHOCTI B
KHUTTE3NATHOCTI  TEPMOETEKTPUYHOTO  IEePETBOPECHHSL.
OCKUIBKM ~ TIPOHMKHA  TepMomapa €  CIEMEHTOM
TEepMOIIap¥, TO TEIUIOOOMIH 3  JDKEpelioM  Terlia
(BUTSDKKOIO) BiOYBa€ThCS HE TUIHKU Ha IMOBEPXHI CIIAIO,
a i BcepeauHi rinku tepmornapu [10]. Y upoMy Bunajaky
po3ranyKeHui MaTepiajl CTa€ MPOHUKHUM (3 KaHaJaMH
abo rmopamm), o6 MpOKavyBaTH Yepe3 HbOTO TEIUIOHOCIH
(pinky abo ras).

3a paxyHOK BHKOPHCTaHHS BHCOKOIPOHUKHUX
MarepiajliB. MOKHa PO3BUHYTH BHYTDILIHIO ITOBEPXHIO
TEIUIOOOMIHY, IIIBUIIATH IHTEHCHBHICTH TEILUIOOOMIHY,
3MEHILIUTH PI3HUII0 TEMIIEPaTyp MDK TEIJI000MIHHMMH
cepemoBumamMu. lle Tpm3BOAMTH [0  30UTBIICHHS
KOPHUCHOI pi3HHMIII TeMIepaTyp Ha TepMoIapi, [0 MOe
MiABUIINTH €()EKTHBHICTh MEPETBOPEHHs eHeprii [5-7].
Ha oO0'emHmii po3momin mkepena Temaa (CTOKY) Y
MPOHMKHIA TUII TepMONapy TaKOX MOXHA BIUIMHYTH
IUIIXOM 3MIHH YMOB TeIUIONepeAadi Mo BHUCOTI TUIKH.
Tomy MOHa BIUIMBATH HA €HEPreTHYHI XapaKTEepUCTUKU
TepMomapu — KoeQIieHT OXOJIO[KSHHS Kyjiepa 4Yu
KOH/IMIIIOHEPA.

387

IV. Po3paxyHOK OCHOBHMX
XapaKTePUCTUK NPOHUKHOTO
TepMoeJIeMeHTAa 32 I0IIOMOTI 010
KOMII’ OTEPHOT 0 MO/IeJIIOBAHHS

Tepmomapa cximagaeTbes 3 IBOX Pi3HUX MPOBITHUKIB
(HDKOK), IIJ0 KOHTaKTYIOTh OJIMH 3 OJJHAM TIpH OJIHIH TOYII
(ctuky). Koy pi3HHIIS TeMIepaTyp BCTaHOBIICHA, TO MK
HUMH BCTAaHOBIIOETbCS HaIpyra TIONEepeK 3'€IHaHHS.
Tomy, TepMomapy HaJeXKHUM YHHOM KaliOpylOTh
JIaTYMKOM TEMIIEpAaTypH 1 Le MOXKe IepeTBOPIOBATH
TEMIIepaTypHi IPaJi€HTH B €IEKTPUYHI Teuii.

Jas  OWIHKM  XapaKTepUCTUK  MPOHHMKHOTO
TEPMOEJIEMEHTA B PEXXHMMI OXOJIODKEHHS, Y IIPOTPaMHOMY
komiutekci COMSOL Multiphysics, B mepiry uepry 0yio

3MOJICTbOBAHA ~ TEOMETpiI0  TepMOENeMEHTa,  MI0
MpalioBaTUME B PEXHMI OXO0JIOJUKEeHHs. OnuiiemMo
JIeTaTbHO TeOMETPIito (pHc.2-3) Moei.
10
%107 m
5
z
L 0
X
Puc 2. Onna i3 Bapiariii reomeTpii TepMoeMeHTa.
z
Yol ox
Puc. 3. 'eomeTpisi IPOHUKHOTO TEPMOEIIEMEHTA.
PosrasHemo JeTaIbHIIIe TEOMETPII0
TEPMOCIIEKTPUYHOTO ~Martepialy, JOOpPOTHICTh SKOTO

cknanae Z = 0.002(%) .
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Puc. 4. 'eomerpist TepMOEIEKTPUYHOIO MaTepiaidy — 1; KOMyTaliiHUX IUIACTUH — 2; TEIIOHOCIS — 3.
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Puc. 5. 'eomerpuuna citka.

Ha pucynkax (2 — 5) MOXHa criocTepiratu JeTaibHy
Bizyaizalilo reoMeTpii MOAEIbOBAaHOTO TEPMOECIEMEHTA,

x10%m

g

Surface: Temperature (K)

A320

Ll s
10 T 310
305
300
X107 m 205
° | 290
285
280
275

L v 270

o s 0 4

3

w

Jie MakCHMAJIbHO JeTajbHO 300pa)keHa KOXKHA JeTallb
CTBOPEHOI MOJETI.

3a gomomororo COMSOL Multiphysics Mu MoxeMo
crocrepiratu TeMIepaTypHHUI po3mnomin y
TEPMOCIIEKTPHUYHOMY MOJYJTi OXOJIOKCHHS.

Ha pucynky 6 mm ditko OadunMmo, IO TOKa3aHi
130TepMIuHI IIOBEPXHi Ta TEIUIOBUH MOTIK Oe3nocepeHbo
3HAXOIATHCA Y caMOMy MOIyii Ta TertoHocii. Takox 3a
JIOTIOMOTOI0  KOMIT IOTEPHOTO MOJICTIFOBaHHS HaBeIeHO
O30T MIBUAKOCTEH Y TEIUIOHOCIT (puc. 7), po3momit
SJIEKTPUYHOTO TOTEHIialy MPOHUKHOTO TEPMOEIEMEHTa
(puc. 8) Ta PpPO3NOALT TEPMOEIEKTPUYHOIO  IOJIS
MIPOHUKHOTO TepMoeneMeHTa (puc. 9).

PesynbraT MozentoBaHHs 3aHeceMoO y Tabnuio. 3a
JOTIOMOTOI0  KOMIT IOTEpHOTO  MOJICTIOBaHHSA  Oyin
po3paxoBaHi TMapaMeTpH IMPOHWKHOTO XOJIOJMIBHOTO
TepPMOEJIEMEHTA ISl Pi3HOT BUCOTH BITOK [aHi B TaOJIMIIi
1, ne H - Bucora TepmoenemenTta, U — BuXimHa

F281.02
275.74
270.46
26518
p=f 259.91

%107 m
s p= 254.63

b=t 24935

bt 244.07

o 10 P 238.79

x
N - 23351

131752

31257

307.62

b4 302.67

bt 297.71
- X107 m
s bt 292.76

i bt 287.81

b= 282.86

. (S 10 p= 277.91

= 27295

Puc. 6. Komn’rorepHa MoJielib pO3MOJIUTY TEMIEpaTypy y MOAYIII-1; 130TepMIYHOT MOBEPXHI TEPMOEIIeMEHTa-2;
O30Ty TEMITEpPaTypH Y TEIUIOHOCIEBI-3; 130TepMIYHOT TOBEPXHi TEIUIOHOCIS-4.
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Ta6auns 1.
[TapaMeTpy IPOHUKHOTO TEPMOEIEMEHTA B PEKUMI 0XOJIOKCHHS
H 1 (cm) 2 (cm) 3 (cm) 4 (cm) 5 (cm)
U,V 0,0355 0,0355 0,0355 0,0355 0,0355
Ty, K 230,01 230,3 230,62 230,95 231,28
Tyom K 265.39 273,84 268,67 269,88 270,64
Q. W 0,96038 0,48661 0,32848 0,24934 0,20182
I, A 13,29 6,72 4,5173 3,3956 2,7165
G, m/s 7,7259E-4 8,2136E-4 8,2738E-4 8,3124E-4 8,3277E-4
W, W 0,95107 0,47727 0,31911 0,23997 0,19247
COP 2,03558749 2,039780349 2,04833811 2,068459763 2,092792351
Taoauns 2.

ITopiBHsIbHA XapaKTEPUCTHKA KJIACHYHOTO Ta IPOHUKHOTO TEPMOETIEMEHTIB

Classic thermoelement Penetrating thermoelement
H,cm lcm lcm
uv 0,0355 0,0355
T, K 241,14 230,01
Toow K 0 265.39
Q.. W 0,79542 0,96038
I, A 12,14 13,29
G, m/s 0 7,7259E-4
w, W 0,89741 0,95107
cop 1,846 2,036
Hampyra, T,, —  TemmepaTypa  XOJOJIHOTO  CHaro Volume: Electric potential (V)

TepmoeneMenTa, Q. — X0JI0A0IPOyKTUBHICTD, | — cTpym
Ha BuxoAi, G — IIBUAKICTH TeIIOHOCIA, W— croxura
notyxHictb, COP — koediuieHT NPOIYKTHBHOCTI
TepMOeJIeMeHTa BU3HAYAETHCS 32 (POPMYIIOI0:

COP =

Q
ur

®)

@®opmyna (3) nmae HalieeKTUBHINI MOKA3HUKU
TEPMOEICKTPUYHOTO OXOJIOJDKCHHS, KOJHM TeIUo, sKe
MOTJIMHAETBCSL  PO3JUICHUM Ha BXIOHY IIOTYXHICTb,
JOCSIra€ MAaKCUMAJIBHOTO.

[TopiBHIOIOUH napamerpu 3 KIaCHYHUM
TEPMOEIIEMEHTOM, TEOPETHYHI PO3PaXyHKH IOKAa3yIOTh,
[0  BUKOPUCTaHHS  TaKUX  MEPETBOPIOBAYiB B
ONTHMAJbHUX  YMOBaX  IABUINYE  XOJIOJWJIBHHI
koedinient Ha 10-30%. ITlopiBHsIbHA XapaKTEpUCTHKA
3HaXOAUTHCS B Tabnumi 2.

Slice: Velocity magnitude (m/s)

A 1.46%x107
x10™

x10% m
I .
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- ¥ 6.61x107

z
L
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s w 4

1]
Puc. 7. Po3monin mBHIKOCTEH Y TEIUIOHOCII.
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Puc. 8. Posnoain €JIEKTPUYHOTO MOTEHLIATy
TEPMOEIIEMEHTA.

Multislice: Electric field norm (V/m)
A9381

¥ 1.35%x10°%

5 10 4

0
Puc. 9. Po3nozin enexTpruyHOro mnoJjs y TepMOEIeMEHTII0

OTpuMaHi pe3ylbTaTH JIOBEJIM IEPCHEKTUBHICTh
OCTIIKEHD Ta CTBOPEHHS MIPOHUKHHUX
TEPMOCJIEKTPUYHUX MOJIYJIIB, Ta MOKAa3yIOTh MO JUIs
BHITJKy T€OMETpii Ta BUCOTH B (1 cM), AT TBOX MOJYIIIB,
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penetrating thermoelement
COP classic thermoelement

2,25
2,20
2,15
2,10
2,05
2,00
1,95 4
1,90 4
1,854

1,80 4

1,75

0,0 OTS 1.‘0 1.‘5 2.‘0 2:5 3:0 3:5 4:0 4:5 SjO 5:5 6‘0
H,cm

Puc. 10. I'padix 3anexnocti COP Bin BuCOTH

TEpMOEJIEMEHTA.

repeBara MpOHUKHOTO TOJISATaE y OUThIIOMY KOeillieHTi
MIPOAYKTUBHOCTI TepmoeneMenTa Ha 9,33%. Ha ocHosi
po3paxyHkiB 3 Tabmumi 1 Oymo moOymoBaHO rpadiku
sanexxHocteit COP (puc. 10) Ta X0J1040NpPOTyKTHBHOCTI
BimmoBigHO (puc. 11) Bixg BHCOTH TepMOEIEMEHTA.

Ha ocHoBi npuBeeHOT MO/IeINi TEPMOEIIEKTPHYHOTO
0XOJIOMXKYBaya HABEJCHO MaTEMaTUYHUH OITIC OCHOBHHUX
IIPOIIECIB, SKi MPUBOJATH JI0 B3aEMHOI'O IIEPETBOPEHHS
TEIUIOBOT Ta EJIEKTPUYHOT eHepril B TePMOEJIEKTPUIHUX
XOJIONWIIBHAKAX, 3@  JOHNOMOIOI0  KOMII FOTEPHOTO
MOJIyNIOBaHHA y nporpamHomy mnakeri COMSOL
Multiphysics. 3a 10mOMOT0oI0 MOJIEIIOBaHHS JOBEACHO,
1110, MIHSIFOYM YMOBH TEIUIOOOMIHY B3JJOBXK BUCOTH BITKH,
MOJKHA BIUTMBATH Ha 00’ €MHUIT pO3IOILT [HKEpeT (CTOKIB)
TEIIa B BITKaX MPOHUKHOTO TEPMOEIEMEHTA.

BucHoBkn

BukopucTtaHHsS ~ MPOHUKHHX  TEPMOEIICKTPHIHHUX
0XOJIO/KYBaYiB TAKHX MEPETBOPIOBAYIB EHEPTii 103BOJISIE
MABUIMUTH XOJOAWIbHAN KoedimienT ©Ha 10-30%.

penetrating thermoelement

classic thermoelement

Qc, W

0,8

0,6

0,4

0,2 4

0,0 T T 1
0 2 4 6

H,cm
Puc. 11. I'padik 3amekHOCTI XOJIOTOTPOTyKTUBHOCTI
BiJl BUCOTH TEPMOEIIEMEHTA.

OtpuMaHi pe3yibTaTH JEeMOHCTPYIOTh NMEpPCIEKTUBHICTD
JOCTIPKEHb 1 CTBOPEHHS POHUKHUX TEPMOECIEKTPHYHNX
OXOJIOJDKYBaYiB. A TakoX IOKa3ylTbh, LIO VIS BUIAIKY
BUCOTH BITKM | cM, mNepeBara MPOHUKHOTO MOJATae y
OimpIIomMy KoeQiIienTi XOJIOIOTIPOAYKTHBHOCTI
TepMoeneMeHnTa Ha 9,3%.
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R.G. Cherkez!2, V.A. Semeshkin?, A.S. Zhukova?, V.V. Stefiuk?

The influence of the plates on the effectiveness of penetrating thermoelements
in the cooling regime

Ynstitute of Thermoelectricity, Chernivtsi, Ukraine
2Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine, r.cherkez@chnu.edu.ua

This paper describes the physical model of the penetrating thermoelement with the developed surface of
warmth exchange for the cooling of the air’s flow. It presents the theory of the calculation and the method of the
computer modeling of the temperature’s and potential’s allocation, the definition of the effectiveness of the energy’s
transformation — the cooling factor and the cooling efficiency. This work researches the 3D temperature’s and
materials’ allocation for the material of the branches of the thermoelement based on BizTes.

Keywords: penetrating thermoelement, cooling coefficient, cooling capacity, 3d mode.
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Spinel type nano ferrite compound MgFe204 was synthesized through sol gel technique using metal nitrates
as precursors. The phase composition, morphology and elemental analysis of magnesium ferrite (MgFe20a4) were
performed by X-ray diffraction, fourier transform infrared, atomic force microscopy, energy dispersive x-ray and

scanning electron microscopy, analyses.

The sample's X-ray diffraction pattern verifies the existence of single phase material, with the size of its
crystallites estimated to be 39.9 nm. Fourier transform infrared examination supported metal-oxygen vibrations
corresponding to tetrahedral and octahedral sites, respectively. From scanning electron microscopy image, grain
size obtained about 97.7 nm. Raman spectra of the sample shows five Raman active modes (A1g + Eg + 3F2g), which
is compatible with the spinel structure. Magnetic measurement study at room temperature shows a hysteresis loop
behaviour with a low saturation magnetization value, 27.192 emu g and a small coercivity value. The optical band
gap determined using UV-visible transmittance spectra. Additionally, X-ray photoelectron spectroscopy are used
to confirm oxidation states and explore the chemical composition of the sample.
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Introduction

Ferrites belong to ferromagnetic materials. Ferrite
nanomaterials have shown applications in various ways,
such as music recording heads, core materials for power
transformer in electronics and telecommunications [1,2].
Importantly, magnetic oxide nano-based materials
differently from bulk material in terms of their physical,
chemical, magnetic and electrical properties [3].
Advantages of nanomaterials rest on their superior thermal
stability, environmental and economic advantages to
regular counterparts. Owing to their finite size effect, high
surface to volume ratio, unique crystal structures, and
magnetic characteristics, spinel ferrites nanoparticles have
generated a lot of attention in recent years. The general
formula for spinel ferrites is AFe2O4, where A and Fe are
divalent and trivalent metal cations, respectively, with Fe
serving as the major constituent. Spinel ferrites are
represented by the general formula AFe;O4, where A and
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Fe are divalent and trivalent metal cations, respectively
with Fe as major constituent. Due to their interesting
magnetic and electrical properties, they have drawn
significant attention to the researchers. Structurally, the
spinel ferrite is a cubic closed packed organization of
oxygen atoms with 8 formula units per unit cell. Since the
radius of oxygen ion is greater than that of metal ion, the
oxygen touches each other and form a closed packed Face
centered cubic (FCC) lattice. The spreading of cations
between A or B site of the lattice depends on both
parameters such as preparation routes and heat treatment

[4-6].
MgFe,O, is the most adaptable, vital and
multipurpose spinel ferrites due to wunique and

reproducible characteristics. They include high saturation
magnetization value, and electrical resistivity [7].
Through these magneto-electrical properties MgFe;O4
show a great utility in the area of catalysis, sensors, high-
density recording media and other magnetic technologies
[8]. Overall, it is a n-type semiconducting as well as soft
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magnetic material. Both photocatalytic activity and
catalytic effect of magnesium ferrite in a heterogeneous
Fenton-like reaction have been studied [9,10]. Magnesium
ferrites typically have the structural formula (Mgs.«?* Fex®*
)a[Mgy2* Feas*]s Ou,is stated as the percentage of the (A)
sites occupied by Fe®*cations, where A , B stand for the
cationic sites of tetrahedral and octahedral co-ordinations
respectively, where x represents the degree of inversion.
The structural and magnetic properties of MgFe;O4
obtained from transmission electron microscopy, XRD,
Mossbauer spectroscopy, and magnetometry have been
reported [11]. Numerous studies [12,13] on MgFe;O,
nanoparticles described their nanostructures and many
properties, including IR, XRD, SEM, and VSM. N-Suresh
kumar [14] synthesized nickel substituted magnesium
ferrites by auto combustion method and also studied
dielectric and magnetic properties. Magnetic and
structural properties of MgFe2O4 nanopowder synthesized
by EDTA-based sol-gel reaction has been reported by
Shaban 1. Hussein [15]. The electronic structure of
MgFe»O4 nanoparticles created chemically has also been
examined by Singh et al [16]. Nanoparticles of MgFe;O4
have good photoelectrical properties [17]. The synthesis
of spinel magnetic oxide involves different chemico-
physical approaches that include co-precipitation [18],
sol-gel method [19], wet chemical method [20],
combustion method [21], hydrothermal method [22],
microwave assisted [23], micro-emulsion [24], and cera-
mic technique [25]. Each method has its own merits and
demerits in terms of its ease, efficiency, yield, and costs.
Considering these criteria, we find the sol gel method
is effective and can work at low temperatures. Briefly, the
sol-gel is a process for developing solid materials from
small molecules. In this case, monomers are converted
into colloidal solution (sol) that acts as a precursor for an
integrated network (or gel) of discrete particles or network
polymers. This approach is applicable for the production
of metal oxides, like silicon and titanium. Metal alkoxides
are common precursors. This chemical technique yields a
"sol" which develops into a diphasic system with a liquid
phase and solid phase that can have different
morphologies, such as discrete particles or continuous
polymer networks. Metal alkoxides are typical precursors.
Several other names of the sol-gel method are low-
temperature  self-combustion,  auto-ignition,  self-
propogation, and gel thermal decomposition methods.
We explain, in this paper, the characterization of
single phasic cubic spinel ferrites using a sol gel technique
by systematic examinations on the structural and
physiochemical properties of magnesium ferrites
nanoparticles based on several characterization parameter
like XRD, SEM, FT-IR, EDX, and magnetic. AFM was
utilized to determine the nanoparticles surface roughness
and also to obtain 2D and 3D images. Moreover, Raman
spectroscopic studies was added to understand the
vibrational modes and structural studies of the materials,
the optical behaviour of the nano-particles was
investigated to determine the absorbance range 300-
780 nm, which spans the visible region and is important
for various photovoltaic and photocatalytic properties.
Moreover, the chemical and elemental state of the nano-
particles was concluded by using XPS analysis.
Furthermore, we found that the sol gel technique is the
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most suitable for creating good molar ratio control with
small particle size distribution due to molecular-level
mixing, fast processing time, lower temperatures and
inexpensive.

I. Experimental Procedure

MgFe,04 was prepared via the auto-combustion aided
sol-gel method. The energy required to produce the ferrite
nano-particles is provided in this procedure by a redox
process using a thermal precursor and citric acid as a fuel
[26]. Metal nitrates were served as a source of soluble
cations and the oxidant [27]. Citric acid (CeHgO7) was
employed as both a fuel and a chelating agent, forming
interactions with metal ions and preventing the
precipitation of hydroxilated compounds [28]. Analytical
reagent grade, Merck India, used in this work were: iron
nitrate  (Fe(NO3)3-9H,0, 99%) magnesium nitrate
(Mg(NOs)2-6H20, 98%) and citric acid (CgHsO7). The
desired composition was obtained by taking
stoichiometric molar ratio (2:1) of Fe(NOs3)3.9H,0
(0.032 mol) and Mg(NO3)..6H20 (0.016 mol) dissolved in
20 ml of double distilled water. To promote homogeneity,
an equimolar amount of citric acid (0.046 mol) was added
to an aqueous mixture, which was magnetically agitated
while the reaction temperature was kept at 60°C.The pH
was optimize to 7.0 by adding ammonia solution drop by
drop under steady stirring until the mixture was
neutralised and turned into sol. The sol developed into a
black gel after 8 hours of stirring, releasing a huge amount
of gases (CO3, H20, N2) in the process. The gel was dried
for 12 hours at 100 °C, with its volume swelling by nearly
five times, yielding a fluffy, abundant powder. At end, the
dried gel was grounded and annealed at 500 °C for 3 h to
get a dark brown ferrite nanoparticle as a final product.
The Flow chart of the sol-gel synthesis process of
MgFe,O4 nanoparticles is given below.

The structural investigations (crystal structure and
phase analysis) of the synthesized nanomaterial were
performed by using XRD, Rigaku Miniflex 600, Japan
technique with Cu-Ka radiation (A=1.5406 A%) within 20
range 20-80°. The FTIR spectrum was obtained in the
range 400 cm? to 4000 cm?® employing a FTIR
spectrometer, Perkin EImer. SEM, (ZEISS model EVO-18
research, Germany) and AFM, model NTEGRA PRIMA,
NT-MDT, Russia was used to determine microstructure
and surface roughness of nanomaterial respectively. The
quantitative elemental analysis was carried out by means
of EDAX analyser (EDX, Oxford instrument USA). The
magnetic behaviour of the produced sample was
investigated using a SQUID-based magnetometer (MPMS
3) in the magnetic field range of 20 kOe. Raman spectra
was recorded to estimate the frequency mode of
tetrahedral and octahedral sites of cubic spinel at
frequency range of 100-800 cm?, using the model
RENISHAW In-VIA Raman microscope. UV-VIS
diffuse reflectance spectra were acquired by UV-VIS
Spectrophotometer SHIMADZU in the wavelength range
of 200-600 nm (UV-1700 Pharma Spec), chemical and
elemental state analysis of the investigated surface were
indicated by XPS, Thermo scientific K-ALFHA Surface
Analysis.
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Flow chart of the sol-gel synthesis process of MgFe,O4 nanoparticles.

I1. Results and Discussion

2.1 FTIR analysis

Figure 1 illustrates room temperature IR spectrum of
the magnesium ferrite sample determined in the range 400
to 4000 cm?. The calcined MgFe,Os magnetic
nanoparticle exhibits two main absorption bands at around
630 and 441 cm. The higher frequency band (v1) and the
lower frequency band (v2), specify the metal-oxygen
intrinsic stretching vibration of the spinel unit cell in the
tetrahedral (A) and octahedral (B) sites [29] respectively.
The observed variance in band positions is due to the
distance between the metal-oxygen ions connected to the
octahedral and tetrahedral complexes. This indicates bond
formation and the phase stability of synthesized material.
TheFTIR results confirmed that the sample has spinel
structure of MgFe20., which was revealed by the XRD
results. The strong signature band observed at 3420 cm™*
is assigned to the symmetric streching vibrations of O-H
groups [30]. The symmetric stretching vibration of
hydrogen bonded water molecules is responsible for the
perturbations in the absorption band between 1030 and
1630 cm?, indicating the existence of absorbed or free
water molecules in a sample. The force constant (k) was
evaluated from the equation [31],

k = 4m?c?mv? (@h)

where, c is the velocity of light (2.99x10% m/sec), v is the
vibrational frequency of the A and B sites, m is the
reduced mass for the metal-oxygen ions. Values obtained
for force constant are shown in Table 1.
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Fig. 1. The FT-IR spectra of Magnesium ferrite
nanoparticles.
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2.2 X-ray diffraction analysis

Powder X-ray diffraction studies are helpful in
determining the structure and particle size of nanoparticles
produced. The XRD of powdered sample of MgFe;O,
obtained by sol-gel method is illustrated in Fig. 2. The
XRD pattern reveals formation of monophase face
centered cubic (fcc) spinel structure. All Bragg reflections
have been indexed as (111), (220), (311), (222), (400),
(422), (511) and (440). All observed sharp diffraction
peaks were compared with magnesium ferrite JCPDS card
number 89-3084. The most intense peak at
20=35.55 degree corresponds to crystalline plane of
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magnesium ferrite which indicates a fine particle nature of
the particles.
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Fig. 2. X-ray diffraction patterns of Magnesium ferrites
nanoparticles.
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The average crystallite size (D) was estimated from
the XRD peak broadening of the most intense peak (311)
using the Scherrer’s relation [32],

kA
- L cosé

)

where, k is Scherrer’s constant (0.91), A is wavelength
(A=1.5406 AP%). The parameters D and 0 are taken as
crystallite size and Bragg’s angle respectively. Here B is
the full width at half maxima (FWHM) of XRD peaks.
Table 1 shows the calculated values for crystallite size, x-
ray density ,lattice constant, and cell volume based on x-
ray data. The average crystallite size (D) of the
synthesized material was found to be 39.9 nm (Table I) for
MgFe,04. The lower value (36.6 nm) was reported for the
same sample synthesized by co-precipitation method [33].

The lattice constant ‘a’ was calculated for prominent
(311) peak using the following relation,

a= dvh?+kZ+1? 3)

where d is interplanar distance and h,k,I are the miller
indices of the diffraction plane. The calculated lattice
parameter 'a' (8.35 AP) for MgFe,O, agrees well with the
reported value of 8.37A°[34]. Following relation was used
to calculate x-ray(px) density,

Px = ZM/Nya® (4)
where Z is the number of molecules per unit cell (Z = 8),
M is the molecular mass of the sample, and N is the
Avogadro's number (Na= 6.026 x 102 atoms mol™?). The
sample of ferrite was determined to have a density of
4.554 g/cm?® (Table 1).

Utilizing the following formula, the volume of the
unit cell was computed,

v=2at (5)

in(A%?2 units. Relationships were used to determine the
distance between magnetic ions and the hopping length
(L) in the A sites (tetrahedral) and B sites (octahedral)
[35],

a2

Ly = 2Zand Lp = (6)

It was observed that the hopping lengths for two sites
were 3.615 A% and 2.951 AP respectively in Table 1.

2.3 SEM and EDX analysis

The surface morphologies and elemental composition
of magnesium ferrite nano powder were examined by
SEM, coupled with EDX analysis. In Fig. 3 (a) SEM
image of calcined MgFe;O, sample is illustrated.
Agglomerates and non-uniformity are evident in the
sample. The grain size was estimated using AlL [36]. The
number of grain boundaries intersected by a randomly
chosen straight line of length L drawn on micrographs was
counted, and the average grain diameter (G), which is
around 98 nm, was computed, N is the total number of the
complete sample, and M is the magnification.

G = 1.5L/MN 7

The elemental analysis of the prepared MgFe2O4 hano
powder was obtained by EDX analysis and weight % and
atomic % of elements were shown in the Table 2. The
estimated ferrite composition is confirmed by EDX data,
which is reinforced by the good agreement between
experimental and theoretical Mg/Fe molar ratio (Table 2).
The sample's EDX pattern, which displays the presence of
Mg, Fe, and O without precipitating cations, is
demonstrated in Fig. 3(b).

Table 1.

Some structural parameters; crystalline size, lattice parameter, X-ray density, unit cell volume, hopping length for
A-Site (da) and B-Site (dg) and force constants for octahedral (ko) and tetrahedral (k:) sites of Magnesium ferrite

nanoparticles

Sample | Crystalline | Lattice X-ray Unit cell | Force Force Asite da | B Site ds
size parameter | density volume constant constant (A.u) (A.u)
(nm) (A9 (g/cc) (A kox10° kix10°
(dyne/cm) (dyne/cm)
MgFe.O4 | 39.9 8.35 4.554 583.79 1.414 2.886 3.615 2.951
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Fig. 3. (2) SEM image and (b) EDX analysis of Magnesium ferrite nanoparticles.

Table 2.
The observed and theoretical elemental composition value of MgFe,O, obtained from EDX analysis

Element Experimental value Theoretical value
Weight % Atomic % Weight % Atomic %
O 2151 44.41 31.98 57.15
Mg 11.95 16.23 12.15 14.26
Fe 66.54 39.35 55.84 28.57
TOTAL 100.0

2.4 AFM analysis

Thin film topography of MgFe.Os nanoparticles
obtained by AFM (atomic force microscopy). This
microscopic technique has several advantages for
characterising nanoparticle. Images obtained via AFM
display data in two and three dimensions, allowing for the

the vibrations of octahedral group.

Raman modes of spinel MgFe,O,and their assignments

Fog (1) is due to translational movement of the whole
tetrahedron (FeO4) [39], while Fx4(2) and F4(3) related to

Table 3.

quantitative generation of information on both individual 1 :
particles and groups of particles. Fig. 4. display the 2D and Raman Modes (cm") Assignment
3D AFM images of MgFe,O4 respectively and its related 209 Fag(1)
histogram and size distribution. The average roughness 330 Eq
(Rq) and root mean square roughness (RMS) values 479 F2(2)
obtained about 5.982 nm and 7.541 nm respectively. Also, 519 Fou(3)
the maximum height (Rp) and a maximum depth (R\) 29
observed as 35.645 nm and 27.449 nm respectively. 707 Agg

2.5 Raman analysis

Raman spectroscopic technique is a powerful
technique to identify the structural and vibrational
properties of the material MgFe,O4 spinel. MgFe;O4
crystallises as an ABO4 type spinel structure with eight
formula units per unit cell in Fd3m space group.According
to results from group theoretical calculations, AFe,O, type
spinel structures consist of five raman active phonon
modes, namely Aig+Eg+3F2g, which are made up of the
motion of O ions and both A and B site ions [37,38].
Figure 5 displays the MgFe,04 sample's raman spectra in
the frequency range of 100-800 cm™. In Table 3 and Fig.
5, several peaks have been identified. The A1y (1) mode is
caused by the symmetric stretching of oxygen atoms along
Fe—O (or M-0) tetrahedral bonds. The Eq & F24(3) modes
are caused by the symmetric and asymmetric bending of
oxygen with respect to Fe respectively. The F.4(2) mode
is caused by the asymmetric stretching of the Fe—O bond,

MgF€204.
2.6 VSM analysis

MgFe;0s, SQUID based magnetometer

the magnetic field, the M-H loop or hysteresis curve is
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In our system, MgFe,O. nanopowder contains five
peaks at 209, 330, 479, 549 and 707 cm™* (Table 3). These
bands are given the following designations: Fog (1), Eg, Fog
(2), Foq (3) and Ay (1) correspondingly. These modes
match the reported [40] values of 217, 333, 486, 554, and
715 cm for magnesium ferrites. It agrees well with the
current strong band location for MgFe,O4 at 707 cm'?,
which J. Chandradass [41] attributed to the Aig mode in

To investigate the magnetic behaviour of spinel
has been
employed under magnetic field upto 20 kOe.By applying
a magnetic field to a material that becomes magnetized by



Spectroscopic, Magnetic and Morphological studies of MgFe,O, Nanopowder

nm

Counts

(b)

1B:SensHeight Hisrogram (d)

S00

v

-0 0 20 0

nm

10

30 -0

Fig. 4. AFM images of MgFe,O, nanoparticles. (a) Two dimension (2D) (b) Three dimension (3D) (c) examination
of grain size (d) histogram of MgFe,O, nanoparticles.

1200

A
1000 -

800 4

600 4

F, (1)
7 209

Eg
330

Intensity (a.u)

- r r T r T T T .2

460 500 600 700
Raman Shift(cm")

Fig. 5. Raman spectra of synthesized spinel MgFe;O4
nanoparticles.

T L]
200 300 800

formed. Remanence magnetization is the value of
magnetization at which field is zero. The point on the
curve where the magnetization is zero and the field is
negative is referred to as the coercive field, and the
saturation magnetization is the point at which the
magnetising force stops increasing the magnetic induction
in a magnetic material. The room temperature
magnetization curve of the calcined MgFe,O4nanoparticle
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Fig. 6.Magnetisation curve of MgFe;O, nanopowder

under applied magnetic field of 20 kOe.

obtained from M-H loop is depicted in Fig. 6. This curve
denotes hysteresis ferromagnetism and is typical for soft
magnetic materials.

Magnetic parameters such as saturation magnetization
(M), coercivity (Hc), retaintivity (M,) and remanent ratio
(R) values; 27.192 emu g, 36.0 Oe, 0.4646 emu g7,
0.0170 respectively of ferrite nanoparticles are listed in
Table 4. It was observed that the saturation value of

Table 4.

The coercivity (Hc), saturation magnetization (M), retaintivity (M,), remanant ratio (R), and magnetic moment (ug)

obtained at a magnetic field at 20 k Oe at room temperature

Sample

Ms (emu/g) H. (Oe) M, (emu/g)

Mr/M lJ.B

MgF6204

27.192 36.00 0.4646

0.0170 0.9737
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27.192 emu/g obtained in the sample calcined at 500°C
(crystallite size of 39.9 nm) is close to the values of
33.4 emu g* for bulk MgFe,04[42] and 30.6 emu g* for
sol-gel/combustion synthesized MgFe,O4 (crystallite size
of 78 nm) [43], while it is higher than the values of 14.09
emu g*' for co-precipitation synthesized MgFe;O,4
nanoparticles (diameters of 34.4 nm) [44]. Remanent
magnetisation (M;) value for the sample was obtained
from the Fig. 6. The MgFe2O4 nanopowder's Mr/Ms ratio,
which measures remanent magnetization to bulk
saturation magnetization, was calculated to be 0.0170. A
significant portion of superparamagnetic particles are
indicated by the low Mr/Ms value. The coercivity (Hc) was
found to be 36 Oe (Table 4) for the MgFe2O4 nanaparticle.
The value is less than the value of 165 Oe for MgFe,O4
produced by sol-gel/combustion but is comparable to the
value of 48.86 Oe for nanoparticles made by
coprecipitation.

Sub-lattices A and B are magnetised in opposing
directions by the spins of the A and B site ions, producing
a magnetic moment that is equal to the difference between
the magnetic moments of the A and B site ions [45]. The
magnetic moment per formula unit is given by the
equation,

M = Mg-Ma (8)
where Mg and Ma stand for the B- and A- sublattice
magnetic moments in uB, respectively. This formula is
based on Neel's two sub-lattice model of ferrimagnetism
[46]. The Ms value is typically determined by the net
magnetic moment. According to the literatures [47,48],
the octahedral positions are preferentially occupied by
Mg?* cations in the bulk magnesium ferrite, which has an
inverted spinel structure. The cationic distribution on
tetrahedral and octahedral lattice sites has a significant
impact on the Ms of spinel ferrite nanoparticles [49].

The following relation [50] was used to compute the
magnetic moment per formula unit in Bohr magneton (B)
of the sample,

us = MywxM;/5585 9)
where Ms is the saturation magnetization in the
electromagnetic unit and My, is sample's molecular weight.
Table 4 displayed the magnetic moment's value.

2.7 Optical studies

The UV-vis spectra of MgFe,04 were conducted
using dil HCI as a solvent in order to examine the optical
characteristics of the prepared nanoparticles. The
absorbance extends around 300-600 nm shows visible
region which is important for numerous application in
photo-catalytic and photo voltaic activity. Fig. 7(a)
displays the UV-visible absorbtion spectra of 500°C-
calcined magnesium ferrite nanopowder as a function of
wavelength (nm). Typical band throughout 300-500 nm is
proclaimed in optical absorption spectra of MgFe,O4
nanoparticles. These bands results from octahedral
coordination of Fe3* ions [51]. The absorption cutoff
wavelength is 427.5 nm. The optical band gap energy (Eg)
of magnetic nanoparticles sample was calculated
according to the Tauc relationship as given below [52],
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Ahv = A(hv—Eg)" (10)
where (o) absorption coefficient, (Eg) the energy gap, (A)
is constant for different transition, (h) is Plank constant
(6.62.10%* J s''photon 1), (hv) are the energy of photon
and the value of n is either % for indirect band gap or 2 for
direct band gap. The intercept on the (hv) axis can be
found by projecting the plot to the point where (ahv)? = 0
as shown in Fig. 7(b). The intercept of the straight line at
0=0 was used to calculate the band gap energy, which was
found to be 2.91eV, somewhat higher than the stated value
range of 2.0-2.2 [53,54].
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Fig. 7. (a) UV visible absorbtion spectra of the MgFe;O..
(b) (ahv)? [eVem™]? versus photon energy (hv) graphs for

MgF6204.
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2.8 XPS analysis

XPS is used to study the chemical and elemental state
analysis at the depth of about 5-10 nm of the investigated
surface of the sample. XPS is that technique which not
only shows elements are present but also what other
elements they are bounded to. Also it examined the energy
of the component.

XPS spectrum displayed in Fig. 8, the spectrum
reveals chemical composition of the sample MgFe;O,
nanoparticles attributed to element Mg, Fe, O and
unintentional element like carbon. As shown in Fig. 8 (a)
two characteristic peaks at 724.88 eV and 711.28 eV
indicated as binding energy which corresponds to
Fe3*2p12 and Fe?* 2ps, orbital which is similar to the
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reported earlier by Hengli Xiang [55]. The single peak
located at 1303.28 eV would be attributed to Mg 1s which
reveal the oxidation state Mg*? in the sample which is
shown in Fig. 8 (b)that is in fine agreement with some
earlier results [56].The peak located at 530.18 eV is
attributed to O 1s region which appears due to metal-
oxygen bonding and the peak at 532.00 eV as shown in
Fig. 8 (c) represents oxygen vacancies or metal hydroxyl
bonds at the surface, full spectrum of the sample are
shown in Fig. 8d. Table 5 shows the elements and its peak
position of Fe 2p, O 1s, Mg 2p of the sample.

Table 5.
Peak position in (eV) of Fe2p, O1s, Mg2p, spectra of
MgFe2O. nanoparticles.

Peak Peak position (eV)
Fe 2p 724.88
711.28
530.18
Ols 532.00
Mg 2p 1303.28
Conclusions

In this study, we present evidence that sol-gel-
produced magnesium ferrites nanoparticles can form a
single-phase cubic spinel structure. Surface morphology
image illustrated with some agglomerated size particles.
The synthesized composition's Mg, Fe, and O content are
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confirmed by the EDX analysis spectrum. Five Raman
active modes Eq, 3F24, Ay in the range of 209-707 cm?,
which are anticipated in the spinel structure, were
validated by a Raman investigation. Raman study
confirmed the existence of five Raman active modes Eg,
3Fy , Ay in the range of 209-707 cm™ which are
predictable in the spinel structure. Magnetic measurement
shows soft magnetic behaviour of the sample with the Ms
value 27.129 emu/g. AFM is utilized to estimate the
height, grain size, and average roughness of the particles.
The band gap energy at 2.91eV are obtained by UV-VIS
absorbance spectra while chemical composition and
elemental states are determined by X-ray photoelectron
spectroscopy (XPS).
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CrnekTpocKomivyHi, MArHITHI T2 MOP(OJIOTiYHI TOCTiKEHHS
HaHonopouky MgFe2O4

Kagpeopa ximii, Incmumym nayx, MMB, Yuisepcumem Banapaca Xindy, Banapac-221005, Inois, plahiril6@yahoo.com

2Kageopa ximii, koneosc BRDPG, [eopis-274001, Indis

Hano ¢eputoBy cnomyky tumy mmineni MgFe20s4 cuHTE30BaHO 307b-T€h METOAOM i3 BHKOPHCTAHHSIM
HITpaTiB MeTaliB sK mnpekypcopiB. da3oBuil ckmax, Mop¢osoriro Ta eleMeHTHHH aHami3 (epuTy MarHiio
(MgFe204) 3naiiicieno metomamu audpakiii X-mpomeHis, meperBoperts Dyp’e B iHppayepBOHOMY Aiama3oHi,
aTOMHO-CHJIOBOT MIKPOCKOIIiT, eHeproaucepciitnoi X-npoMeHeBol Ta CKaHyI040i eeKTPOHHOI MiKPOCKOTTi.

X-npomeneBa qudpakiiiiHa kKapTUHA 3pa3ka MiATBEpIKYe iCHYBaHHS OXHO(A3HOrO MaTepiany, A SKOro
OIliHKa PO3MIpiB KPHUCTANiTIB ckiana 39,9 um. [ocmimkeHHs B iHppaduepBOHOMY Mdiama3oHi i3 BUKOPHUCTAHHIM
nepeTBopeHHsIM Dyp’e MITBEpAWIO HAsSBHICTH KOJIMBaHb METaJ-KHCEHb, IO BiAMOBINAIOTH TETPACAPHYHHUM 1
OKTaeAPUYHHM BY3JIaM, BiAIOBiTHO. I3 pe3yNlbTaTiB CKaHYIHOYOi €JIEKTPOHHOI MIKPOCKOIi OTPUMAaHO PO3Mip
3epeHe, AKuid ckiaB mpuomm3Ho 97,7 HM. CHeKTpu KOMOIHAIIMHOTO PO3CIIOBaHHS 3pa3Ka JEeMOHCTPYIOTH I SITh
aKTHBHHMX MOJI paMaHiBCbKOTO po3ciroBaHHs (A1g + Eg + 3F2g), 110 cymicHO 31 cTpykTyporo mmineni. JlociipkeHHs
MarHiTHUX XapaKTepHCTUK NpH KIMHATHIH TeMmepaTypi IOKa3ye MOBENiHKY IIeTJ TicTepe3ncy 3 HU3BKHM
3HAYEHHAM HAMAarHiuYeHOCTi HacuueHHs, 27,192 emugli He3HAUYHMM 3HAYEHHSM KOEPUUTHBHOI cuiu. [llupuny
3a00pOHEHOi 30HM BH3HAYEHO 3a JOIOMOIOI0 CIEKTpiB mnpomyckaHHs B Y®-piamazony. Kpim Toro, mis
MiATBEP/DKEHHS CTYINCHIB OKUCIICHHS Ta JOCHIKCHHS XIMIYHOTO CKJagy 3pa3ka BHUKOPHCTAaHO METOIH
PEHTTeHIBCHKOI (POTOETEKTPOHHOT CIIEKTPOCKOTTIi.

Kiouosi cioBa: depuroBa mminenb, HaHOKpHCTAH, AAQpakLis X-MIPOMEHIB, CIEKTPH KOMOIHAIIITHOTO
pO3CifoBaHHS, MarHiTHi BIACTUBOCTI.
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It has been established that the doping of activated carbon material with chromium and manganese increases
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(DEL) by ~70 % and leads to a decrease in their internal resistance by 30-35 %. The main reason for this rise is the
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cause an increase in the specific capacitance of these devices. It has been shown that laser irradiation stimulates the
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Keywords: nanoporous carbon material, doping, chromium, manganese, laser irradiation.

Received 31 January 2023; Accepted 28 June 2023.

Introduction

Traditional electrochemical energy storage devices
(supercapacitors), whose specific capacitance can reach
~200 F/g when using aqueous electrolytes, operate on the
principle of charge/discharge of the DEL, which is formed
at the electrode/electrolyte interface.

The main factors influencing the increase in the
specific characteristics of DEL are the higher density of
electronic states due to changes in the Fermi level of the
surface layers of activated carbon and the involvement of
as much of the developed surface as possible in
charge/discharge processes. One of the possibilities to
influence the properties of porous carbon material (PCM)
for these purposes is to incorporate metals with a high
density of electronic states into its matrix [1, 2].

The use of porous carbon material is due to the fact
that, in addition to being low-cost and accessible, PCM is
relatively easy to modify, which can be used to control not
only the amount of the developed surface, but also its state,
pore size distribution, conductivity, etc., which are
important for its application.

However, the specific capacitance of the DEL formed
by the PCM and electrolyte does not always satisfy the
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requirements for the appropriate charge storage devices,
due to the fact that PCM, being a semiconductor, contains
a low concentration of free charge carriers (electrons)
compared to metals.

One of the solutions to this problem is to increase the
density of electronic states in the PCM matrix. This idea
can be realized by modifying the PCM by doping it with
metals with a high density of electronic states, which
makes it possible to significantly increase the capacitance
of DEL, and, accordingly, of capacitors formed on the
basis of PCM maodified in this way.

I. Experimental, discussion of the
results

An important characteristic of an electronic system is
the density of states, i.e., the number of states in a unit
energy interval. Since electrons are governed by the Pauli
principle, the density of states determines the maximum
number of electrons that can be accommodated in a certain
energy range.

Considering the fact that the choice of electrolyte
concentration is determined by its maximum conductivity,
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it is possible to increase the amount of accumulated charge
of DEL by increasing the density of electronic states near
the Fermi level in the electrode material. Thus, the aim
was to purposefully increase the electron density of the
valence band of activated carbon by doping. The study [3]
shows that 3d transition metals and rare earth elements
have the highest density of electronic states near the Fermi
level. We focused on 3d transition elements Mn and Cr.

Fig. 1 (a) shows the valence band spectrum of the non-
doped activated carbon material, which demonstrates that
it has a double-hump structure with a significant decrease
in intensity when the binding energy approaches the Fermi
level.

When doped with manganese, the appearance of the
valence band changes significantly (Fig. 1(b)). It becomes
almost single-humped with a significant increase in
intensity at the Fermi level.
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The results obtained indicate that the doping of PCM
with manganese most significantly affects the intensity of
its valence band spectra at the Fermi level, and,
accordingly, the electronic density, which is displayed in
the value of the specific capacitance. In particular, the
specific capacitance of ECs based on manganese-doped
PCM is ~ 65 % higher than the similar capacitance of ECs
formed from non-doped PCM.

The change in the intensity of the valence band
spectra of non-doped HFM is also significantly affected
by various technological treatments (thermal, chemical,
etc.). However, in this case, the spectral pattern of the band
remains practically the same (Fig. 2). Obviously, in order
to improve the performance parameters of ECs, it is
necessary to apply the established procedures in a
complex manner.

In the two-dimensional (2D) structure, which is
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Fig.1. Valence band spectrum of PCM: a - non-doped PCM; b - PCM doped with manganese.
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Fig.2. Intensity of the valence band spectra: a - carbonized PCM; b - carbonized and heat-treated PCM.
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typical for our case, when the large area of the developed
surface is of major importance, for each quantum level
with energy E; the total number of states

_ me(E-Ej)S
Z(E) - (Zﬂk)z )
where S — is the sample area.

The state density, which in this case is calculated per
unit area, is determined by the sum of the numbers of all
levels whose energies E; are lower than E [4]:

az(E;)
dE

DZD(E) = %Zi

The PCM was chemically doped with chromium by
reducing it from an aqueous solution of Cr2(SO4)3-6H20.
For this purpose, a weight of salt dissolved in distilled
water was mixed with PCM to a homogeneous mixture,
hydrochloric acid was added to create an acidic
environment in which to carry out the reduction, and finely
dispersed zinc was added. The resulting precipitate was
dissolved in water in appropriate ratios, mixed with PCM,
and dried at 140 °C to a constant weight. KMnO4 was used
as a manganese doping agent, where Mn has the highest
oxidation degree, which is 7*. For this, ethanol was added
to a 5% solution of KMnQO4 and, after the reaction was
completed, HNO3 was added and heated to a temperature
of 80 °C. The resulting precipitate was washed with water
deionization until NO; ions were removed, and dried to a
constant weight at room temperature. After that, the
precipitate was dissolved in water in appropriate ratios,
mixed with PVM and dried at 140 °C to a constant weight.

The influence of injected metals on the behavior of
electrochemical capacitor systems formed on the basis of
PCM + metal was studied by impedance spectroscopy.
The dependence of the specific capacitance of the doped
PCM on the content of chromium and manganese is shown
in Fig. 3.

C, (Fig) ——1
—_—0— 2
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Fig.3. Dependence of the specific capacitance of PCM on
the content of chromium (1) and manganese (2).

To obtain the Nyquist diagrams, a three-electrode
electrochemical cell was used (Fig. 4), in which PCM with
the appropriate content of chromium or manganese was
used as the working electrode. The impedance
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measurements were performed using an Autolab
PGSTAT / FRA-2 spectrometer (Netherlands) in the
frequency range 102 — 10° Hz.

potentiostat-
galvanostat

Fig.4. Electrochemical cell: 1 - glass cell; 2 - sealing lid;
3 - electrolyte; 4 - working electrode; 5 - reference
electrode; 6 auxiliary electrode.

Cyclic voltammograms of carbon material electrodes
were obtained in the potential range of -1 + 0.2 V using
the above three-electrode cell with a chlorine-silver
reference electrode; the scan rate was 5, 8, 10, 20, 30, 40,
and 50 mV/s, respectively.

The impedance curves obtained at potentials of -1 +
0.2 V (in this case, the potential difference between the
working electrode and the reference electrode) and the
automatic calculation of the parameters of the equivalent
circuit (primarily, the capacitance) made it possible to plot
the volt-faradic dependencies for the studied activated
carbon material with different dopant concentrations (Fig.
5, 4, b). The criterion for selecting the interval of applied
potentials is to change the parameters of the equivalent
circuit by no more than 10%. In addition, in the negative
potential region, the maximum of the curve C=1(E) is
also one of the factors in choosing the applied potential.

As follows from these dependencies, an increase in
the percentage of manganese leads to both an increase in
the specific capacitance of the active material and a certain
symmetry of the C-U dependencies, i.e., the penetration of
manganese into the nanoporous carbon material allows for
the grafting of OH-groups of the solvent in the positive
potential region, resulting in an increase in the capacitance
in the positive potential region. When chromium is
incorporated, on the C=f(U) dependence, chromium
doping does not align both branches of the C-U
dependence, resulting in a capacitance of such materials in
the positive potential region that is even lower than that of
pure PCM.

Fig. 5 shows the DEL capacitance at the electrode-
electrolyte interface, so the mismatch of both curves in the
positive potential region indicates an additional
contribution to the total capacitance, pseudocapacitance
due to Faraday processes involving functional groups
(e.g., COOH > C = H, OH). It is known [5-7] that the
existence of functional groups can affect the capacitance
of ECs, both due to the possible occurrence of redox
Faraday reactions involving these groups and due to
changes in the specific capacitance by the specific value
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Table 1.
Specific capacitance of PCM (F/g) in aqueous electrolyte (30% KOH solution in water)
Method of research
Material impedance
voltammetry chronoamperometry
spectroscopy
PCM 156 164 169
PCM + 0,2 % Cr 204 206 215
PCM + 0,3 % Cr 185 188 194
PCM + 0,4 % Cr 180 185 190
PCM + 0,2 % Mn 188 191 197
PCM + 0,3 % Mn 205 210 218
PCM + 0,4 % Mn 200 205 212

of the interfacial surface.

A characteristic feature of the process of chemical
modification of PCM with the above metals is that
chromium and manganese significantly reduce the value
of the Warburg diffusion impedance W (Fig. 6) compared
to the unmodified material. Due to the fact that for all
samples there is a general tendency to decrease W when
the potential changes to the negative region, this parameter
can be associated with diffusion processes involving K*
ions in the carbon matrix [8, 9].
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From the results obtained, it follows that an increase
in the percentage of chromium increases the specific
capacitance of PCM compared to pure PCM. The material
with 0.2% Cr content by weight has the highest
capacitance; further increase in Cr content leads to a
decrease in capacitance. Most probably, this fact is
associated with a decrease in the specific surface area of
the carbon material due to the blocking of pores by
chromium ions, as a result of which less potassium ions
are involved in the formation of DEL.
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Fig.5. Volt-faradic dependences for PCM with different percentage of: a - chromium; b — manganese.
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Fig.6. Dependence of Warburg impedance on the applied potential for PCM with different percentage of chromium
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The implementation of manganese also leads to an
increase in the specific capacitance. However, the
dependence of the last one on the scan rate, in comparison
to Cr-doped PCM, is non-monotonic with respect to the
percentage of Mn ions (Table 1).

Thus, the chemical modification of PCM with
chromium and manganese leads to an increase in the
specific capacitance of PCM [1, 10, 11]. The main reason
for this increase, according to previous studies, is the
transformation of the valence band of the carbon material
due to the introduction of additional electronic states from
the incorporated metals, as a result of which a much larger
number of ions participate in the formation of the DEL,
and thus causes an increase in the specific capacitance.

However, the doping technique does not provide
metal localization on the surface of the PCM. As a result,
during repeated cycling of electrochemical capacitors,
metal atoms are removed by the electrolyte and the EC
parameters become worse. In order to prevent this
phenomenon, we carried out additional treatment of the
doped PCM by irradiation with a neodymium laser
operating in a pulsed mode.
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Fig.7. Dependence of the specific capacitance of the
electrolyte/Mn-doped PCM system on the amount of
manganese introduced before (a) and after (b) laser
irradiation.
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Laser irradiation leads to a reduction in the size of
such fragmentary formations in the PCM matrix, which
makes it possible to doping with more metal without
blocking the pores of the developed PCM surface. As a
result of irradiation with laser pulses, the maximum
specific capacitance is shifted toward higher metal
fractions (Fig. 7, b).

The decrease in the size of the "metallic" fragments
should obviously be accompanied by a certain decrease in
the electron density at the Fermi level.

The distribution of individual elements in the depth of
the sample was determined for three types of samples in
which chromium and manganese were incorporated. Fig.
8 shows a typical profile of element distribution in the
samples of PCM doped with manganese to the level of
0.5 wt. %.

In Fig. 8, the etching time is proportional to the
etching depth, and the shape of the obtained dependence
at the qualitative level reflects the concentration
distribution of elements by thickness in the near-surface
region.

Due to the etching speed, the surface layers with a
thickness of no more than 50-100 nm are available for
analysis with an analysis time of about 7200 s.

As can be seen from Fig. 8, a, the distribution of
manganese over the depth of the sample is quite irregular.
An increase in the amount of manganese introduced above
0.5 wt. % leads to the fact that the signal intensity from
manganese becomes greater than the signal intensity of
carbon and oxygen. Therefore, we do not present the other
profiles, although they, similarly to the profile in Fig. 8, a,
there is an uneven distribution of manganese.

Laser irradiation (E = 0.1 Jlcm?, ¢ = 15 ns, pulse
repetition rate f = 56 Hz, irradiation time 180 s) leads to a
significant redistribution of the analyzed elements along
the depth of the sample (Fig. 8, b). In particular, the depth
hm, which corresponds to the main maximum of the
manganese distribution profile, practically does not
change when the sample is irradiated. At the same time,
manganese atoms both from the near-surface region x< An
and from a depth greater than hy are concentrated in the
neighborhood of hn. In addition, laser irradiation leads to
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Fig.8. Depth distribution profile of C, O, Mn elements of manganese-doped PCM depending on the etching time t for
non-irradiated (a) and irradiated (b) samples.
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a slight appearance of oxygen compared to the non-
irradiated sample, and then only in the region of the
maximum intensity of the manganese peak, which may be
due to the formation of Mn,Oy oxide [12].

As for samples of chromium-doped nanoporous
carbon, studies by other methods have shown that the
dielectric constant in such samples increases several
times, which leads to an increase in the background of the
useful mass spectrum signal as a result of electrification of
the sample surface. Therefore, it was impossible to obtain
high-quality mass spectra of laser-irradiated samples with
a chromium content exceeding 0.1 wt. %.

Conclusions

1. The optimal method for producing carbon electrode
material for electrochemical capacitors from plant-based
raw materials (fruit pits) is hydrothermal treatment at high
pressure (6 <+ 8)-10°Pa. Additional thermal vacuum
annealing of the resulting activated carbon at a
temperature of 723-743 K in a chamber with a residual
pressure of no more than 1.33 Pa for 60-70 minutes
increases the specific capacitance of the corresponding
capacitors by 10-15 % due to the desorption of
uncontrolled impurities from the formed pores.

2. The total capacitance of the non-doped
PCM/electrolyte system is a component of two
capacitances - the PES capacitance (94 - 97 %) and the
pseudocapacitance (6 - 3 %). The increase in the specific

capacitance of electrochemical capacitors based on
chemically modified activated carbon is due to an increase
in the contribution of these components by 88 - 92 % and
12 - 8 %, respectively. On the basis of doped activated
carbon material, laboratory samples of ECs were formed
in 2525-size cases, the maximum specific capacitance of
which is 150 F/g for aqueous electrolyte (30% solution of
KOH in water).
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BcTaHoBIIeHO, 10 J€ryBaHHS aKTHBOBAHOTO BYTJIEIIEBOTO MaTepialry XpOMOM i MapraHIeM 301IbIIy€e TUTOMY
€MHICTh TPHCTPOIiB HAKONWYEHHS 3apsay, IO IIPAIfoIOTh 3a IPHHIMIOM 3apsly-po3psily HOABIHHOTO
enexrpuaHoro mapy (ITEI), na ~70 % Ta mpU3BOAMTE NO 3MEHIIEHHS iX BHYTpIIIHBbOro omopy Ha 30-35 %.
OCHOBHOIO NIPUYMHOIO TaKOTO 3POCTaHHS € TpaHC(OpMAllis SHEPreTHYHOIO CHEKTPY EJICKTPOHIB 32 PaxyHOK
30UIbIIEHHS] TYCTUHHM €JIEKTPOHHHX CTaHIB, B pe3yJbTaTi 4Oro 3HA4HO OifblIa KUIBKICTH 10HIB €JIEKTPOJITY
(macammiepes, MO3UTHBHUX) MpuitMae ydactb y (opmysansi IIEIL i 3yMOBIIOE picT MUTOMOI €MHOCTI IaHHUX
npuctpoiB. [lokazaHo, 0 Ja3epHE OMPOMIHCHHS CTHMYJIOE€ MPOHHKHEHHS METaliB y 00’€M BYIJIEIEBOTO
MaTepiainy.

KnrouoBi cioBa: HaHOmOpHCTHH ByIJIENEBHH MaTepiay, JETYBaHHSA, XpOM, MapraHelb, Ja3epHe
OTPOMIHCHHSI.
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