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beorpan 16.oxTobap 2018.

[peamer:
Munubeme pykoBoauona npojexra o uzoopy ap bojana Crojagunosuha y
3Balbe HAYYHHU CapPaJHHUK

bojan Crojagunosuh je ox 01.04.2013. ronuue 3amocnen y lleHTpy 3a ¢u3mKy uBpcTOT
cTama W HOBe matepwjaine, a ox 2016. ronmuHe je aHTa)XXOBaH y OKBUPY Jabopatopuje 3a
(U3UKY HAHO-KOMITO3UTHHUX CTPYKTypa M OMOBHOpanuoHy crektpockonujy MHctutyTa 3a
¢usuky y beorpany, rae paau Ha mipojekty OM 171032 koju duHancupa MUHHCTAPCTBO 3a
nmpocBeTy U Hayky PenyOmmke CpOuje m umju je pykoBomuiar, ap 3opaHa [loxueBuh-
Murtposuh.

VY 3Bame HCTpaXXUBau capaJHUK u3abpan je aeuemOpa 2014. roaune, a pensaOpaH y HCTO
3Bame AeueMOpa 2017. ronune. Kanmunar ce na Mucturyry 3a ¢usuky 6aBu npodiiemMmuma
BE3aHMM 3a KapaKTepU3alujy W CHUHTE3y YMUCTUX M JOMUPAHUX HAHONPAXOBa M TAHKHX
¢unmoBa 6m3myt depura (BiFeOs), kao koaytop je objaBuo 14 pamoBa y mehynapoanum
gaconucuma (011 Kojux ¢y 5 u3 kareropuje M21a). M3 cBuX HaBeIeHUX pasiiora, carjacHa
caM ca TIOKpeTameM TMocTynka 3a u30op Ap bojama CrojagumHoBMha y 3Bambe HaydHHU
capaJiHUK.

3a cacraB komucuje 3a n300p bojana CrojanuHoBuha y 3Bambe HayYHH CapaTHUK MPEATIaKEM:

1. np 3opany loxueBuh-MutpoBuh, HayuHor caBeTHuka MHcTUTyTa 32 Ppusuky beorpan
2. np HoBuny [Taynosuha, nayunor capaguuka Muctutyra 3a ¢pusuky beorpan

3. np Jumurtpuja CTenaHeHka, BUIIIET HAy4yHOT capagHuka MHcTuTyTa 32 husuky beorpan
4. np Pactka Bacunuha, Banpeanor npodecopa @usndkor daxkyarera

ap 3opana [Joxgesuh-Mutposuh
PyxoBoaunar pojexkra OM171032

VY Beorpany,
16.10.2018.



1. buorpadcku noganu 0 KAHAUIATY

Hp Bojan CrojagunoBuh je pohen y Iloxkapesiy, Peryonuka Cpouja, 23. maja 1988. ronune.
3aBpmmo je [loxkapeBauky ruMHa3Hjy, ca oJUIMYHUM ycriexoM. OCHOBHE CTyIHje je YIHcao
2007. roqune Ha PuznukoM ¢akynrtery, YHuBep3urera y beorpany, na cmepy Ilpumemena
¢usuka u uHpopmaruka. OcHOBHE crynuje je aurmiaomupao jyHa 2011. rommne. Macrep
crynuje je ynucao Ha Ousnukom dakynrety, YHuBep3utera y beorpany, cmep Teopujcka u
eKkcriepuMenTanHa ¢usnka u 3aBpimro jyna 2012. rogune ca npocexkom 10.00, rae je mactep
paa ca TeMoM ,,[cnumusarbe eieKmpoHcKe CMpYKmype HAHOKPUCMANd Yepujym Ouoxkcuoa
ckenupajyhom mynenckom muxkpockonujom™ ypaauo y LleHTpy 3a ¢pu3uKy 4BpCTOr cTama U
HOBe Mmatepujasie MHcTuTyTa 3a dusuky. Mcre roauHe ymucyje TOKTOPCKE CTyIuje, yxka
Hay4Ha oOnact: du3nka KOHACH30BaHEe MaTepHje U CTATUCTHYKA (PU3UKA.

Kangunat je 3amoueo uctpaxkuBauku pan Ha Wuctutyry 3a ¢usuky beorpan cenmremOpa
2011. rogusne, a 3anociueH je ox 01.04.2013. ronune y LlenTpy 3a ¢pu3MKy 4BpCTOr CTama U
HoBe matepujasie. Ox 2016. ronuHe je aHTaXKOBaH y OKBUPY JlabopaTtopHje 3a GU3NKYy HaHO-
KOMITO3UTHUX CTPYKTypa ¥ OMOBHOpAIMOHY cIeKTpockonujy WHcTtuTyTa 32 QU3HKY Yy
beorpany na npojekty O 171032 unju je pykoBoaunar ap 3opana Jloxuesnh-Mutposuh. ¥V
3Bam-€ UCTPAKHUBAY cCapaHUK n3abpad je nenemOpa 2014. ronune, a penzadpaH y UCTO 3Bambe
neremOpa 2017. rogune.

Kanmunar je Tokom 2016. rogquHe OMO ydecHUK Ikone y beuy mon HasuBom ,, Training
School and 6™ Workshop on FEBIP (Focused Electron Beam Induced Processing) 2016 y
okBupy COST axumje CELINA (Chemistry for Electron-Induced Nanofabrication), a umao je
U jenHy mocety YHuBep3utery ['ete y @pankdypTy y OKBUpY OmiaTepanHe capaime ca
Hemauka kojom je pykoBoano ap bparucnaB Mapunkosuh. [Touerkom 2017. rogune je 6uo
Ha kpahem OopaBky Ha STSM (Short-term scientific missions) nipojexty, y okBupy COST
akuuje CELINA, non HazuBoM ,, Ferroelectric properties of BiFeQOj thin films as monitored
by nano-granular sensor structures prepared by focused electron beam induced deposition “,
y ucrtoj rpynu Ha ['ere Yausepsuretry y ®@pankdypry. dp bojan CrojanunoBuh 1o caga nma
14 o6jaBibeHMX HaY4YHUX pajioBa, 12 panoBa u3 kateropuje M21 (ox dera cy 5 u3 kareropuje
M21a) u 2 paga u3 kareropuje M22.

JIOKTOpCKY nucepTalijy moji Ha3uBOM ,,Ymuyaj 4f oonanama na myamugepouune ocodoutre
BiFeO; nanomamepujana‘, ypaheny non pykoojactBoM ap 3opane JloxuaBuh-Mutporuh,
onopanuo je 28.09.2018. na dusznukom paxynrery y beorpany.



2. Ilpernex nayyne aktuBHocTH Ap bojana CrojanmnoBuha

Hp bojan CrojanunoBuh ce 06aBu HCTpaXUBamKUMa Koja cramajy y oOmact ¢usuke
KOH/ICH30BaHE MaTepuje M 3aCHUBAjy c€ Ha MCIUTUBABY yTULAja pa3nuuntux 4f momanarta
(Ce, Pr u Ho) Ha cTpyKkTypHe, BUOpalMOHe, AUEICKTPUYHE, (PepOeNeKTpUUHEe U MarHeTHe
ocobune BiFeOs; kepamuka 1 HaHOTIPaxoBa ca IUJBEM MPOHANAXKEHA ONTUMAIHOT J0NAHTa U
KOHIIGHTpallMje JOIMaHaTta KOoju JoBoje 10 moBehama enekrpuuHe oTmopHoctu BiFeOs, a
caMHM TUM U JI0 MOOOJbIIaka (PEpOCNeKTPUYHHUX, TUENEKTPUYHUX U MYITHPEPONUIHUX
ocobuHa. MicriutuBaHe Cy U JIOKaJTHE EIEKTPUIHE 0coOuHe 3pHacTor TaHnkor BiFeO; dhunma y
Wby 0OJBET pa3yMeBama pa3jinuka y eIeKTPUUYHUM OcOOMHaMa u3Mel)y YHYTpalmboCTH 3pHa
Y TPaHUIIE 3pHA Y OBUM HAHOCTPYKTypaMma, IIITO MOXe OUTH o1 3Haudaja 3a nmpumeHy BiFeO;
TaHKUX (PUIMOBA Y CEH30pUMa M MEMOpHjaMa payyHapa.

Kangunat je 3a cuHTEe3y HAHOINPAaxoBa W KepaMHKa KOPHCTHO XHJIPOTEpMallHy, COJ-Tel
METOAY M METOJYy CaMOCaropeBama, a TaHKU (PUIMOBU Cy HalpaB/bEHH METOJOM TaHKHUX
npeBiaka (spin-coating Texuuka). Kanaunar je kopunrhemeM KapakTepU3allMOHUX TEXHHUKA
CKeHHpajyhe TyHeJIcke MUKpOCKonHje U criekTpockonuje (STM/STS), Mukpockomnuje Ha 0a3u
atoMckux cuna (AFM) wm wmukpockomnuje Ha 0a3u mmesoenekTpuyHor edexra (PFM)
WCIUTUBAO JIOKAJIHE €JIEKTPUUYHE U (epoeeKTpUYHe OCOOMHE 3PHACTUX HAHOCTPYKTYPHHUX
¢buIMoOBa ca IMJbEM J1a ce JIeTajbHUje MpOoydye MEXaHU3MHU MPOBOJHOCTH YHYTap 3pHa M Ha
IpaHHIM 3pHA KOJU y BEIMKO] MepH oapelyjy ¢epoenekTpuyne ocoOuHe TaHKUX (UIMOBA.
On OoNTHMYKMX KapaKTEepU3alMOHMX MeToJa KaHAumaT je paauo Ha ypehajuma 3a
CIIEKTPOCKOIICKY EJUIICOMETPH]Yy U paMaHCKy CHEKTpOCKomnujy. TOKOM Jocafalimer pana
KaHJIUJAT je oBianao kopuimhemem Teopujckux mozaena (Cole-Cole u UDR Monene) Kojuma
Ce OMHUCY]y MPOILIECH JUTIOJIHE PelaKcalije U JOMPUHOCH KOjU MOTUYY O]l CTpYyje Iypema Ha
TpaHUIU 3pHA U MOJIapHU3allije MPOCTOPHOT HaeleKTpHUCaba.

VcTpaxxnBayku pajx M HAy4HU pe3yNTaTH Koje je 1o cajga octBapuo Jp bojan CrojamuHoBuh
MOTY C€ TPYIHCATH y IeT TeMa!

e licnuTuBame CTPYKTypHHX, BHOpAMOHMX U eleKTpuuHux ocobouHa BiFeO;
MOJIMKPUCTAIHAX ~KepaMHKa ¢ HAHOMPAaxoBa JOMUPAHUX MPA3COTUMHU)jyMOM,
LEPHjYMOM U XOJIMU)yMOM,

e licnuTuBame JIOKATHUX EJIEKTPUIHUX OCOOMHA Ha 3pHUMA U rpaHuiiama 3pHa BiFeO;
TaHKOT (uIma,

e licnutuBame BHUOPAIMOHUX W ONTHYKUX OCOOMHA HEAONMUPAHUX U UTPHjyM
nonmpannx BiFeOs; momukpucTamiHux KepaMyuKa ¥ HAaHOTIPaxoBa,

e lcnutuBame BUOpPAIMOHMX M ONTHYKUX OCOOMHA HAHOIPAaxoBa HUKJI-LMHK (hepura,
KOMITO3UTa HUKI-IMHK Qeputa u Oapujym tutanara, Al,O3/ZnO cnojeBa, TiO,
TaHKuX ¢unmoBa u Mg nomupanux CeO, HaHOITPaxoBa,

e Manupame Tomorpadguje M HCIUTHBamE eJIeKTpoHcke cTpykrype CeO, um La
nonupannx T10; HanonpaxoBa AFM u STM/STS Texaukama.



2.1. UcnuTtuBamke CTPYKTYPHUX, BHOPAUMOHMX W eJieKTpU4HUX ocoOuHa BiFeOj;
NOJUKPUCTATHUX KepaMHKa W HAHONPaxoBa [JONMPAHUX MPa3eoIMMHjyMoM,
HEePHjyMOM U XOJIMHJyMOM

[IpBu 1eo ucTpakuBama je 6uo nmoceeheH UCIUTUBAY AUETCKTPUIHUX U (PEPOCTEKTPUIHUX
ocoOuHa (Ha cobHOj Temmeparypu) BiFeOs; kepammka nommpanux Pr m Ce joHuma
(Bi;xPr(Ce)sFeOs, 0<x<0.1) koje cy CHHTETHCAaHE METOJOM CaMocaropeBama. Y TBpheHO je
na je, y ciydajy HajBehe konueHtparuje momanarta (y BigogoPro10FeOs u BiggoCe.10FeOs
y30pIuMa), JIOUIO J0 JSTUMUYHE CTPYKTYpHE ¢azHe TpaHchopmaliije u3 pomooenapcke y
opropoMOuuny (BigooPro.10FeOs y30pak) u nceynorerparonanny (BigpgoCep 10FeOs y3opak)
¢azy, mTo je 1oBenIo 0 MpoMeHa Y PepoeIeKTPUIHUM U TUEIEKTPUIHUM CBOjCTBUMA OBHUX
Mmatepujana. [luenextpudyna u ¢epoenektpuyna cBojcrea BiFeOs; xepamuke cy moGosbliana
Pr npommpamem 300r cMmamema KOHIGHTpalMje  KHCCOHMYHMX BakaHIMja W yTHUIAja
noJiapu3aije TpocTopHOr HaenekTpucama. llIto ce Twye Ce pomupaHWX KepaMuKa,
mokasaHo je na 3 mol% monuparma 1epujyMoM JAOBOAH A0 MOOOJbIIama AUCIECKTPUIHUAX U
(dhepoenekTpUuHUX 0COOMHA, MTOK ToBehana koHieHTpairja Ce joHa TOBOAM JI0 JIeTpaialinje
TUENCKTPUYHUX W (EpoeNeKTpUYHUX  OCOOMHA  ycjea  TojaBe  MapaejeKTpUdIHE
nceyaoTeTparonaigie (asze u nmpucycrBa npoBoaHe cekyHaapHe BiFesO9 daze. Omumcanm
pe3yaTaTi 00jaBJbeHU CYy Y JEAHOM paay Y BpXYHCKOM MelyHapoaHOM dacomnucy:

e B. Stojadinovi¢, Z. Dohcevi¢-Mitrovi¢, N. Paunovi¢, N. Ili¢, N. Tasi¢, 1. Petronijevic,
D. Popovi¢, B. Stojanovi¢, "Comparative study of structural and electrical properties
of Pr and Ce doped BiFeO; ceramics synthesized by auto-combustion method", J.
Alloy. Compd. 657 (2016) 866-872 (M21a).

Kangunat ce 0aBMO M HCIUTHBAKEM YTHIAja XOJIMHMjyMa Kao JOMNAaHTa Ha CTPYKTypHE,
nueneKTpudHe, pepoenexkTpuyHe u Maruente ocoomne BiFeO; nanonpaxora (Bi;.xHoxFeOs,
0<x<0.15) cuHTEeTHCAHUX COJ-T€ METOJIOM. YCTaHOBJBEHO je Jna mnpu Behum
KOHIIEHTpanujama gonupama (x>0.1) yzopmuu nocrajy nsoda3Hu, Tj. J0Ja3H 10 JSTUMHUIHOT
CTPYKTYpHOT (ha3HOT TIpelia3a u3 poMOoeaapcke y opropoMOnuny Pnma ¢a3zy, Koja mocraje
nomuHantHa y 15 mol% Ho nommpanom y3opky. @DpeKBEHTHO 3aBHUCHAa KOMILJIEKCHA
nueneKTpuyHa mnpomycTibuBocT BijyHocFeO; maHompaxoBa Ha coOHOj TemmepaTypu je
aHanu3upaHa mnomohy komOuHOBaHOr Mozena koju ykibydyje Kon-Kom (Cole-Cole)
penakcannonu moaen u UDR (Universal dielectric response) monen na Ou ce MpPOICHIIIN
edexkTH cTpyje IMmypema U IMoJIapu3aldje MPOCTOPHOT HACNEKTpPHCamka Ha YKYIHY
JUEICKTPUYHY MPOMYCTIEUBOCT. Y TBpHEHO je /1a jeé TOMUHAHTHO MPUCYCTBO OPTOPOMOUYHE
Pnma daze y BipgsHog sFeOs; y30pky yTuiano Ha cMameme CTpyje Iypema U JOBENIO J0
3HavajHOr moBehama moJba mpoboja y oxHocy Ha ocrane Bij HoxFeO; manompaxose.
UcnutuBameMm ¢epoenekrpuunux ocobuna BijyHoxFeOs; manompaxosa, moka3aHo je aa cy
depoenekTpuune ocobune BiygsHop 1sFeO3; y3opka 3HauajHO moOoJbIIAHE y jaAKUM MOJHHMA
(50 kV/em u 100 kV/cm) Ha HUCKUM (peKkBeHLMjamMa. YoueHa je u3pa3uta (HpeKBeHIIN]jCKa
3aBHCHOCT PEMAHEHTHE IMOJapu3alldja Kao M HarJu MOPacT HEHE BPETHOCTU Ca ONagamheM
¢dpekBeHnyje. 3aKJbyueHO j€ Ja Cce y jJaKUM I0JbMMa Ha HUCKUM (ppexBeHIMjaMa ae(eKTHH
KOMIUIEKCH, HacTaim TokoMm mporieca cunrese Bij HoxFeO; y3opaka, makme opujeHTHITY



Iy TpaBlia CIIOHTaHE IOJIapu3allije, IpaTe Mpolec MPEeoKpeTama Mmojiapu3alyje J0MeHa 1
Ha Taj HA4YWH JOMPUHOCE MOoOO0JbIIaky CBOjCTBEHE mnonapusaimje BiggsHog sFeOs y3opka.
Bip gsHoo 1sFeOs y3opak ucnossaBa depomarnetno (PM) ypeheme Ha coOHO] Temmepatypu
Kao U Henomupal y3opak. [IpucycrBo @M je mocneauna Hapyliewma aHTHU()EepOMarHeTHOT
ypehema (koje je kapakTepucTuuHO 3a Henonupan BiFeOs marepujan y pomboenapckoj R3c
¢da3u) ycnen cMamema AMMEH3Mje YecTHla (KpUCTaluTa) KOje MOCTajy Mame O IMepuoja
cnuHcke nukionse. [lodosmpimame hepomarneTHIX ocoOMHA y ogHOCY Ha HeponupaH BiFeO;
je Tocienuiia JO0JaTHOT CMamema JUMEH3Wje dYecTHlla (KpHCTaUTa) W MPUCYCTBA
JTOMUHAHTHE opTopoMOnYHe Pnma daze. Y opropombuunoj dha3u ponasu 10 Harumama FeOg
OKTaemapa ® a0 3HavajHuje mnpomeHe Fe—O Beza um Fe-O-Fe yrmoBa wu3mehy
anTu(depoMarHeTHo crnperHytux Fe joHa, mTO MpOy3poKyje CiabJbeme CYMepu3MEHCKE
WHTEPAKIHje, HAPYIICHhe CIUHCKE IUKIOUIE W JOBOAM 10 MOOOJpINama (hepoMarHEeTHHX
ocoOuHa. Onucanu pe3ynraTd 00jaBJbEHH CY Y jJEHOM pPajy Y BPXYHCKOM MelyHapogHOM
YaCOIHUCY:

e Bojan Stojadinovi¢, Zorana Dohcevi¢-Mitrovi¢, Dimitrije Stepanenko, Milena Rosi¢,
Ivan Petronijevi¢, Nikola Tasi¢, Nikola Ili¢, Branko Matovi¢, Biljana Stojanovic,
“Dielectric and ferroelectric properties of Ho-doped BiFeOs nanopowders across the
structural phase transition”, Ceram. Int. 43 (2017) 16531-16538 (M21a).

2.2. UcnuTuBame eJeKTPUYHUX 0COOMHA Ha 3pHMMa U rpanunama 3pHa BiFeO;
TaHKOT (puiima

Kanaunar je umcnutuBao 3pHacte Tanke BiFeO; ¢gunmoBe cCHHTETHCAaHE METOIOM TaHKUX
MpeBJIaka ca UJbEM Jla ce JeTajbHHUje Mpoyye MEXaHU3MHU IMPOBOJAHOCTH YHYTap 3pHa U Ha
TPaHMIM 3pHA KOJH Y BEIIMKO] MepH onpelyyjy depoenekTpuune ocoOMHE TaHKUX (HUIMOBA.
Ckenupajyhum texaumkama (AFM, PFM) noxka3zano je ma aumeHsuja ¢epoeaeKTpUIHUX
JIOMEHa OJATOoBapa IWMEH3WjU TojenuHadyHux 3pHa. CTpyja mypema je Hu3pakeHHja Ha
rpaHyIlaMa 3pHa, a 1o MPBU MYT je youeHa U M0jaBa XUCTepe3nca y eIeKTPUIHUM 0COOMHaMa
yHyTap 3pHa. Kanaunar je kopumhemeM Mojiena 3a ONMUCHBAKE TPAHCIIOPTA HACIEKTPUCAhA
y MOJYIPOBOJAHHIIMMA CE€ UCIUTHBANIA MIPUPOIA MEXaHH3aMa CTpPyje Iypema YHyTap 3pHa U
Ha TpaHuny 3pHa. [lokazaHo je ma yHyTap 3pHa Ha HWKHM HarmoHuUMa aoMuHupa Omcka
npoBomHOCT, Ha cpeamum IlloTkujeB mexanumzam, a Ha BumuM Daynep-Hoprxammor
MexaHu3am npoBolhema. Takohe je mokaszao ma je cTpyja Iypema Haju3pakeHrja Ha TPaHUIN
3pHa, a 32 OIKUC MEXaHU3Ma MPOBOhekha Ha TPAHUITM 3pHA CE HUjE€ MOTAa0 MPUMEHUTH HU jeJaH
MO3HAT MOJIel TpaHCHOpTa HaeleKkTpucama. JlokalHa enekTpuyHa Mepema Ha
YHYTPAIIEbOCTH 3pHA CYy IMOKa3ala XHUCTEPE3MCHO TMOHANIAKkE MPH CIOPUM IpOMeHama
HAroHAa, KaKo y JIOKAJHOj TYCTUHU CTama, TAKO U Y MOJIOKA]y CpeIMHEe €HEPrHjCKOr MpolLerna,
JOK Ha TpaHHWIlaMa 3pHAa HHje YOUEHO XHUCTEPE3WCHO MoHamame. OMHcaHu pe3ylnTaTh
00jaBJbEHHU CY Y JEHOM paay Y BPXyHCKOM Mel)yHapOTHOM YaCOIHUCY:

e B. Stojadinovié, B. Vasi¢, D. Stepanenko, N. Tadi¢, R. Gaji¢, Z. Dohcevi¢-Mitrovic,
"Variation of electric properties across the grain boundaries in BiFeOs film", J. Phys.
D: Appl. Phys. 49 (2016) 045309 (M21).



2.3. UcnuTtuBamkbe BHOPALNMOHMX M ONTHYKHX OCOOMHA HEAONMPAHUX U UTPHUjyM
aonupanux BiFeOs; moMkpucTaJHuX KepaMuKa U HAHONIPaxoBa

Kanaumar je pamMaHCKOM CHEKTPOCKONHJOM TMpaTHO yTUIa] oxapeheHor ropuBa u
temreparype Ha ynctohy BiFeOs; kepamuka. MepememM paMaHCKUX CIIEKTapa JIETEKTOBAo je
MPUCYCTBO/OJICYCTBO cekyHmapHux (aza (BiFesO9 m BixsFeO49) y 3aBucHOCTH 0
KopuurheHor ropuBa M 0O/ MPUMEHEHE TeMIepaType. Y30piu 100ujeHr KopHIIhemeM ypee
Kao TOpHBa y camocaropeBajyhoj MeToau M BUHCKE KHUCEIHMHE Kao TOPHUBA Y COJI-TeJl METOIU
Cy MoKasaju Hajuuctuje pomboenapcke R3c daze. Mako ce momeHyTuM Meronama 100Hjajy
yuctu BiFeO; matepujanu, HEONXOAHO MX je CHHTEpOBATH paau noOHjama Behux ryctuHa
Kepamuka 300r nasbe mpumeHe. OmucaHu pe3yaTaTd 00jaB/bEHH CY Y jeIHOM pamy y
BPXYHCKOM Mel)yHapOZHOM 4acomucy:

e N. Ili¢, J Bobi¢, B. Stojadinovié¢, A. Dzunuzovi¢, M Vijatovi¢ Petrovi¢, Z. Dohcevié-
Mitrovi¢, B. Stojanovi¢, “Improving of the electrical and magnetic properties of
BiFeOs by doping with yttrium”, Mater. Res. Bull. 77 (2016) 60-69 (M21).

Kanaumar je pamaHCKOM CIEKTPOCKOIIM]OM YTBPJIMO Ja KoJ AonupaHux yzopaka BiFeOs ca
utpujymom (Y) mona3u 10 IMUpEHma W MOMEpama MOJO0BAa Ka BHIIUM €HEpryujama, IITO
noTBphyje CyOCTUTYIHMOHAIHY Yrpaamy Jakmer Y joHa Ha mecto Bi, um m3a3uBa Benuke
CTPYKTypHE TpoMeHe pomboenapcke ¢ase, unme je morBphen pesynrar u3z XRD mepema.
Kanmunar je xopumihemeM MeToAa CHEKTPOCKOIICKE EINMIICOMETPHUjE OJPEIU0 BPEAHOCTHU
SHEeprujCKUX TMpoIlerna MpuMeHoM TayioBor mojena. 3akjbydeHO je na ca moBehamem
caapxkaja Y monasu o nosehama eHeprujckoMm mporena y BijxYxFeO; y3opuuma. OBakBo
MoHamame je objammeHo edekToM (OHOHCKOT OrpaHWYeHa, KOJU OMHCyje ToBehame
€HEPTUjCKOT TMPOIIeNa ca CMambeHheM TUMEH3Hja HaHodecTHIa (youeHo y SEM mepemuma).
Omnrcanu pe3ynTat 00jaBJbeHH CY Y JeTHOM paay Y BpXYHCKOM Mel)yHapoHOM dacomnucy:

e N. Ili¢, A. Dzunuzovié, J. Bobi¢, B. Stojadinovié, P. Hammer, M. Vijatovi¢ Petrovié,
Z. Dohcevi¢-Mitrovi¢, B. Stojanovi¢, “Structure and properties of chemically
synthesized BiFeOs. Influence of fuel and complexing agent”, Ceram. Int. 41 (2015)
69-77 (M21).

Kangumar je xopumhemeM MeToda CIEKTPOCKOTICKE EIMIICOMETPHjE€ WMCIIUTHBAO ONTHYKE
ocobune BiFeOs; HaHOmpaxa CHHTETHCAHOT XUAPOTEPMATHOM MeTonoM. I[IpumeHoM
TaymoBor mozena Ha Mepema ICEyIOIMENeKTpUUHEe (DYHKIMje je YTBpAHO Ja HaHOIpax
BiFeO; nmocenyje BpeHOCT eHEprujcKor mnpouena o oko 2.71 eV, mro je y cariJacHOCTH ca
muteparypoM. Onucan pe3ynTar 00jaBJbEH je y jeHOM paay y BpXYHCKOM MelyHapomHoMm
YaCOIHUCY:

e M. Cebela, D. Zagorac, K. Balatovi¢, J. Radakovi¢, B. Stojadinovi¢, V. Spasojevic,
R. Hercigonja, “BiFeO; perovskites: A multidisciplinary approach to multiferroics”,
Ceram. Int. 43 (2017) 1256-1264 (M21a).



2.4. UcnuTuBakbe BHOPAIMOHMX M ONTHYKHX OCOOMHA HAHONPAXOBA HHUKJI-IUHK
(¢epura, KomMmo3ura HUKJI-UMHK ¢epura U Oapujym turanara, Al,O3/ZnO
ciaojena, TiO; Tankux puamona u Mg nonupanux CeO, HaHONIpaxoBa

Kanaumar je pamMaHCKOM CHEKTPOCKOIIHM]JOM HCIUTHBAO BUOpAIlMOHE OCOOMHE HHKI-IIMHK
deputa U MyATH(QEPOUUYHOT KOMIIO3UTAa HUKI-IMHK (epura U OapujyMm THTaHATa ca
BapUpameM OfHOca HUKIA U nuHKa. Kox y3opaka HUKI-MHK deputa (NijxZniFe,04, x=0.0,
0.3, 0.5, 0.7, 1.0) cuaTeTHCAaHUX camocaropeBajyhoM MeTo10M paMaHCKOM CTIIEKTPOCKOTIHjOM
je moTBpheHO MOMHWHAHTHO TIPUCYCTBO KyOWYHE CTPYKType H jacHO je YyoueHa
Tpanchopmanja U3 HUKI (peputa y NMHK (EpUT ca MPOMEHOM OJHOCA HHUKJIA U IMHKA Y
HAHOMPaXOBUMA. Kon MyITUDEPOUTHIX KOMIIO3UTa HUKJI-IIUHK bepura
(y Ni;xZnFe,04-(1-y)BT, x=0.3, 0.5, 0.7, y=0.5) cunTerncanux camocaropenajyhom
METOZOM Takole je BapupaH OAHOC HUKJIA U IUHKA Y jeIUEHhY HUKI-IUHK (Qepura, J0K je
OJIHOC HUKI-IMHK ¢eputa u Oapujym THTaHaTa Owo jemHak. Kangumar je pamaHCKOM
CIIEKTPOCKONHUjOM YyTBPAMO Ja je y IOMEHYTHM Y30pIHMa MPHUCYTaH Mald CaJApiKaj
CeKyHIapHHX (a3a W jaCHO youJbMBa TpaHchopMmalja U3 HUKI (epuTa y HMHK (epur ca
BapUpameM caJipikaja HUKJIA U IMHKA Y HUKJI-IMHK peputy. Onucanu pe3yaTaTtd 00jaBJbeHU
Cy Y jeaHOM pajay y BPXyHCKOM Mel)yHapoJaHOM 4Yacomucy W jeTHOM pany y MelhyHapoaHoM
YaCOIHUCY:
e A. DZunuzovi¢, M. Vijatovi¢ Petrovi¢, B. Stojadinovié, N. 1li¢, J. Bobi¢, C. Foschini,
M. Zaghete, B. Stojanovi¢, “Multiferroic (NiZn)Fe,O4—BaTiO; composites prepared
from nanopowders by auto-combustion method”, Ceram. Int. 41 (2015) 13189-13200
(M21).
e A. S. Dzunuzovi¢, N. L. Ili¢, M. M. Vijatovi¢ Petrovi¢, J. D. Bobi¢, B. Stojadinovi¢,
Z. Dohcevi¢-Mitrovi¢, B. D. Stojanovi¢, “Structure and properties of Ni-Zn ferrite
obtained by auto-combustion method”, J. Magn. Magn. Mater. 374 (2015) 245-251
(M22).

Pamanckom cmnekTpockonujomM cy mpaheHe TmpomMeHe Yy CTPYKTYPHHUM-BHOpAIMOHUM
ocoomnama Al,O3/ZnO cnojeBa y 3aBUCHOCTH Off BpeMeHa penoBama [IEO mpormeca.
Onrcanu pe3ynTat 00jaBJbeHH CY Y JETHOM paay Y BpXYHCKOM MelyHapo HOM dacomnucy:
e S. Stojadinovi¢, N. Tadi¢, N. Radi¢, B. Stojadinovié, B. Grbi¢, R. Vasili¢, “Synthesis
and characterization of Al,O3/Zn0O coatings formed by plasma electrolytic oxidation”,
Surf. Coat. Tech. 276 (2015) 573-579 (M21).

Kanaumar je wcnuTuBao BHOpanMoHE OCOOMHE JlacepcKku cuHTepoBaHUX Ti0, TaHKHUX
¢uiMoBa M YTBPAMO [IOMHHAaHTHO NPUCYCTBO aHatac ¢a3e y OBUM jeAHICHUMA.
JIEHKOBOJTyLIMjOM paMaHCKUX MojioBa JlopeHujanckuM mpodminMa yTBpheH je momepaj ka
BHUIIUM CHEpPrujaMa M CMameme WHTEH3UTEeTa, Tj. nmoBehame mmpuHe TiO, pamMaHCKUX
MOjOBa. Y JUTapaTypu j€ MO3HATO Ja C€ CMAameHhe MHTEH3HWTETa, Tj. MoBehame MupHHE
paMaHCKUX MOJIOBa MOJKE NPHUIIMCATH I10jaBM KUCEOHHMYHUX BaKaHIMja, KOjeé C€ MOry
KBAaHTUTATUBHO JIETEKTOBATH HEACCTPYKTUBHOM paMaHCKOM crHekTpockomnujoM. IlojaBa
KHCEOHWYHHX BaKaHIMja Kao aedeKara, JUPEKTHO YTHUYE Ha JIOKAIHY KPUCTAIHY CUMETPH]Y,
ITO JOBOAM O TIOMepaja pPaMaHCKUX MOJOBAa Ka BHIIUM €HEprujaMa M CMamemba
MHTEH3UTeTa, Tj. mnoBehama mmpuHe ¢oHoHa. JloOujeHe uHHPOpMaLMje OTKPHBAj)y JAa
JAacCepCKH TPETMaH 4YyBa KPHUCTAIHY CTPYKTYpy HaHouectuna TiO, M MHIyKyje HacTaHaK
CTPYKTYpHUX Jnedekata y OONHKY KHCCOHHMYHHMX BaKaHIMja, YWja KOHIIEHTpaIyja ce



noBehaBa y y3opuuma TpeTHpaHuM ca Behom macepckoMm durykTyamujom. OnucaHu
pe3yaTaTi 00jaBJbeHU CYy Y JEAHOM paay Y BpXYHCKOM MehyHapogHOM dacomnucy:
e M. Radovi¢, G. Dubourg, S. Koji¢, Z. Dohcevi¢-Mitrovi¢, B. Stojadinovi¢, M.
Bokorov, V. Crnojevi¢-Begnin, ,,Laser sintering of screen-printed TiO, nanoparticles
for improvement of mechanical and electrical properties®, Ceram. Int. 44 (2018)
10975-10983 (M21a).

Kanmunar je wucnurtuBao BuOparmmoHe u ontuuke ocobmHe Mg nomupanux CeO,;
HaHompaxoBa cuHTeTtucanux SPRT wmertomom, kopumihemeM  MeToga  paMaHCKe
CIEKTPOCKOIH]E U CIIEKTPOCKOIICKE €IUTICOMETpHje. PaMaHCKOM CIIEKTPOCKOIIHU]OM j& TOpes
kapakTepuctuyHor CeO, moaa ¢ayopuTHe KyOM4UHE CTPYKType Ha OKO 455 cm’ YOUE€H MOJ
Ha oko 600 cm™ KOji ce jaB/ba yCIIex MojaBe KHCEOHWUYHHX BaKaHIW]ja y Mg IOMApPaHHM
CeO, nanompaxoBuMa. MIHTEH3UTET OBOra Moja, KOju j€ MPOMOITMOHAJIAH KOHIICHTPAIIH]H
BaKaHIIMja, pacTe ca JOMHPAEM, IIITO Ce OJpakaBa Ha EHEPreTCKHU MPOLIeN OBUX MaTepHjalia
u ®wuxoBa (QorokaTamuTHuka cBojcTBa. I[Ipumenom TaymoBor Mojaena Ha Mepema
CIIEKTPOCKOIICKE €JIHMIICOMETpHje yTBpheHo je na ca moehamem caapxkaja Mg eHeprujcku
mporien omnaja 300r GopMupama JTOKaTU30BaHUX CTamka YHyTap eHeprujckor mporena CeO;
HAHOIIPAXOBa, KOja MoTHYy o1 Mg”" joHa M KHCEOHHYHHX BakaHIWja. OIMCAHH Pe3yJITaTH
00jaBJbEHU CYy Y JeTHOM paay y Mel)yHapOHOM YacOIHCY:

e B. Matovi¢, J. Lukovi¢, B. Stojadinovi¢, S. Askrabi¢, A. Zarubica, B. Babi¢, Z.
Dohcevi¢-Mitrovi¢, “Influence of Mg doping on structural, optical and photocatalytic
performances of ceria nanopowders”, Process. Appl. Ceram. 11 (2017) 304-310
(M22).

2.5. Manupame Tonorpaduje u MCIUTHBAKE eJeKTPOHCKe cTpyKkType CeO; m La
nonupanux TiO; nanonpaxosa AFM u STM/STS Texuukama

Kangumar je ckeHmpajyhuM MHKPOCKOIICKMM TE€XHHWKama Mamupao mopdosoruje 3pHa y
nanomnpaxoBuma CeO, u La nonupanux TiO, y3opaka u u3 -V Mepema Ha 3pHHMA OAPEINO
BPEIHOCTH CHEPIrHjCKUX Tpolena KopuimhemeM Mojaena audepeHIrjaTHe MPOBOJTHOCTH.
Onwucanu pe3ynTatu 00jaB/bEHH Cy Yy TPH pajJia y BpXyHCKUM Mel)yHapoJHUM Yaconucuma:

e M. Radovi¢, B. Stojadinovi¢, N. Tomi¢, A. Golubovi¢, B. Matovi¢, 1. Veljkovi¢, Z.
Dohcevi¢-Mitrovi¢, “Investigation of surface defect states in CeO,., nanocrystals by
Scanning—tunneling microscopy/spectroscopy and ellipsometry”, J. Appl. Phys. 116
(2014) 234305 (M21).

e M. Gruji¢-Broj¢in, S. Armakovi¢, N. Tomi¢, B. Abramovi¢, A. Golubovi¢, B.
Stojadinovié, A. Kremenovi¢, B. Babi¢, Z. Dohcevi¢-Mitrovié, M. géepanovié,
“Surface modification of sol-gel synthesized TiO, nanoparticles induced by La-
doping”, Mater. Charact. 88 (2014) 30-41 (M21a).

e A. Golubovi¢, N. Tomi¢, N. Fincur, B. Abramovi¢, 1. Veljkovié, J. Zdravkovi¢, M.
Gruji¢-Brojéin, B. Babi¢, B. Stejadinovi¢, M. Séepanovié, “Synthesis of pure and La-
doped anatasenanopowders by sol-gel and hydrothermal methods and their efficiency
in photocatalytic degradation of alprazolam”, Ceram. Int. 40 (2014) 13409-13418
(M21).



3. EjeMeHTH 32 KBAJTMTATHBHY OLICHY HAYYHOT JONPHHOCA

3.1. KBaanTteTr HAy4YHHUX pe3yJarara

3.1.1. 3nauaj nayynux pezyimama
Kanmunar ce y TOKy gocajamimer pajna 0aBUO UCHUTHBAKEM yTulaja 4f momaHara Ha

myntudeponyne ocoonne BiFeOs; nanomarepujana. [Ipoonemu Bezanu 3a nmpumeny BiFeO;
Ce OJHOCE Ha TOCTOjalke CTPyje Iypema, Koja Cce jaBjba ycCleJ] IMojaBe OW3MYTOBUX M
KHUCECOHMYHUX BakaHIMja y wmatepujary. CTpyja Iypema je OJIroBOpHA 3a  HapYIICHE
(dhepoeneKTpUUHUX 0COOMHA, JIOBOAM N0 CMamEeHha PEMAaHCHTHE IMojapu3aluje U moBehama
nuenekTpuyHux ryourtaka xkoa BiFeOs; marepujana. Takohe, gomatHu mpoOiieM MPUITMKOM
cunte3e BiFeO; martepujana je mojaBa cexynmapuux ¢asa (Bi,FesO9 u BiysFeOy) xoje cy
npoBojgHe. Kanaumpar je nao 3HauyajaH JONPUHOC pasyMeBamy YyTHulaja oapehenux 4f
nomanata (Ce, Pr u Ho) u mokazao na aumenexkrpuune u myntudepondre ocoomne BiFeOs
HaHOMAaTepHjaia BEOMa 3aBHCE OJl BPCTE€ CHHTE3€, Ka0 M OJl BPCTE€ CTPYKTYpHOT (a3zHOoT
rpena3a yYCJIOBJ/BEHOT THUIIOM W KOHIIEHTpAIMjoM JomaHTa. Takohe, KaHIUIaT je yTBPIUO
pasMKy y JIOKaJHUM eJIeKTpuuHUM ocobuHama BiFeOs; Ttankor d¢unma wu3mehy
VHYTPAIIFOCTH M TPAHMIIE 3pHA U YOUHO I0jaBy XHCTEpE3Hca y €JEKTPUYHUM OCOOMHama
YHYTPAIIlOCTH 3pHA, INTO MOXE OWTH OJ] 3Hayaja 3a TOTCHIHMjaTHY NPHUMEHY OBHUX
CTPYKTypa y CEH30pHMa U MeMOpHjaMa padyHapa.

3.1.2. Ilapamempu Keanumema uaconuca
Kangunatr np bojan CrojagunoBuh je o6jaBuo ykynHo 14 pamoBa y wmehynapogHum
Jaconucuma u To:
e 1 pany BpxyHckom mehynaponnom uaconucy Journal of Alloys and Compounds (IF =
3.133, SNIP = 1.321),
e 3 pana y BpxyHckoM mehyHapognom vaconucy Ceramics International (IF = 3.057,
SNIP = 1.167),
e | paxy BpxyHckoM mehyHaponnom uaconucy Journal of Physics D: Applied Physics
(IF =2.772, SNIP = 0.920),
e 2 pana y BpxyHckoM MmehyHapoanom vaconmucy Ceramics International (IF = 2.758,

SNIP = 1.253),
e | pan y BpxyHckoM mehyHaponHom uacomnucy Ceramics International (IF = 2.605,
SNIP = 1.662),

e 1 pax y BpxyHckoMm MehyHapomHoM uacomwmcy Materials Research Bulletin (IF =
2.435, SNIP = 0.855),

e 1 paxy BpxyHCKOM MehyHapoanoMm yaconucy Journal of Applied Physics (IF = 2.210,
SNIP = 1.130),

e 1 pany BpxyHckoM MehyHapoaHoM yaconucy Surface and Coatings Technology (IF =
2.199, SNIP = 1.347),

e 1 pan y BpxyHckoM MehyHapomaHom uacomucy Materials Characterization (IF =
1.925, SNIP = 2.034),

e 1 pan y mehynaponnom waconucy Journal of Magnetism and Magnetic Materials (IF
=2.357, SNIP = 1.341),

e 1 pan y mehynapomnom uaconucy Processing and Application of Ceramics (IF =
1.152, SNIP = 0.792).

VYkymnan uMmnakt ¢pakrop objaBibeHux panona ap bojana Crojagunosuha uznocu 35.475.



3.1.3. Ilo3umuena yumupanocm HAy4HUX paoosa Kanouoama
[Ipema 6a3u Scopus, panosu ap bojana CtojanunoBuha cy nutupanu 121 myt, ox vera 116
nyTta u3y3umajyhu ayrorutare. [Ipema oBoj 6a3u XupIiioB uHAEKC KaHauaara je 7.

3.1.4. Jlooamnu 6ubnuomempujcku nokazame.vu

JlonatHu OMOIMOMETPHU]CKH TIOKA3aTeJbH Cy IPHKa3aHu y cienehoj Tabenu:

No M CHUII

YKynHo 35.475 116 17.409
YcpenmeHo o 4iaHky 2.534 8.286 1.2435
YcepeameHo 1no ayropy 4.740 15.542 2.277

3.1.5. Mehynapoona capaora

Melhynapoane aktuBHocTH ap bojana CrojaguHoBrha 00yxBarajy:

e Vyemhe y mkonu oapxanoj y beuy (Aycrpuja) non Hazusom ,, Training School and
6" Workshop on FEBIP (Focused Electron Beam Induced Processing) 2016 y
okBupy COST axkumje CELINA (Chemistry for Electron-Induced Nanofabrication),

e [locery VYuusepsutery l'ere y @pankdypTy y OKBUpY OmiarepanHe capaime ca
Hemauka xojom je pykoBoauo np bpatucia Mapuakosuh,

e Vuemhe Ha STSM (Short-term scientific missions) nipojexty, y oksupy COST axiuje
CELINA, non Ha3zuBoM ,, Ferroelectric properties of BiFeQOjs thin films as monitored
by nano-granular sensor structures prepared by focused electron beam induced
deposition “, na I'ete YauBepsurery y @pankdypry.

3.2. Hopmupame 6poja KoayTOPCKHX pPajioBa, aTeHATA M TEXHUYKHX peliemnha

CBux 14 pamoBa np bojana CrojaauHoBuha Cy eKCIEpUMEHTAIHE MPHPOJE, IUTO
noJpasymMeBa capaimy Buile uHCTUTyuuja. Mmajyhu To y BuHay, Opoj Koayropa Ha
MojeIMHUM paoBuMa je Behu onm 7 m HOpMmHpameMm 00/I0Ba THX paloBa y CKIaay ca
[MpaBuaHEKOM MUHHUCTapCTBa O TMOCTYNKY, HAYMHY BpEIHOBakba M KBAHTUTATHBHOM
WCKa3WBamkhy HAayYHOUCTPAXKUBAYKMX peE3ysTara, yKymaH HopMupanu Opoj M ©6omoBa
kanauaara je 107, mTo je u Iajbe 3HATHO BHUIIE O] 3aXTeBaHOT MUHUMYMa ox 16 M 6omoBa
3a u300p y 3Babe HAyYHH CapaJHHK.




3.3. Yuemhe y npojekTMa, NOTNPOjeKTUMA U POjeKTHUM 3a1al[MMa

Kanaunar je ox 01.04.2013. Ha nipojekty Qu3uxa HaHOCMPYKMYPHUX OKCUOHUX Mamepujana
u jaxo xopenucanux cucmema, OW171032 uuju je pykoBoamunan ap 3opana Jloxuesuh-
Murtposuh.

3.4. YTunaj Hay4yHux pe3yJrara
VYTuna) HaydHHX pe3ysTara KaHawaara je HaBeleH y oaesbKy 3.1 oBor m3Bemraja. ITyH
CIHCaK pajoBa U MOJalY O LUTUPAHOCTH U3 Scopus 6a3e cy 1aTu y NPUIIOTy.

3.5. KonkperaH 10NpHHOC KAHAWIATA y peaju3alfji paaoBa y HAYYHHM HEeHTPUMA

y 3eMJbH M HHOCTPAHCTBY

Kanaunaar je cBoje ncrpaxuBauyke akTHBHOCTH peanin3oBao y MHcTuTuTy 3a dhusuky beorpasn.
Kanaunar je nao monmpuHoc 00jaBJbeHUM PaJOBUMa M KJbYYHH JIONMPHUHOC Y CBUM PajJiOBUMa
rae je mpBU aytop. HberoB nompuHOC ce oriena y CHHTE3M, KapakTepu3aluju, MPUMEHU

MoJielia, MHTEPIPETalujy U MPE3EHTALUJU HyMEPUUYKUX PE3yNiTaTa, Kao U Mucamby HAyYHUX
YJIaHAKa.

4. EjeMeHTH 32 KBAHTUTATHBHY OlleHY HAYYHOT JONPUHOCA

OcTBapenu M-0010BH 110 KaTeropujamMa nmyoJnKanmja

Kareropuja M-6on0Ba no Bbpoj Ykynuo M Hopmupann
nmyO0JuKanmju nyoJukanmja 0o10Ba opoj M 6omoBa
M21a 10 5 50 43.39
M21 8 7 56 42.99
M22 5 2 10 10
M34 0.5 10 5 4.611
M70 6 1 6 6

IMopehemwe ocTBapenor 0poja M-6010Ba ca MUHMMAJIHUM YCJIOBHMA NOTPEeOHUM 32

n300p y 3Bamk-¢ HAYYHOT CapaJHHKA

IoTpedHO OcTBapeHo OcTBapeno
(HopMupaHo*)
YKynHo 16 127 106.991
M10+M20+M31+M32+M33+M41+M42 10 127 106.991
M11+M12+M21+M22+M23 6 127 106.991

* Hopmupame 60/10Ba je u3BpiieHo y ckinaay ca [lpunorom 1 IlpaBunnuka.




S.

Cnucak panosa np bojana Crojannnosuha

5.1. PagoBu y BpxyHckum Mel)ynapoanum yaconucuma (M21 u M21a):

1.

10.

M. Radovi¢, B. Stojadinovi¢, N. Tomié, A. Golubovi¢, B. Matovi¢, 1. Veljkovi¢, Z.
Dohcevi¢-Mitrovi¢, “Investigation of surface defect states in CeO,.y nanocrystals by
Scanning—tunneling microscopy/spectroscopy and ellipsometry”, J. Appl. Phys. 116
(2014) 234305. M21, IF 2.210, SNIP 1.130

N. Ili¢, A. Dzunuzovié, J. Bobi¢, B. Stojadinovi¢, P. Hammer, M. Vijatovi¢ Petrovic,
Z. Dohcevi¢-Mitrovi¢, B. Stojanovi¢, “Structure and properties of chemically
synthesized BiFeOs. Influence of fuel and complexing agent”, Ceram. Int. 41 (2015)
69-77. M21, IF 2.758, SNIP 1.253

. M. Gruji¢-Brojéin, S. Armakovi¢, N. Tomi¢, B. Abramovi¢, A. Golubovi¢, B.

Stojadinovi¢, A. Kremenovi¢, B. Babi¢, Z. Dohcevi¢-Mitrovi¢, M. gc’epanovic’,
“Surface modification of sol-gel synthesized TiO, nanoparticles induced by La-
doping”, Mater. Charact. 88 (2014) 30—41. M21a, IF 1.925, SNIP 2.034

A. Golubovi¢, N. Tomi¢, N. Fincur, B. Abramovi¢, 1. Veljkovi¢, J. Zdravkovi¢, M.
Gruji¢-Brojéin, B. Babié¢, B. Stojadinovi¢, M. Séepanovié, “Synthesis of pure and La-
doped anatasenanopowders by sol-gel and hydrothermal methods and their efficiency
in photocatalytic degradation of alprazolam”, Ceram. Int. 40 (2014) 13409-13418.
M21, IF 2.605, SNIP 1.662

A. Dzunuzovi¢, M. Vijatovi¢ Petrovi¢, B. Stojadinovi¢, N. Ili¢, J. Bobi¢, C. Foschini,
M. Zaghete, B. Stojanovi¢, “Multiferroic (NiZn)Fe,O4,—BaTiO3 composites prepared
from nanopowders by auto-combustion method”, Ceram. Int. 41 (2015) 13189-13200.
M21, IF 2.758, SNIP 1.253

S. Stojadinovi¢, N. Tadi¢, N. Radi¢, B. Stojadinovi¢, B. Grbi¢, R. Vasili¢, “Synthesis
and characterization of Al,O3/Zn0O coatings formed by plasma electrolytic oxidation”,
Surf. Coat. Tech. 276 (2015) 573-579. M21, IF 2.199, SNIP 1.347

B. Stojadinovié, Z. Dohcevi¢-Mitrovié, N. Paunovi¢, N. Ili¢, N. Tasi¢, 1. Petronijevic,
D. Popovi¢, B. Stojanovi¢, “Comparative study of structural and electrical properties
of Pr and Ce doped BiFeOj; ceramics synthesized by auto-combustion method”, J.
Alloy. Compd. 657 (2016) 866—872. M21a, IF 3.133, SNIP 1.321

B. Stojadinovi¢, B. Vasi¢, D. Stepanenko, N. Tadi¢, R. Gaji¢, Z. Dohcevi¢-Mitrovié,
“Variation of electric properties across the grain boundaries in BiFeO; film”, J. Phys.
D: Appl. Phys. 49 (2016) 045309. M21, IF 2.772, SNIP 0.920

N. Ili¢, J Bobi¢, B. Stojadinovi¢, A. Dzunuzovi¢, M Vijatovi¢ Petrovi¢, Z. Dohcevic-
Mitrovi¢, B. Stojanovi¢, “Improving of the electrical and magnetic properties of
BiFeO; by doping with yttrium”, Mater. Res. Bull. 77 (2016) 60—-69. M21, IF 2.435,
SNIP 0.855

Maria Cebela, Dejan Zagorac, Katarina Balatovi¢, Jana Radakovi¢, Bojan
Stojadinovi¢, Vojislav Spasojevi¢, Radmila Hercigonja, “BiFeO; perovskites: A
multidisciplinary approach to multiferroics”, Ceram. Int. 43 (2017) 1256-1264. M21a,
IF 3.057, SNIP 1.167



1.

12.

Bojan Stojadinovi¢, Zorana Dohcevi¢-Mitrovi¢, Dimitrije Stepanenko, Milena Rosi¢,
Ivan Petronijevi¢, Nikola Tasi¢, Nikola Ili¢, Branko Matovi¢, Biljana Stojanovic,
“Dielectric and ferroelectric properties of Ho-doped BiFeOs nanopowders across the
structural phase transition”, Ceram. Int. 43 (2017) 16531-16538. M21a, IF 3.057,
SNIP 1.167

M. Radovi¢, G. Dubourg, S. Koji¢, Z. Dohcevi¢-Mitrovi¢, B. Stojadinovi¢, M.
Bokorov, V. Crnojevi¢-Begnin, ,,Laser sintering of screen-printed TiO, nanoparticles
for improvement of mechanical and electrical properties, Ceram. Int. 44 (2018)
10975-10983. M21a, IF 3.057, SNIP 1.167

5.2. PanoBu y Mmeh)ynapoanum yaconucuma (M22):

1.

A. S. Dzunuzovi¢, N. L. Ili¢, M. M. Vijatovi¢ Petrovi¢, J. D. Bobi¢, B. Stojadinovié,
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Ha ocHoBy 4naHa 161 3akoHa 0 onwTem ynpasHoM noctynky («Cnysk6enu Jiucrt
CPJ» 6poj 33/97 v 31/01), w unana 120 Cratyta YHuBep3uTeTta y Beorpagy - ®usnykor
tdakynteta, no 3axresy BOJAHA CTOJAOWHOBWE, gunnomwupaHor ¢usmuapa, v3paje ce
cnepehe

YBEPEHKE

BOJAH CTOJAOUHOBWH, aunnomupaHu ¢usmuap, gaHa 28. centembpa 2018.
roavHe, oabpaHuo je AOKTOPCKY AucepTaLujy nog HasMBoM

"YTUUAJ 4f JOMAHATA HA MYNTU®EPOUYHE OCOBWHE BiFeO3 HAHOCTPYKTYPA"

npeg Komucujom YHusepsuteta y beorpagy - ®usunukor dakynteta, 1 TUME UCNYHUO CBe
ycnoge 3a npomoumjy y JOKTOPA HAYKA — ®U3UYKE HAYKE.

-

YBepemwe ce u3aaje Ha NMYHM 3aXTeB, a CNYXKM pagu peryaucarba npasa u3 pajHor
04HOCa ¥ BaXW 10 NPOMOUMje, OAHOCHO A0bUjarba AOKTOPCKE AUNIOME.

Yeepeme je ocnoboheHo nnaharba Takce.
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BOJAHA CTOJAIMHOBMR
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AucepTtaumja nop Hasueom "YTULAJ 4f OAONAHATA HA MYNTUDEPOUYHE OCOBMHE BiFeO3
HAHOCTPYKTYPA" npujas/beHa aaHa 29. centembpa 2016. roguHe. Ha cegHvum HacrasHo-Hay4Hor
Beha ®akynteta oapaHoj AaHa 26. oktobpa 2016. roguHe opapehewa je Komucuja 3a oueHy
UCNyHEHOCTW YCI0Ba M ONPaBAAHOCT NPeA/IokKeHe TEMe 3a U3pajy AOKTOPCKE AMCepTalmje y cacTaBy:
Ap 3opaHa JoxuyeBuh-Murtposuh
npod. ap CreBaH CrojaguHosuh
npod¢. ap Pactko Bacunuh.

Ha cearuum HacraBHo-HayuHor Beha ®akynTeta ogp:aHoj AaHa 23. Hosem6Bpa 2016. roguHe YCBOjeH je
W3BelTaj komucuje 3a Temy U ogpeheH menTop: Ap 3opany foxyesuh-Mutposuh, Hay4HOr CaBeTHMKA
WHctutyTa 33 ¢m3mky. Ha cegHmua Beha HayuHux 061acT NpUpPOAHO-MaTEMaTUYKMX HayKa
YHusepauteta y beorpagy oppraHoj fgaHa 26. peuembpa 2016. roguHe opobpeH je pag Ha
Auceprauumju. YpaheHa gucepraumja npeparta gaHa 22. jyHa 2018. roguHe.
Ha ceanuum HactaBHo-HayuHor Beha ®akynteTa oapkaHoj AaHa 28. jyHa 2018. roguHe ogpeheHa je
Komucuja 3a nperneg n oueHy OKTOPCKe aucepraumje y cacrasy:
Ap 3opana fJoxuesnh-Mutposuh
npod¢. ap Pactko Bacunuh
aou. ap boxunpgap Hukonuh
Ap Bopucnas Bacuh

Ha ceannum HacrasHo-HayuHor Beha ®akynteTa oapaHoj aaHa 12, centembpa 2018. roguHe ycBojeH
je usBewraj komucuje 3a npernen u oueHy 1 ogpeheHa Komucuja 3a ogbpaHy 4OKTOPCKe auceprauuje y
cacrasy:
4p 3opaHa foxuyesnh-Mutposuh
npod¢. ap Pactko Bacunuh
pou. ap boxxuagap Hukonuh
Ap bopucnae Bacuh

Ha cegHuun Beha HayuHux o6nacT nNpupoaHO-MAaTeMaTW4KMX Hayka YHWBep3uTera y Beorpagy
oApXaHoj daHa 24. centembpa 2018. roguHe opobpeHa je opbpaHa AucepTaumje. [ucepraumja
onbparseHa faHa 28. centembpa 2018. roauHe.
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STABILITY OF F-CENTER DEFECTS DURING THE THERMAL
TREATMENT OF NAN OCRYSTALLINE CeOy.y

B. Stojadinovi¢!, M. Radovié2, N. Tadics, S. Stojadinovic3, I. Beléa3, Z.
Dohcevié-Mitrovi¢t*

1Laboratory for nanocomposite structures and biovibrational spectroscopy, Institute
of Physics, University of Belgrade, Belgrade, Serbia
2Nano and Microelectronics Group, BioSense Institute, Novi Sad, Serbia
3Faculty of Physics, University of Belgrade, 11000 Belgrade, Serbia

The formation of different F center defect states inside the ceria gap have a
strong impact on the

optical, catalytic, and magnetic properties of ceria nanocrystals [1-4]. These
types of defects are

registered in various oxide nanomaterials, such as MgO [5] HfO, [6] and
TiO; [7] and are wusually formed at the nanoparticle surface during the
process of synthesis. Non-stoichiometry at normal atmospheric conditions is
more pronounced in nanocrystalline CeO,y composed of very small
crystallites [8], due to the increase of surface-to-volume ratio of the
nanocrystals, which reduces the formation energy of oxygen vacancies
positioned close to a crystallite surface. Therefore, particle size has important
influence on the formation of oxygen vacancy defects. The presence of
oxygen nonstoichiometry in nanocrystalline CeO».y yields mix valence state
of Ce ions. Namely, excess electrons that are left behind an oxygen release
can be localized on 4f states of Ce ions changing the valence state of Ce#* ions
to Ce%, or can be localized on the oxygen vacancies forming F centers [9]. In
this paper we focused our attention to the influence of annealing process on
the microstructural changes of nanocrystalline CeO2., and stability of

oXygen vacancy defects i.e. F center defects. Nanocrystalline CeOs., powders
were synthesized

by the self-propagating room temperature method (SPRT) and were
annealed in air at different

temperatures in the range 200 - 800 °C. Structural and vibrational properties
Were investigated

by X-ray diffraction and Raman spectroscopy methods. Scanning tunneling
Microscopy / spectroscopy (SIM/STS) have been employed to probe the
electronic properties of

“>"Prepared and annealed CeO,., samples, because STM/STS can get more
“CCurate relation between particle size and electronic properties compared
With optica] spectroscopy. X-ray diffraction analysis demonstrated that all



samples crystallized into fluorite type structure of CeO; and no dMorphoy
d. As-prepared CeO,.y was composed of very

or any other phase was dEte,Cte = the increased
i ith the highest strain value due to the OXyger
L Cl‘YStaHlteir:‘;lion and E};)resence of Ce? ions. In annealed Sampleg

concen

Z:;;Z‘ljl)i,te size and microstrain significantly changed abovel 40(3 "C. The
crystallite size was increased from 2.2 -(as -prepa.red sample) to 44 np
(sample annealed at 800 °C). Microstrain V:fllue.s in the CeOzy samples
annealed at higher temperatures decreased with increasing temperatur.e of
annealing, pointing at improved stoichiometry of these samples. Analysm_of
the Raman spectra has shown that the concentration of. oxygen Vacanclgs
was the largest in as —prepared CeOzy sample and drastically decre?ased in
samples annealed at 600 °C and 800 °C. STS spectra revealed that besides the
filled and empty 4f states (4f'and 4fstates), different types of F center defects
states were formed inside the band gap of as-prepared CeOy.,. These
additional states were ascribed to occupied and empty F* and Fo center
defect states [10]. With increasing of the annealing temperature up to 400 °C
only the FO center defect states subsisted, whereas the localized F+ states
disappeared. In the sample annealed at 600 °C, FO states were barely visible
whereas 471 and 4f° states were shifted towards the valence and conduction

band leading to the Increase of the band gap. In the CeO2y sample annealed

oxygen on the Fo defects is much slower than that on the F+ defects. At
temperatures above 6(Q 2@ the CeO2y oxygen vacancies were healed by
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IMPROVED ELECTRICAL AND MAGNETIC PROPERTIES IN Y
DOPED BiFeO; CERAMICS

Nikola Iliél, Bojan Stojadinoviéz, Adis Diunuzoviél, Jelena Bobiél,
. <r1 . . . v [ . 2
Nikola Tasi¢', Lavinia Curecheriu’®, Zorana Dohé&evié-Mitrovié?,
Biljana Stojanovi¢'

! Institute for Multidisciplinary Research, University of Belgrade, Belgrade,
Serbia
*Institute of Physics, University of Belgrade, Belgrade, Serbia
Faculty of Physics, “Alexandru loan Cuza” University, lasi, Romania

Bismuth ferrite (BiFeOs) is considered one of the most promising single phase
multiferroic materials thanks to the fact it exhibits ferroelectric and
antiferromagnetic properties in the same time in very wide range of temperatures (up
to 370 °C). Difficulties in obtaining pure BiFeO; phase and dense ceramics, together
with occurrence of leakage currents have prevented application of BiFeOs.
Substitution of Bi*" or Fe’* ions with some transition metal or rare earth ions can
improve both electrical and magnetic properties by reducing leakage currents and
introducing weak ferromagnetism through structural changes.

Y doped bismuth ferrite, Bi; Y FeO;, was synthesized by auto-combustion
method using urea as a fuel. Precursor powders were annealed, pressed and sintered.
Powders and ceramic samples were characterized by XRD, SEM, Raman,
impedance spectroscopy, ferroelectric and magnetic measurements.

X-ray diffractograms and Raman spectra showed no presence of secondary
phases. SEM images indicated lowering of grain size with higher concentration of
Y*". Electrical resistance is highly improved even at 1 % of Y, while 10 % of Y was
necessary to break spiral spin structure, leading to weak ferromagnetism.
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mullite powder was compacted at 4.0 GPa in the temperature range 1100-1500 °C
with step of 100 °C for 60 s. The measured densities of sintered samples rise with
increasing the sintering temperature due to recrystallization of mullite particles. The
particles of the starting powder are agglomerated while the microstructure of
sintered samples reveals needle-like grains. The needles become elongated with
increasing the temperature of sintering process and reach the grain length about 5
um at 1400 and 1500 °C whereas the grains at 1500 °C are wider.

P-34

COMPARATIVE STUDY OF STRUCTURAL AND ELECTRICAL
PROPERTIES OF Pr(Ce)-DOPED BiFeO3; CERAMICS BY AUTO-
COMBUSTION METHOD

Bojan Stojadinovi¢', Zorana Doh&evié—Mitrovié!, Nikola 11i¢?, Nikola
Tasi¢?, Biljana Stojanovi¢?, Ivan Petronijevi¢’, Dusan Popovié®

Center for Solid State Physics and New Materials, Institute of Physics,
University of Belgrade, Serbia
Institute for Multidisciplinary Research, University of Belgrade, Serbia
Faculty of Physics, University of Belgrade, Serbia

Polycrystalline ceramics of pure and Pr(Ce) doped BiFeO; (Bi;«Pr(Ce)sFeOs,
x=0.03, 0.05 and 0.1) were synthesized by auto—combustion method using urea as
fuel. The structural, vibrational, morphological, dielectric and ferroelectric
properties of Bi, «Pr(Ce)FeO; polycrystalline ceramics at room temperature were
examined by X-ray diffraction (XRD), Raman spectroscopy, Scanning electron
microscopy and dielectric and ferroelectric measurements. The XRD and SEM
measurements showed that the crystallite (particle) size of doped samples decreased.
XRD and Raman measurements revealed the structural phase transition from
rhombohedral to orthorhombic (pseudotetragonal) phase in the samples doped with
10% of Pr(Ce).

The pristine BiFeO; exhibited non-saturated P-E loop, typical for conductive
BiFeO;. The room-temperature P-E loop study of doped samples showed that partial
substitution of Bi*" ions with Pr*"*” and Ce’"*" jons reduced the concentration of
oxygen vacancies and leakage current of BiFeOs, although the saturation and
remnant polarization in doped samples were lower than in pristine BiFeO;. The
saturation polarization increased (decreased) with Pr(Ce) doping. Up to 10% of
Pr(Ce) substitution, significant reduction of dielectric loss and low-frequency
dielectric constant dispersion was noticed. The structural transition influenced the
ferroelectric and dielectric properties of Pr(Ce) doped BiFeO;.

104



The Serbian Society for Ceramic Materials
The Academy of Engineering Sciences of Serbia
Institute for Multidisciplinary Research - University of Belgrade
Institute of Physics - University of Belgrade
Vinca Institute of Nuclear Sciences - University of Belgrade

(\ e

1 /\ROGR‘; ME and
& - the BO‘K of AISTRACTS

UG L I G A N MR EER Y

: e Conference of :
3 CS CS 2 O 1 5 the Serbian Society for Ceramic Materials

June 15-17.2015. Belgrade Serbia

= B0 EN A T | AT X VLS, SWE X va T Q.‘{Q

Edited by:
Branko Matovic
Zorica Brankovic
Dusan Bucevac
Vladimir V. Srdic¢



3" Conference of The Serbian Society for Ceramic Materials

P-47

STRUCTURE AND CHARACTERIZATION OF
BaTiO3-Ni(1_x)Zn(x)Fe204 COMPOSITES

Adis Dzunuzovié¢', Nikola Ili¢', Mirjana Vijatovi¢ Petrovié',
1 . . 4. ) . e . )
Jelena Bobi¢', Bojan Stojadinovi¢”, Zorana Dohc¢evi¢-Mitrovic”,

Biljana Stojanovi¢'

"Institute for Multidisciplinary Research, Belgrade University, Serbia
*Institute of Physics, Belgrade, Serbia

NiZnFe,04 (NZF) powder was prepared by auto-combustion method starting
from nickel, zinc and iron nitrates. Thermal treatment was performed at 1000 °C for
1 h after which the nickel ferrite powder was formed. Barium titanate (BT) powder
was prepared with same method using titanyl nitrate and barium nitrate as a starting
reagents. Multiferroic composites with formula BaTiO3;— Ni(.yZnFe;O4 (x = 0.3,
0.5, 0.7) were prepared by mixing chemically obtained NZF and BT powders in the
planetary mill for 24 h. Powders were pressed and sintered at 1170 °C for 4 h.
Samples were characterized by XRD, Raman, SEM, IR. Magnetic and electrical
measurements were also carried out. X-ray and Raman measurements confirmed the
presence of NZF, BT phases and the traces of barium ferrite phase. The
microstructure of the ceramics shows (Fig. 1.) the formation of polygonal (NZF
grains), rounded (BT grains) and plate like grains (barium ferrite phase). The
impedance analyses of multifferoic composites at 200 °C have shown the
contribution of both, grain and grain boundary resistivity.
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Figure 1. SEM images of NZF(50-50)-BT and impedance measurements
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INCREASE OF THE BREAKDOWN FIELD IN BiFeO;
NANOPOWDERS WITH Ho DOPING

Bojan Stojadinovié¢', Zorana Dohéevi¢-Mitrovié!, Dimitrije Stepanenkol,
Milena Rosié4, Ivan Petronij eviéz, Nikola Tasié¢® , Nikola Ilié3,
Branko Matovi¢®, Biljana Stojanovi¢®

!Center for Solid State Physics and New Materials, Institute of Physics
Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
’Faculty of Physics, University of Belgrade, Studentski trg 12-16,
11000 Belgrade, Serbia
I Institute for Multidisciplinary Research, University of Belgrade,
Kneza Viseslava 1, 11000 Belgrade, Serbia
Institute for Nuclear sciences "Vinca", Materials Science Laboratory,
University of Belgrade, 11000 Belgrade, Serbia

Bi,Ho,FeO; (x = 0, 0.05, 0.07, 0.10, 0.12, and 0.15) nanopowders were
synthesized by sol-gel method. The structural, vibrational, ferroelectric and
dielectric properties of Bi;.;Ho,FeO3; samples at room temperature were examined
by X-ray diffraction (XRD), Raman spectroscopy, ferroelectric and dielectric
measurements. Higher content of Ho dopant (x = 0.10, 0.12, and 0.15) induced
partial phase transformation from rhombohedral to orthorhombic phase, confirmed
from XRD and Raman spectroscopy, where the content of orthorhombic phase is
about 69% in 15% Ho-doped sample.

The appearance of orthorhombic phase substantially influences the electrical
properties of Bi;_,Ho,FeO; nanopowders. We have found that only 15% Ho-doped
sample withstands strong applied fields (up to 100 kV/cm) at lower frequencies
without breakdown. Analyzing the frequency dependence of permittivity, applying
UDR and Cole-Cole models, we obtained that dc conductivity significantly
decreases with higher Ho content, reaching the lowest value for 15% Ho doped
sample. The dielectric loss values were reduced and low for 12% and 15 % doped
samples. These results imply that the appearance of orthorhombic structure
suppresses the conductive properties of BiFeO; nanopowders.
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P-11

ELECTRONIC PROPERTIES INVESTIGATION OF CaMnO;
DOPED WITH Gd USING THEORETICAL AND
EXPERIMENTAL METHODS

Milena Rosi¢'?, Dejan Zagorac'*, Jelena Zagorac', Zorana Doh&evié-
Mitrovié® , Bojan Stojadinovié3, Katarina Duri§4, Branko Matovi¢'?

ILaboratory for Material Science, Institute of Nuclear Sciences ,, Vinca“,
University of Belgrade, Belgrade, Serbia
?Center for the Synthesis, Processing and Characterization of Materials for use
in Extreme Conditions, Belgrade, Serbia
I Center for Solid State Physics and New Materials, Institute of Physics
Belgrade, University of Belgrade, Belgrade, Serbia
‘Max Planck Institute for Solid State Research, Stuttgart, Germany

CaMnOs-based ceramics doped with gadolinium has become a matter of great
scientific interest, because of their physical, electronic and magnetic properties, and
many intriguing phenomena, such as colossal magnetoresistance (CMR) involving
potential applications in magnetic memory devices and sensors. Electronic
properties of CaMnO; doped with different amount of gadolinium were investigated
using combination of experimental and theoretical methods. Spectroscopic
Ellipsometry has been used to study electronic properties and band gap variation as
function of Gd doping (up to 20% Gd). Furthermore, for each of the structure
candidates, a local optimization on the ab initio level using density-functional theory
(DFT), hybrid (B3LYP) and the Hartree—Fock (HF) method was performed.

P-12

CHARACTERIZATION OF IRON IN THE HYDROTHERMAL
DICKITE FROM JEDLINA ZDROJ (NOWA RUDA,
LOWER SILESIA, POLAND)

Bratislav Z. Todoroviél, Pavle . Premovi¢?

'Faculty of Technology, University of Nis, Leskovac, Serbia
’Laboratory for Geochemistry, Cosmochemistry and Astrochemistry,
University of Nis, Serbia

In recent years, considerable attention has been given to the genesis of dickite in
sedimentary conditions. One way to obtain an objective evaluation of the nature of a
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INVESTIGATION OF DEFECT ELECTRONIC STATES IN CeO;
NANOCRYSTALS SYNTHESIZED BY SPRT, HYDROTHERMAL
AND PRECIPITATION METHOD

Marko Radovi¢ ', Bojan Stoj adinovi¢', Natasa Tomi¢', Ivana Veljkoviéz,
Sonja Aékrabiél, Aleksandar Goluboviél, Branko Matovié® ,
Zorana Dohé&evié-Mitrovié!

!Institute of Physics, University of Belgrade, Belgrade, Serbia
*Institute for Multidisciplinary Research, University of Belgrade, Serbia
*Institute of Nuclear sciences “Vinca”, University of Belgrade, Belgrade, Serbia

The present work examines the influence of various synthesis methods on the
formation of defect electronic states in the band structure of CeO,., nanocrystals.
Characterization of structural properties and determination of average crystallite size
was performed using X-ray diffraction spectroscopy. Raman spectroscopy technique
provides an insight into the concentration of oxygen vacancies and vibrational
properties of ceria nanocrystals. Scanning tunneling microscopy and scanning
tunneling spectroscopy measurements were performed on the CeO,., nanocrystals
and the measurements were compared with available literature data for the electronic
band structure of cerium dioxide. The differences in defect electronic states within
the band gap were detected among the differently prepared CeO,., nanocrystals.
Optical properties of CeO,., nanocrystals were investigated by spectroscopic
ellipsometry. Through the critical points analysis of ellipsometric data we were able
to establish direct relationship between observed variations in electronic structure
and optical transitions. This study revealed that synthesis process strongly influences
the formation of different oxygen vacancy complexes which, on the other side, have
dominant influence on optical, transport and magnetic properties of ceria based
materials. In order to reach full potential of these materials it is of great importance
to elucidate which type of synthesis process provides better ceria performances.
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P14
Photocatalytic properties of Al,03/ZnO coatings formed by plasma
electrolytic oxidation on aluminum substrate

N. Tadi¢', A. Peles’, N. Radié’, B. Stojadinovié!, B. Grbié®, R. Vasili¢', S. Stojadinovi¢'

" University of Belgrade, Faculty of Physics, Studentski trg 12-16, 11000 Belgrade, Serbia

2 Institute of Technical Sciences SASA, Knez Mihailova 35/4, 11000 Belgrade, Serbia

3 University of Belgrade, Institute of Chemistry, Technology and Metallurgy, Department of
Catalysis and Chemical Engineering, Njegoseva 12, 11000 Belgrade, Serbia

? University of Belgrade, Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia

Mixed Al,O3/ZnO coatings obtained by plasma electrolytic oxidation process (PEO)
of aluminum in water solution boric acid and borax with addition ZnO nanoparticles. The
oxide coatings were characterized by Scanning electron microscopy equipped with energy
dispersive x-ray spectroscopy, x-ray diffraction, and Raman spectroscopy. It was found that
chemical and phase compositions strongly depend on PEO time. It was shown that
photocatalytic activity was improved by longer time of PEO process.

P15
Structural and optical properties of chemically deposited copper selenide
thin films

M. Petrovic', M. Gilic', B. Hadzic', M. Romcevic', N. Romcevic', J. Trajic',
Z. Lazarevic'
!Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia

Copper selenides are interesting metal chalcogenide semiconductor materials. They

exist in many phases and structural forms: different stoichiometries such as CuSe (mineral
klockmannite), Cu,Se, Cu,Sey, CuSe, (mineral marcasite), 4 - Cu,Se, CusSe, (mineral
umagnite), CusSes (mineral athabaskite), CusSes etc. as well with non - stoichiometric form
such as Cuy4Se (mineral berzelianite) and can be constructed into several crystallographic
forms (monoclinic, cubic, tetragonal, hexagonal, etc.). Copper selenides in different
stoichiometries are semiconductors with p - type conductivity, and have been widely used in
optical filters, solar cells, photo detectors, supersonic materials...
The paper describes the structural and optical properties of copper selenide thin films. The
films of tree different thicknesses (56.75, 79.74 and 172.70 nm) were grown by thermal
evaporation on glass substrate, at room temperature and pressure better than 1 mPa. The
surface morphology of thin films was investigated by atomic force microscopy (AFM).
Formation of Cu - Se thin films is concluded to proceed unevenly, in the form of islands
which later grew into agglomerates. The structural characterization of Cu - Se thin film was
investigated using X - ray diffraction pattern. The presence of two - phase - system is
observed. The first one is low - pressure modification of CuSe,. The second phase is solid
solution of Cu in Se. The Raman spectroscopy was used to identify and quantify the
individual phases presented in the Cu - Se films. The results of Raman spectroscopy are in
good agreement with XRD results, and the presence of two phases in our system, the trigonal
Se and orthorhombic CuSe,, is confirmed once again.
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13t INTERNATIONAL MEETING
ON FERROELECTRICITY

first time in the history of these Meetings - welcomes participants

to Krakow, in Poland. The IMF-13 is to deal, as it was the case in pre-
vious IMF conferences, with ferroelectricity in a broad sense, i.e. with the
ferroelectric and ferroelectric-based materials, relaxors, multiferroics,
piezoelectrics, ferroelectric polymers, composites and thin films, to men-
tion only a few topics. Hundreds of participants from almost 40 countries
of the world meet together for a week to present not only basic research,
new discoveries, new ideas, new experimental technigues, but also new
applications of ferroelectrics and materials possessing ferroelectric
properties. Perhaps I am not alone of the opinion that the importance
of ferroelectrics in the science and their wide practical applications are
reciprocally proportional to the knowledge about these materials, even
among the physicists. That is why such Meetings need be organised, and
the 4-year cycle makes them always attractive and gives an opportunity
to get to know the score, through intensive scientific programme with
lectures and contributions delivered by extraordinary speakers and expe-
rienced experimentalists and theorists, gathered in one place and at the
same time. Thus, we believe that the IMFs provide an extraordinary op-
portunity not only to report on or to present what has already been pub-
lished, but they will also be a platform for heated discussions, in search
of new ideas for ferroelectricity in the macro- micro- and nano-scale. Yet,
advances in the physics of ferroelectrics, and the presence of ferroelec-
trics in different branches of science should attract those who look for-
ward to “an event” which might bring about a change in the mainstream
of contemporary ferroelectric physics. That is why the IMF-13 should be
treated as a Meeting that provoles asking the guestion: Is there still or is
there not anything exciting about the physics of ferroelectrics? The book
of abstracts, id est a kind of a state-of-the-art in the ferroelectricity in
2013, seems to answer this question. It proves once again that the cur-
rent physics of ferroelectricity is an internationally highly-competitive

The 13th International Meeting on Ferroelectricity (IME-13) - for the



area. We thus hope that the programme of the IMF-13 presentations and
poster sessions will further the understanding that PhD students and
young scientists have of the most important trends in ferroelectricity. On
the other hand, cutstanding speakers and scientists with internationally
recognised achievements, who accepted our invitation to deliver plenary
lectures, guarantee the extensive knowledge to be served in the best way.
Dur words of gratitude go to you who have accepted our invitation and
you who have come to Krakow, the city of beauty which never passes, and
the city which provides favourable atmosphere for scientific adventures.
We believe that the time spent on IMF-13 will be unforgettable from the
scientific, as well as cultural, point of view.

(A note: it is not necessary to worry that this is the 13th Meeting in the
13th year of this century. The bad, if any, influence of the number thir-
teen, “on whatever”, has not been scientifically proved yet.).

We wish you interesting and fruitful IMF-13!
On behalf of the Organizing Committee

Krystian Roleder

General Chair of the [MF-13



EFFECT OF FUEL ON 0412
THE AUTO-COMBUSTION SYNTHESIZED
MULTIFERROIC BiFeO,

M. L. lli€ (1), A. 5. Diunuzovic (1), J. D. Bobic (1), M. M. Vijatovic-Petrovic (1),

B. 5. Stojadinovic (2), Z. D. Dohcevic-Mitrovic (2) and B. D. Stojanovic (1)

1. Institute for Multidisciplinary Research, University of Belgrade, Belgrade, Serbio;

2. Institute of Physics, University of Belgrade, Belgrade, Serbio

e: niksentijed@gmail.com 59]

terials. It exhibits ferroelectric and antiferromagnetic behavior in

wide range of temperatures. Many new applications arise due to
possibility of magnetization reorientation by electric field and polariza-
tion reorientation by magnetic field [1]. Main problem in usage of BiFe0,
is difficulty of obtaining pure phase ceramic and high conductivity as a
result of Fe non-stoichiometry [2].
BiFeO, powders were prepared by auto-combustion method starting from
iron and bismuth nitrates. After the process of self-ignition, fine precur-
sor powders were thermally treated for various periods at different tem-
peratures and heating rates. Several fuel to oxidizer ratios (F/0) were ex-
amined, and ¥-rays diffraction results showed that in case of citric acid
as a fuel, the purest BiFeO, perovskite phase was obtained for F/0 = 1/1 and
calcination at 600 °C by 4 hours. However, some Bi, 0., Bi Fe 0 _and Bi FeO,,
secondary phases remains in all powders. Effect of other fuels (sucrose,
urea) [2,3] and sintering regimes are still to be investigated. Powders
were characterized by SEM/EDS, TG/DTA, Raman scattering, particle size
distribution and BET surface area measurements. Impedance measure-
ments of BiFeO_ ceramics are planned.

B ismuth ferrite is one of the most promising single multiferroic ma-

1. Hill N. A.: Why Are There so Few Magnetic Ferroelectrics? Journal of Physical
Chemistry B, 2000; 104; 6694 — 6702

2. Carvalho T. T., Tavares P. B.: Synthesis and thermodynamic stability of
multiferroic BiFe0,. Materials Letters, 2008; 62; 3984 — 3986

3. Farhadi 5., Zaidi M.: Bismmth ferrite (BiPe0,) nanopowder prepared by sucrase-
assisted combustion method: A novel and reusable heteropeneous catalyst for
acetylation of amines, alcohols and phenols under solvent-free conditions.
Journel of Molecular Catalysis A) Chemical, 2009; 299,18 -25
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X/7
Effect of Y-doping on structure and properties of multiferroic BiFeO; ceramics

Nikola Ili¢', Bojan Stojadinovié¢®, Adis Dzunuzovié',
Jelena Bobi¢', Zorana Dohéevié-Mitrovi¢?, Biljana Stojanovié'
'Institute for Multidisciplinary Research, University of Belgrade, Kneza Viseslava 1, 11000
Belgrade, Serbia, “Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade,
Serbia

Bismuth ferrite (BiFeO;) exhibits ferroelectric and antiferromagnetic properties up to
very high temperatures, and is, consequently, considered one of the most promising single
phase multiferroic materials. Doping with Y>* was tested in terms of improving electrical and
magnetic properties. Bi; Y FeO; was synthesized by auto-combustion method using urea as
a fuel. Precursor powders were annealed, pressed and sintered. Powders and ceramic samples
were characterized by XRD, SEM, Raman, electrical and magnetic measurements. X-ray
diffractograms and Raman spectra showed transition from rhombohedral to orthorhombic
structure at 10 % Y*" content. SEM images indicated reduction in grain size with higher
concentration of Y**.

X/8
The role of mechanochemistry in preparation of high dielectric constant
and low-loss electroceramics

Piotr Dulian', W. Bak 2 Cz Kajtoch 2 K. Wieczorek-Ciurowa'
'Faculty of Chemical Engineering and Technology, Cracow University of Technology, 24,
Warszawska Str., 31-155 Cracow, Poland, *Institute of Physics, Pedagogical University, 2,
Podchorgzych Str., 30-084 Cracow, Poland,

High-energy ball milling process of solids often offers unique opportunities for the
creation of value-added materials especially with perovskite structure. These studies are
aimed to explain the advantages of the mechanochemical synthesis of polycrystalline
ceramics with ultrahigh dielectric constants and low dielectric losses.

The results of comparison the syntheses’ results using mechanochemical and high-
temperature treatments are presented. Additionally, the influence of impurities from ball
milling processes is considered.

Acknowledgements: The study was supported by the National Science Centre Poland,
Project DEC-2012/05/N/ST8/03764, DS/C-1/KWC/2013-14, and by the EU, project POIG
UDA-POIG-01.03.02-12-055/12-01.
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Abstract

Perovskite, single multiferroic bismuth ferrite was prepared by two chemical methods: auto-combustion and soft chemical route. Influence of
different fuels and complexing agents and thermal treatment on purity of bismuth ferrite powders and density of bismuth ferrite ceramics were
investigated. X-ray diffraction technique (XRD) indicated that optimal temperatures and times for calcination and sintering are 600 °C for 2 h and
800 °C for 1 h with quenching, respectively. Scanning electron microscopy (SEM) analysis showed that soft route synthesized samples formed
softer agglomerates and smaller grains with less secondary phases. Powders and pellets were characterized by Brunauer—Emmett—Teller (BET)
specific surface area analysis, particle size distribution, Fourier transform infrared spectroscopy (FT-IR), dilatometry, Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), dielectric and magnetic measurements. Resistivity and origin of electrical resistance were studied by means of

impedance measurements.
© 2014 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: A. Powders: chemical preparation; B. Electron microscopy; B. X-ray methods; D. Bismuth ferrite

1. Introduction

Bismuth ferrite (BF) is lately attracting great attention being one
of a very few single multiferroic materials at room temperature. BF
is ferroelectric up to 830 °C and antiferromagnetic below 370 °C
[1], but nanoparticles can also manifest weak ferromagnetic
behavior. Unlike other ferroelectric materials with asymmetric unit
cells, BF has symmetric rhombohedral perovskite structure, but
possesses spontaneous polarization due to lone electron pairs on
Bi®* ions [2]. This kind of ferroelectricity allows BF to has
magnetic properties in the same time, considering that magnetic
materials have partially filled d or f-orbitals with strong repulsive
Culon interactions and symmetric unit cells [3,4].

*Corresponding author. Tel.: +381 11 2085057; fax: +381 11 2085062.
E-mail addresses: niksentije @gmail.com (N.L Ili¢),
bstojanovic80@yahoo.com (B.D. Stojanovic).

http://dx.doi.org/10.1016/j.ceramint.2014.08.020
0272-8842/© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Multiferroic materials have great potential for different
applications, primarily for information storage devices [5], but
also in sensors, additives, spintronic devices [6], actuators [7],
transducers [8], filters, attenuators [9], satellite communication,
bubble devices, permanent magnets [10]. BF also has some uses
unrelated to its multiferroic properties. It has been examined as a
catalyst [11], photocatalyst [12], pigment, material for infrared
detectors, optoelectronics and solar cells [13]. Aside from many
potential applications, materials such as bismuth ferrite are very
interesting from theoretical point of view, for better under-
standing of multiferroic behavior origin and nature.

BF was intensively studied from the 1960 [2], but difficulties
in obtaining single phased material and achieving stable electrical
properties have prevented wider application. Although phase
diagrams of Bi,O3;—Fe,O5 system show presence of perovskite
bismuth ferrite phase up to 830 °C, it is assumed that this phase
is metastable, and decomposes eventually to mullite type phase
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(BiFe,0,) and sillenite (BiysFeOs9) phases even at significantly
lower temperatures [14]. Volatility of bismuth can also disturb the
system's stoichiometry.

The main problem with electrical properties is low resistance
originating from secondary phases and divalent iron ions, which
are inevitably present in some degree [15]. For this reason, it is
very hard to obtain saturated polarization loops [16]. Attempts
to overcome this problem by controlling sintering atmosphere,
doping with other elements or making solid solutions were
made [7,15,17].

All this repressed exploration of BF, but the discovery of
large remnant polarization in BF thin films in the 2000s have
returned interest in this material [2]. It was presumed that this
is a consequence of strain present in thin films, but recently has
been shown that even bulk BF single crystals have this large
polarization [18].

Many routes were reported for synthesis of BF in an effort to
obtain pure phased material: solid state [9,16], mechanochemical
[19], synthesis from the melt of alkaline salts [20], hydrothermal
[21,22], different methods from solutions (auto-combustion
[11,14,23], sol-gel [6,24], Pechini [25], co-precipitation [9,26],
soft chemical route [10,27], sonochemical and microemulsion
techniques [28]). None of them was completely successful, so
removal of secondary phases was tried to be done by leaching in
diluted mineral acids [24,28] or with different thermal treatments
including quenching [9,29], spark plasma sintering [26], rapid
liquid phase sintering [15,30], microwave sintering [31], sintering
in different atmospheres [15], etc.

Auto-combustion synthesis is based on redox reaction
between nitrate ions and organic fuels. Large amount of energy
and gasses releases during this process, forming crystalline
compounds in form of fluffy ash. In reality, the product is just
partly crystallized, and some organic compounds remains in it,
so further thermal treatment is necessary [32]. Heat of combus-
tion and gas evolution are dependent on nature of the fuel and
fuel to oxidant ratio (F/0), and they have crucial impact on
powder characteristics.

Many advanced materials were successfully synthesized by
this method. Its main advantages are simplicity of the process
and completion of the reaction so fast (it lasts only few
seconds) that many defects are introduced into structure during
it, which lowers required sintering temperatures and, hence,
helps in obtaining nanomaterial [33]. Soft chemical route is
similar to auto-combustion synthesis, but in it solutions are just
dried without any combustion. Complexing agents prevent
precipitation, so the product is amorphous resin.

In this paper, BF was synthesized by auto-combustion and
soft chemical methods. In case of auto-combustion synthesis,
several organic compounds were used as fuels: citric acid,
sucrose and urea. In soft chemical route two complexing
agents (citric and tartaric acids) were compared with reaction
without complexing agent. It is known that chemical synthesis
routes are mainly referred to powders, and such way obtained
materials are very rarely processed to ceramics. In this study,
an attempt was made to obtain dense and pure phased ceramic
samples of BF with nanosized grains. The influence of fuel
or complexing agent on phase composition of powders and

ceramics was investigated. The purest materials were chosen
for further characterization and study of electric and magnetic
properties. As the smallest amount of secondary phases was
obtained for urea synthesized BF, some of the results will be
presented only for it.

2. Experimental procedure

BF precursor powders were prepared by two methods: auto-
combustion and soft chemical route. Both techniques are very
simple, fast and of low-cost. Chemicals used for synthesis are
Bi(NO3); - 6H,O (Alfa Aesar, 98.0%), Fe(NO;); - 9H,O (Alfa
Aesar, 98.0-101.0%), NH,OH (Lach Ner, 25%), HNO; (65%),
citric acid (Carlo Erba, 99.5-100.5%), sucrose (Alfa Aesar,
99%), urea (Riedel-de Haen, 99.0-100.5%) and tartaric acid
(Saphoma, 99.9%).

Syntheses are schematically presented in Fig. 1. In auto-
combustion synthesis, nitrates of iron and bismuth were dissolved
in minimal amounts of distilled water and 3 M nitric acid,
respectively. Solutions were mixed together for a while, and
saturated solution of fuel was added. Molar ratios of metal nitrate
oxidants (O) to fuels (F) were calculated using summary valences
of reactants according to approach suggested by Jain et al. [34],
which is very useful to estimate required quantity of fuel for
conducting reaction to its end. In case of citric acid and sucrose
fuels, pH value was raised with ammonia solution in order to
promote complexing ability of fuels and introduce amino ions
required for combustion initiation. In case of urea as a fuel this is
not necessary because the fuel itself contains amino groups.
Solutions were heated at 80-90 °C under continuous stirring until
they turn into a sticky mass. Temperature was then raised to
about 150 °C and resins were dried after which self ignition
occurs. Reaction is very exothermic, and open flame may appear.
Voluminous ash which retains into dish is precursor powder.

In soft chemical route, metal nitrates were dissolved in
minimal amounts of distilled water and diluted nitric acid, and
solution of complexing agent was added to them. Solutions
were heated and stirred at 90-100 °C until completely dried.

All precursor powders were ground in a mortar and calcined
at 600 °C for 2 h at the heating rate of 10 °C/min. Ceramic
samples were prepared by pressing the calcined powders under

[BiNOy); - 5H,0|  [Fe0y); - 950 |

Stirring

Fuel
complexing
agent

Heatin

Auto-combustion /

drying

BiFeO 3

precursor

Fig. 1. Scheme of auto-combustion and soft route syntheses of bismuth ferrite.
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pressure of 294 MPa (auto-combustion obtained powders) or
196 MPa (soft route obtained powders) and sintering at 800 °C.
Samples were placed into preheated oven and quenched after
1 h. In preliminary experiments, other temperatures and times
for calcination and sintering were also carried out, but did not
show just as good results. Similar optimal thermal treatments
were revealed by other authors [9,14,19].

Powders and ceramics were characterized by DTA/TG
(SETARAM Labsys TG-DTA/DSC system), XRD (Model
Phillips PW1710, Cu Ka radiation, 1°/min), BET (Micrometrics
Gemini 2360), particle size distribution (Coulter LS Particle
Size Analyzer 230), SEM (Model TESCAN SM-300) equi-
pped with back-scattered electron detector (BSE) and energy-
dispersive X-ray spectroscopy (EDS), dilatometer (Linseis,
model 4L.70-2000), Raman (TriVista 557 Raman system with
the mixed Ar/Kr laser line (1=514.5 nm) as an excitation source
with an incident laser power less than 60 mW in order to
minimize heating effect), and an FT-IR (Bruker Equinox-55).
XPS (UNI-SPECS UHV System, Berlin, Germany) was carried
out at a pressure of less than 10~ Pa. The Mg Ka line was
used, and the analyzer pass energy was set to 10eV. The
inelastic background of the Fe 3p electron core-level spectra was
subtracted using Shirley's method. Ceramic pellets were also
characterized by dielectric (HP 4284A, frequencies from 20 Hz
to 1 MHz), impedance (HIOKI 3532-50 LCR HiTESTER,
frequencies from 42 Hz to 1 MHz) and magnetic measurements
(SQUID, Quantum Design).

3. Results and discussion

TG curve for BF tartaric precursor powder (Fig. 2) showed
significant loss of mass of about 43%. Loss below 150 °C
accompanied with an endothermic peak on the DTA curve
corresponds to evaporation of water. Several exothermic peaks
in interval from 150 to 280 °C, correspond to combustion of
residual organics, and it is followed with mass loss of around
30%. Constant mass confirms that organics were completely
gone up to 510 °C, and above this temperature only crystal-
lization of amorphous bismuth ferrite takes place. However,
expressed peaks of new phase formation were not observed.
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Powders obtained by auto-combustion method contain much
less water and organics with less than 1% mass loss, since they
were synthesized at higher temperature.

The energy released in auto-combustion reaction is maximal for
F/O=1, but maximal energy release may not always be desirable.
As desired products are often metastabile, it may be necessary to
lower the temperature of synthesis, so fuels are used in excess or
deficit. Also, with excess fuel, oxygen from air is partly used for
reaction, and those additional released gasses make product
particles smaller. In our study, different fuel to oxidizer ratios
were tried in the auto-combustion synthesis route and the best one
was chosen based on the powders' XRD result. The purest BF
phase was formed with F/O ratio 1 for citric acid, 3 for sucrose
and 1-1.5 for urea. Optimal pH values were between 6 and 7 for
citric acid and sucrose, and around 1 for urea.

X-ray diffraction patterns for calcined powders presented in
Fig. 3 showed good matching with the data of JCPDC card
74-2016 only in case of urea fuel in auto-combustion method
(BF urea) and tartaric acid in soft method (BF tartaric). Small
peaks belonging to sillenite (BiysFeOszg) and mullite type
(BiFe,O9) phases are present as well. For similar synthesis
routes, other authors have obtained optimal calcinations
temperatures of 500-650 °C with small amounts of sillenite

No complexing agent

2 NN A
Citric acid™
s Jle e ow N e AN

Tartaric acid
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Fig. 3. XRD patterns of differently obtained BF powders calcined at 600 °C
for 2 h. Secondary phases are marked: S — sillenite (BiysFeOs9), M — mullite
type phase (BiFe,Oy), F — a-Fe,O; and B — Bi,Os3. Superscripts f. and c.a.
denote the citric acid used as a fuel and complexing agent, respectively.
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Fig. 2. DTA/TG curves for BF tartaric and BF sucrose precursor powders.
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phase [14], sillenite and mullite type phases [27] or with no
secondary phases [10].

FT-IR spectra of calcined BF powders are presented in
Fig. 4. Strong peak at 550 and smaller one at 450 cm ™'
correspond to stretching and bending vibrations of Fe-O

BF tartaric

Transmittance / a.u.

L T ¥ T ¥ T ¥ T r T b T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Fig. 4. FT-IR spectra of calcined BF urea and BF tartaric powders.
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bonds. Some residual nitro groups are detected by the small
peaks at 815 and 1385 cm™'. Band at 1630 cm ™' fits to H,O
bending vibrations, while the broad band at 3300-3600 cm !
corresponds to stretching of bonds in H,O and —OH groups,
originating from adsorbed water from air.

SEM micrographs of calcined powders (Fig. 5) showed
large degree of agglomeration. Sizes of primary particles of all
BF powders are between 200 nm and 600 nm, but agglo-
merates are 2—10 pm large. Agglomerates seem to be hard,
especially in case of citric acid as a fuel and soft route
synthesis without complexing agent. They were not broken
even after dispersing in ethanol with ultrasonic probe. Such
hard agglomerates will not be completely broken even after
pressing, and they are big problem for achieving high density
of ceramics. Beside small pores between particles, there are
much larger pores between agglomerates, which do not strive
to disappear during sintering process. Other authors obtained
particles of similar size for chemically synthesized BF powders
calcined at 550 °C for 3 h [27] and 400 °C for 2 h [10] (with
smaller agglomeration in this case). At 450 °C and 650 °C for
3h, Sakar et al. have recorded flower like and granular
particles [27].
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Fig. 5. SEM images of BF powders calcined at 600 °C for 2 h, prepared with (a) citric acid (fuel), (b) sucrose, (c) urea, (d) no complexing agent, (e) tartaric acid

and (f) citric acid (complexing agent).
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Fig. 6. Particle size distribution of BF urea and BF tartaric powders.

BET isotherm data point out small specific surface area of
calcined powders, with 0.33 m*/g for BF urea and 2.92 m%/g
for BF tartaric. The possible explanation is formation of hard
agglomerates, with particles so close to each other that
adsorbing gas cannot penetrate within. Particle size analysis
(Fig. 6) pointed out bimodal particle size distribution, con-
firming presence of agglomerates. BF urea powder consists of
primary particles ~0.3 pm large and agglomerates of around
15 pm, while these sizes for BF tartaric powder are ~0.2 pm
and 2 pm. Calculated mean particle sizes are 7.2 pm for urea
and 0.8 pm for tartaric acid synthesized BF.

Dilatometry measurements for calcined and pressed BF urea
powder presented in Fig. 7 showed start of shrinkage at
630 °C. At higher temperatures, shrinkage is very fast, and it
reaches 7.5% up to 830 °C. It is not possible to heat sample
above this temperature because of melting. Based on these
results, and considering problem with decomposition of
perovskite phase at high temperatures, three different thermal
treatments were tried: sintering at 750 °C for 4 h and sintering
at 800 and 820 °C for 1 h with quenching. The purest and most
dense ceramics was obtained at 800 °C, and all presented
results are for these samples.

Densities of green and sintered samples were determined by
geometrical measurements and Archimedes method, respec-
tively. As listed in the table in Fig. 7, green densities are
between 50 and 60%, and sintered ones between 68 and 90% of
theoretical. Larger green density generally means larger density
after sintering, but soft route synthesized materials showed
different behavior. SEM images of powders in Fig. 5 could
explain this. Tartaric acid synthesized powder has smaller
agglomerates than powders obtained with citric acid and without
complexing agent. Larger agglomerates are easier to be pressed,
because of smaller number of contacts between them, requiring
smaller compacting energy. That means that total green porosity
is smaller, but pores are larger. Pellets with smaller pores
densify more effectively, and sintered density is higher although
it was lower before sintering. Best densities were achieved with
urea in auto-combustion and tartaric acid in soft synthesis,
which was confirmed with SEM analysis in Fig. 11 as well.
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Fig. 7. Dilatometry curve for BF urea with inserted data for green (D) and
sintered (Dg) densities of differently prepared BF pellets.
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Fig. 8. XRD patterns of differently obtained BF samples sintered at 800 °C for
1 h. Secondary phases are marked: S — sillenite (BiysFeO39) and M — mullite
type phase (Bi,Fe4Oo). Superscripts f. and c.a. denote the citric acid used as a
fuel and complexing agent, respectively.

XRDs of the sintered samples (Fig. 8) all indicate quite low
content of secondary phases according to small intensity of
peaks at 20=27°-28°, but exact conclusion cannot be
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claimed having in mind that sillenite phase is often present in
amorphous form. Besides, peaks of mullite type phase could
be partially hidden by perovskite and sillenite phases which
scatter X-rays more intensively [35].

The Raman spectra of BF urea are presented in Fig. 9. The
sample exhibits rhombohedral structure. It is well known that
rhombohedral BF with R3¢ symmetry has 4 A; and 9 E modes.
The Raman spectra were fitted using the Lorentzian-type
profile and the position of each Raman mode is written on
the image. The Raman mode positions are in good agreement
with literature data [36,37].

Fe 2p3,», XPS spectra of BF pellets are presented in Fig. 10.
The spectra were deconvoluted into four components. The
small sub-peak at binding energy of 708 eV was attributed to a
substoichiometric FeO, phase (0.5 <x < 1), consisting of Fe
sites containing oxygen vacancies. The component at 709.6 eV
was assigned to the divalent iron ions, while peaks at 710.9
and 712.5 eV were attributed to trivalent iron ions surrounded
with O~ and OH ™ ions. Content of Fe>™ ions is possible to
be calculated using ratio of these peaks. Around 51% of iron
ions in BF urea and 43% in BF tartaric were in Fe(Il) oxidation
state. This can also indicate presence of oxygen vacancies and
possible low resistivity of BF ceramics.

Large pores could be seen in BSE SEM images of all
sintered samples (Fig. 11). Different phases are visible in
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Fig. 9. Room-temperature Raman spectra of BF urea sample (circles) together
with calculated spectra (full lines).

different shades in these shots. The most abundant phase is BF
phase. EDS results showed that darker grains correspond to the
mullite type phase, and brighter grains to the heavier, sillenite
phase. Except difference in color, difference in size and shape
of grains is obvious. Mullite type phase grains are smaller and
rectangular, inserted into perovskite grains, while sillenite
occurs in large irregular grains.

Diffusion of Bi* " ions was reported to control the formation
of BF during solid state reaction [9]. Beside perovskite phase,
it can be assumed that large irregular grains of Bi rich, sillenite
phase could be formed on the grains surface, and iron rich,
mullite type phase in inner parts in the form of small rectangular
grains. Additionally, metastabile BF phase may be decomposed
as mentioned in Section 1, so forming of certain amounts of
sillenite and mullite type phases is difficult to be avoided.
Furthermore, impurities in the starting material disturb the
equilibrium between oxides of iron(IIl) and bismuth.

Insets in Fig. 11 represent fracture surfaces of samples. The
surface is representative for auto-combustion synthesized
samples, while for samples obtained by soft route grains are
much larger inside the sample than at the surface. Therefore,
looking at the free surface, there is a significant difference
between auto-combustion and soft route synthesized samples.
Ceramics obtained by soft method have much smaller grains
(500 nm-5 pm, compared to 2-20 pm size of auto-combustion
synthesis), and smaller amount of secondary phases, especially
in the case of tartaric acid as a complexing agent. Inside the
samples there is no significant difference between synthesis
methods, except for sucrose prepared material, which has
remarkably larger grains than others. BF tartaric material has
slightly smaller pores than others, indicating that agglomerates
in BF tartaric powder were softer and their breaking more
successful than for the other powders.

Dependencies of the dielectric constant (¢') and dielectric
losses (tan ) on temperature at different frequencies for BF urea
ceramics are presented in Fig. 12. Dielectric constant is quite
large above 300 °C, with a major peak at 470 °C. Dielectric
losses are less than 1 below 250 °C, and they rise at higher
temperatures exhibiting two peaks at 370 and 440 °C. This kind
of behavior is related to Maxwell-Wagner phenomena, caused by

Intensity / a.u.

BF tartaric

Intensity / a.u.

716 712

710
Binding energy / eV

I v T T T T T T T
716 714 712 710
Binding energy / eV

Fig. 10. Fe 2p,;3 XPS spectrum of BF urea and BF tartaric ceramic samples.
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Fig. 11. SEM BSE images of BF pellets sintered at 800 °C for 1 h, prepared with (a) citric acid (fuel), (b) sucrose, (c) urea, (d) no complexing agent, (e) tartaric acid

and (f) citric acid (complexing agent).
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Fig. 12. Dielectric constant and dielectric loss vs. temperature for BF urea ceramic sample at different frequencies.

inhomogeneity in conductivity, which can lead to accumulation Fig. 13 represents the dependence of the imaginary part of
of surface charge at the interfaces [38]. The inhomogeneity in ~ the complex impedance, Z”, on real part of the complex
conductivity could exist between grains and grain boundaries of ~ impedance, Z', for BF urea and BF tartaric samples at room
the perovskite phase, but also between it and secondary phases. temperature. Results were fitted using ZView2 software,
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Fig. 13. Impedance plots for BF urea and BF tartaric samples at room temperature.
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Fig. 14. Magnetization vs. magnetic field plot for sintered BF urea sample.

showing good agreement with the electric circuit presented
with inset in Fig. 13. For BF urea, resistivity originates mostly
from grain boundaries, while grains contribute with less than
10% of total resistance. Calculated resistivity has an order of
magnitude of 10® Q (10" Q cm) at room temperature, which is
quite low compared to 10'° Q cm resistance of monocrystal-
line BF, reported by Palai et al. [39], suggesting the existence
of Fe?* ions and secondary phases as the main charge carriers.
Although XPS analysis showed less Fe*" ions in BF tartaric
than in BF urea, resistivity of BF tartaric sample determined by
impedance measurements is one order of magnitude smaller,
and contribution of grains in total resistance was significantly
higher (around 50%). BF tartaric sample have smaller porosity
and, therefore, better contact between grains, which could
explain smaller resistance and, in particular, smaller grain boundary
resistance.

As mentioned in Section 1, bismuth ferrite is antiferromag-
netic, but although each Fe’* ion is surrounded by six other
Fe ions with opposite angular magnetic spin directions, their
spins do not annul completely, so there are some resulting
magnetic moments. These moments have cycloidal ordering
with period of around 64 nm, which means that particles
smaller than 64 nm are weekly ferromagnetic [2,18].

In our study, magnetic measurements showed typical anti-
ferromagnetic behavior with no hysteresis loop up to 10 kOe

were investigated in order to obtain rhombohedral perovskite
bismuth ferrite phase. Samples obtained using urea in case of
auto-combustion and tartaric acid in case of soft route showed
the best outcome. XRD, Raman and EDS analyses resulted in
very low amount of secondary phases in these two materials.
SEM analysis showed that soft route synthesized ceramics
possess smaller grains than auto-combustion synthesized cera-
mics. The densities achieved by soft route are larger. The Fe* ™+
percentage, determined by XPS has the lowest value of about
43% of total Fe ions for samples obtained using tartaric acid.
Resistivity determined by impedance spectroscopy is rather low.
BF ceramics showed antiferromagnetic properties.

Although auto-combustion and soft chemical methods have
good potential in obtaining bismuth ferrite, for achieving better
properties for multiferroic application, BF should be doped
and/or synthesis and processing modified in order to produce
higher densities and smaller grains, which will be the subject
of our future work.
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of Y. Yttrium doping also enhanced magnetic properties, leading to weak ferromagnetism.
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1. Introduction

Properties of materials which result in spontaneous polariza-
tion, magnetization and deformation which can be controlled by an
applied electric field, magnetic field and stress are called
ferroelectricity, ferromagnetism and ferroelasticity, respectively
[1]. These properties (also called ferroic properties) have been
thoroughly studied and used widely for years in various devices
and components. But nowadays, very interesting potential
applications arises for materials which possess two or three of
ferroic properties at the same time. Those materials are usually
called multiferroic materials. Some other similar properties
(antiferromagnetism, ferrimagnetism, ferrotoroidicity) are often
also considered ferroic [2].

There are two main types of multiferroic materials. Composite
multiferroics consist of two different phases, each of whom
possesses one ferroic property. That means that they could be
made from many different materials, so they are very numerous
and many new materials have the potential to be investigated.
Single multiferroics on the other hand have two or all three ferroic
properties in only one phase. They are very rare, because of

* Corresponding author.
E-mail addresses: niksentije@gmail.com (N.I. 1li¢), bstojanovic80@yahoo.com
(B.D. Stojanovic).

http://dx.doi.org/10.1016/j.materresbull.2016.01.018
0025-5408/© 2016 Elsevier Ltd. All rights reserved.

different origin of ferroic properties, which normally exclude one
another [3]. Both types of multiferroics, composite and single ones,
have some advantages and disadvantages. Aside from scarcity of
single multiferroics, coefficient of correlation between different
properties in them is often too small for some multifunctional
application. These coefficients are significantly larger in composite
multiferroics, but are limited only to boundary between different
phases [4].

Bismuth ferrite (BF) has a rhombohedral perovskite structure,
with almost cubic unit cell (a.,=3.965 A, oy = 89.40°) though it is
usually described using hexagonal axes. Hexagonal c-axis is
directed along [111] axes of pseudocubic cell and hexagonal cell
(Ahex=5.58 A, Chex=13.90A) is consisted of six formula units of
BiFeOs [5]. It is single multiferroic material, exhibiting ferroelectric
and antiferromagnetic properties in the same phase. Aside from its
multiferroicity, BF exhibit properties which could be interesting to
those dealing with pigments, solar cell materials, photocatalysts
and optoelectronics thanks to a relatively small band gap of about
1.8-2.8eV [6-9].

With very wide temperature range of multiferroic behavior
(Tc=830°C, Ty=370°C) [10], BF belongs to the materials with
greatest potential for different kind of application, but still has
unsolved problems in bringing out the best from its extraordinary
properties. That is the reason for such numerous studies about BF
in the last 15 years. Main obstacles which are still to be overcome
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Fig. 1. XRD patterns with enlarged 20 region between 31.6° and 32.4° in the inset (a), rietveld refinement for the sample BYF10 (b) and characteristic values of unit cell vs.

composition (c) for BF and BYF ceramic samples.

are occurrence of leakage currents and insufficiently expressed
magnetic properties.

Authors are still arguing about the mechanism of conduction in
BF: Qi et al. [11] reported that partially substituting Fe>" in the B
site, Ti** ions increase the dc resistivity by more than three orders
of magnitude, while Ni2* ions in the same conditions reduce
resistivity, so the main mechanism for conduction in BF ceramics is
formation of O~ vacancies and their movement. Dai et al. [12]
reported that after sintering in different atmospheres, BF with
more oxygen vacancies, but the lowest portion of Fe?* is the most
resistive, concluding the main charge carriers are electrons and not
02~ vacancies. Most authors highlight one of those two mecha-
nisms [4,13]. Possible Bi** vacancies and secondary phases are
rarely considered [14,15].

Low electrical resistivity of BF disables manifestation of
ferroelectric behavior. The resistivity of BF was successfully
improved by doping, especially in case of aliovalent ions [11,16—
18]. In case of doping with isovalent ions, opinions are divided.
Improvement of resistivity by A-site! substitution with isovalent
ions was explained by smaller content of volatile Bi>** ions and,

! With regard to ABO3 perovskite chemical formula.

therefore, less pronounced unstoichiometry [19-23]. For this
reason, although slightly decreasing ferroelectric polarization by
the elimination of its cause (Bi>* ions with lone 6s? electron pair)
[1]. substitution of A-site ion is often used method for synthesis of
BF with improved ferroelectric properties. There are also some
studies reporting higher current density in isovalently substituted
BF [24,25]. Substitution of Bi** in BF was additionally reported to
promote formation of perovskite BF phase, reducing the amount of
secondary phases in this way [17,24,26-28]. More success in
obtaining highly resistive BF has been achieved in two-dimen-
sional materials — in the form of thin films [29,30].
Antiferromagnetic materials still do not have many applica-
tions, but BF is not typical representative. Its antiferromagnetism is
originating from Fe>* ions, and is of G-type, meaning all first
neighboring Fe3* ions have opposite magnetic spin directions.
What is interesting in BF is that these spins are not completely
opposite, and there is some small resulting moment. This kind of
structure is called canted spin structure, and it usually leads to
weak ferromagnetism, but in BF, magnetic spins have another level
of organization arranging them in spiral structures with a period of
62 nm, destroying magnetization in bulk material [31]. This means
that one way of creating ferromagnetism in BF is by limiting the



62 N.L Ili¢ et al./ Materials Research Bulletin 77 (2016) 60-69

growth of its particles or grains under 62 nm [32]. The other way
could be breaking of spiral spin structure by substitution of Bi**
ions with isovalent ions of different size as it was tried with many
rare earth and transition metal ions [19,25,28,33,34].

Another important obstacle in BF application is difficulty in
obtaining pure and dense BF ceramics. BF phase exhibits instability
area between 447 °C and 767 °C [15] in which it is spontaneously
decomposed to secondary phases (mullite type phase, Bi;Fe,Oq,
and sillenite type phase, BiosFeOsy). It is hard to conduct sintering
of powder and in the same time to completely avoid this
temperature interval. Together with the large bismuth loss at
high temperatures, this is a huge barrier for densification of BF
ceramics. That is the reason why so many studies about BF operate
with powders. Magnetic properties are manifested and could be
easily measured in powders, but for electrical and multiferroic
properties, and also applications based on them, it is usually
necessary to make dense ceramics.

Mechanisms of isovalent substitution-driven improvement of
resistivity, polarization and magnetization are still not known, but
there are implications that it is mainly driven by the average size of
the A-site ion, and not by the dopant nature. The most probable
reason is change in the Goldschmidt tolerance factor and,
therefore, lowering the angle of the Fe—O—Fe bonds, which
controls both magnetic and conduction properties leading also to
structural transition [35-38].

Y3* effective ionic radius of 1.02 A for coordination number (CN)
8 is significantly smaller than 1.17A for Bi** in the same
coordination [39] (for CN=12, like it is in BF, Bi*>* has effective
ionic radius of 1.36A [35], but there is no data for Y3* in that
coordination), so it is a candidate for the A-ion-size-caused
changes. For this reason, an attempt of improving purity, electrical
and magnetic properties of BF by doping with yttrium was
conducted in this study. BF materials with 1, 3, 5 and 10 mol% of Bi>
* jons substituted with Y>* ions were synthesized by the auto-
combustion method, and then characterized and their properties
compared with those of undoped BF samples. The doped samples
were named according to Y content — from BYF1 to BYF10.

2. Experimental

Bi;_xYyFeOs (x=0, 0.01, 0.03, 0.05 and 0.1) was synthesized by
auto-combustion method using Bi(NOs)3-6H,0 (Alfa Aesar, 98.0%),
Y(NO3)3-6H,0 (Sigma-Aldrich, 99.8%), Fe(NOs)3-9H,0 (Alfa Aesar,
98.0-101.0%), urea (Riedel-de Haen, 99.0-100.5%), HNO3 (65%).
Auto-combustion synthesis method used here was already
described in our previous paper [40]. It starts from the solution,
so it is very convenient for homogeneous incorporation of small
amount of doping metal cations. Precursor powders obtained after
fuming combustion and drying were grinded in agate mortar and
calcined at 600°C for 2 h (heating rate 5°C/min). Powders were
grinded again and then pressed at 294 MPa. Samples were put in an
oven preheated to 800 °C and taken out to room temperature after
1 h. Sintering was conducted in a closed dish together with a small
amount of Bi,O3 powder which has diminished Bi evaporation by
producing Bi-rich atmosphere.

Powders and ceramics were characterized by XRD (Brucker AXS
D8, Ni-filtered Cu Ka radiation), SEM (Model TESCAN SM-300),
Raman (TriVista 557 Raman system with the mixed Ar/Kr laser line
(A=514.5nm) as an excitation source with an incident laser power
less than 60 mW in order to minimize the heating effect). Ceramic
pellets were also characterized by ellipsometry (high resolution
variable angle spectroscopic ellipsometer (SOPRA GES5E-IRSE),
incidence angle 6;=65°, in a wide spectral range 1.5-5.0eV),
ferroelectric (Radiant Precision Multiferroic Analyzer, at frequency
of 2Hz), impedance (HIOKI 3532-50 LCR HiTESTER, frequencies
from 42 Hz to 1 MHz, temperatures between 50 and 250°C) and
magnetic measurements (SQUID, Quantum Design). Ceramics
pellets were coated with silver electrodes for electrical characteri-
zation.

3. Results and discussion
3.1. X-ray diffraction

X-ray diffractograms of sintered BYF pellets are presented in
Fig. 1a. Perovskite rhombohedral BF phase with very low presence
of secondary mullite type phase (Bi;Fe,O9) was formed. Unlike
many different dopants (including Y) which have prevented
[17,24,26-28] or enhanced [25,41] secondary phases formation,
according to the results of this study Y content does not
significantly affect product’s purity. However, it makes noticeable
changes in the structure of the crystal lattice. All diffraction peaks
shift to higher 26 angle with Y doping. At the same time, pairs in
double peaks tend to merge into single ones. The gradual change is
most obvious in the enlarged (110) and (1 —10) peaks presented in
the inset of Fig. 1a. From the structural point of view, this means
that the unit cell parameters are changing and strains are
emerging, but also that crystallite size is decreasing. In one point,
the change in unit cell parameters is enough large to induce
gradual transferring of rhombohedral lattice system into ortho-
rhombic one. Performed using FullProf Suite toolbar, the Rietveld
refinement (Fig. 1b) of diffraction pattern for BYF10 sample
indicates 6.6% of orthorhombic phase. Calculated lattice param-
eters are plotted in Fig. 1c, implying that unit cell slowly expands
with smaller substitution rate, and then shrinks. With Y>* ions
smaller than Bi>* this does not make much sense, but the effect of
vacancies could explain it. With such small Y>* ions concentration,
average A-site ion size has smaller influence on unit cell size than
eventual change in vacancies concentration. Less volatile Y>* ions
prevent evaporation of Bi>* (explained in more detail in Section 3.3)
and, therefore, vacancies formation, so average unit cell is
expanding up to 3% of Y. Only at higher content the effect of
smaller Y>* ion size prevails and unit cell starts to shrink. The
theoretical densities of ceramic samples were calculated using
fitted unit cell parameters. Together with relative densities
obtained using Archimedes' principle, theoretical densities are
presented in Table 1.

The rhombohedral-orthorhombic structural transition for Y
concentrations of around 10 mol% was also found in other studies
[27,42]. Many other dopants cause this characteristic structural

Table 1

Densities of ceramic samples and fitted values of grain and grain boundary resistivities in BF and BYF ceramic samples at 250 °C.
Sample Theoretical density (gcm™') p, % of theoretical density Ry (Qm) Rgp. ({2m)
BF 8.36 82 3.86 x 102 9.34x10?
BYF1 8.33 75 1.92 x 10° 1.06 x 10*
BYF3 8.26 78 2.74 % 10° 1.64 x 10*
BYF5 8.20 80 1.03 x 10* 1.94 x 10*
BYF10 8.12% 72 119 x 10* 3.84 x 10*

2 8.07 for R3c phase and 8.90 for Pnma phase.
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transition at some substitution degree [14,36,43,44], implying that
the size of A-site ion and not some other characteristic is deciding
for the structure.

3.2. Raman spectroscopy

Raman spectra of BYF ceramics in the wavenumber range 70-
650cm ™! are presented in Fig. 2. BiFeOs; has 13 Raman active
modes, which are not well resolved at room temperature [19,45]. In
this range, three A; and five E modes can be clearly seen in BF
sample and they are labeled in Fig. 2. The Raman spectra of BYF
ceramic samples showed that the A; and E modes are of lower
intensity, broadened and shifted to higher wavenumbers with
increasing content of yttrium. This is particularly evident for the A,
modes at 146, 171 and 220 cm~!, which are related to Bi—O
covalent bonds [46]. With reduction in average A-site ion mass, it is
expected for modes to be shifted to higher wavenumbers. Besides,
decreased peak intensities indicate declined stereochemical
activity of A-site ion (since Y>* ion does not possess a lone
electronic pair) [34]. However, all BF modes are still present, so it is
evident that although Bi—O bonds are partially replaced with
Y—O bonds and there are significant structural changes, the
rhombohedral phase, and not the orthorhombic one, prevails.

3.3. Scanning electron microscopy

Micrographs taken on fracture surfaces of the ceramic samples
(Fig. 3) indicate that the grain size is reduced more than twice
(from 4-10 wm to 1-3m) in Y doped samples. However, Y
content of higher than 1 mole% has not further affected the grain
size, so grains of doped samples are of similar size and morphology.
Intragranular porosity present in undoped BF (probably originated
from fast grain boundary movement) is disappearing at doping
levels above 1mol%. Intergranular porosity on the other hand
increases, and all doped samples have smaller densities than BF
(Table 1), but relative density is increasing with higher Y content
up to 5 mol%. Y>* ions are less mobile than Bi>* ions at the sintering
temperature (800 °C compared to 1450 °C reported for sintering of
YFeOs [47]), and they slow down the solid state reaction,
preventing the grain growth and lagging of pores inside grains,
but lowering the final density. As a consequence of smaller
mobility, Y would concentrate in the grain boundaries, which can
explain a density improvement of doped samples with more Y:
smaller coverage of grain boundaries with Bi** ions prevents its

Intensity

100 200 300 400 1 500 600
Wavenumber, cm’

Fig. 2. Room-temperature Raman spectrum of BF and BYF ceramic samples.

volatilization from the grains as well, decreasing the concentration
of Bi** and 0% vacancies and leading to slightly improved
densities.

If this presumption is correct, conductivities of both grains and
grain boundaries would be markedly improved thanks to less
mobile Y>* ions at the surface and smaller number of vacant places
having a role of charge carriers. Small density of the sample
BYF10 could be explained with formation of new orthorhombic
phase, which may require different temperature for densification.
Many dopants were reported to inhibit the grain growth [24,41],
and other authors have also assumed that doped BF may require
slightly higher sintering temperatures [44].

3.4. Impedance spectroscopy

Fig. 4 represents characteristic complex impedance plots of Y
doped BF ceramics at 250°C. Data were fitted using
ZView2 software, treating the sample as equivalent electrical
circuit presented in the inset of Fig. 4. The complex impedance, Z is
composed of its real and imaginary parts, Z' and Z”:

z=7-j7" (1)

The best fit was achieved comparing with three parallel
resistor-constant phase element pairs lined in a row. Each pair
manifests electrical properties (resistivity and capacitance) of
some part of the material, and graphically looks like a semicircle.
Semicircle at the lowest frequencies exists due to electrode and/or
potentially formed conductive phases. It is usually not clearly
visible. Middle frequencies semicircle (right in Fig. 4) represents
grain boundary contribution to resistivity, while that of grains is at
high frequencies (left in Fig. 4). Resistivities of grains and grain
boundaries could be estimated from diameters of the correspond-
ing semicircle. The obtained values for all samples at 250°C are
presented in Table 1. It is obvious from both Fig. 4 and Table 1 that
resistivity is markedly improving with increasing the doping level.
At the same time, grain boundaries have greater contribution to the
total resistance than grains. Continuous resistivity rise is not in
complete agreement with previous report that there is a decrease
in resistivity at the temperature induced rhombohedral to
orthorhombic phase transition in BF [5], and this could mean
that Y is strongly influencing not only the structure, but also
conduction mechanism.

The explanation for increasing electrical resistivity of BF by
doping with Y** (or some other isovalent ion) mainly used by other
authors is reduced unstoichiometry because of the lower volatility
of dopant comparing to Bi [19-22] which does not sound very
probable having in mind such low levels of doping. But if the fitted
values of grain and grain boundary resistivity (presented in
Table 1) are plotted as their dependence on composition (Fig. 5),
similar conclusion can be brought out. Grain resistivity is
improving almost linearly with doping level, while grain boundary
resistivity show sharp increase with small amount of Y, and then
increase linearly with Y content. If the assumption from the
Section 3.3, predicting that Y>* ions concentrate in the grain
boundaries during the solid state reaction, was made again, the
sharp increase could be explained. As grain boundaries contain
only few ionic layers, even 1% of non-volatile dopant would make
the boundaries significantly more resistive. Fewer vacancies in the
grain boundaries mean fewer vacancies inside grains too, but 1% of
dopant cannot make so pervasive change in grains containing most
of the material, so the grain resistivity is not markedly improved. In
higher content, Y occupies almost complete grain boundaries,
increasing the grain boundary resistivity and disabling volatiliza-
tion of Bi,Os, preventing formation of bismuth and oxygen
vacancies and raising the grain resistivity as well as the grain
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Fig. 3. SEM images of BF and BYF ceramic samples at fracture surfaces: BF (a), BYF1 (b), BYF3 (c), BYF5 (d) and BYF10 (e).

boundary resistivity. However, without precise characterization of
grain boundaries, this cannot be firmly claimed.

The porosity of ceramics must also be considered as one of the
conduction decisive factors. The air barrier is preventing charge
mobility between separate grains, so they must move through the
smaller surface. Taking this into account, obtained resistivities
should be modified because of decreased area available for the
charge transfer and extended effective thickness of the samples.
With the assumption that the pores are uniformly distributed
through ceramics, it is possible to estimate the change of area, so
obtained resistivities should be multiplied with appropriate
density factor (from 0.82 to 0.73). All these approximations do
not make a significant change in general conducting behavior. Still,

they could partly explain the resistivity increase in more porous, Y
doped ceramics.

Other effects of dopant on electrical resistivity cannot be
excluded. Yang et al. [35] reported that indirect influence of the
average size of A-site ion on the band structure by buckling of
Fe—O—Fe angle leads to more insulating character.

Another impedance related function useful for defining of
electrical properties is the complex modulus. It could be derived

from the complex impedance function Z using Eq (2) [48]:
M = joCZ = jwCc(Z' —jZ") = wCZ" + jwCZ = M +jM”, (2)

where w is angular frequency (w =27f) and C. is the capacitance of
the empty cell dependent of the sample dimensions. C.=¢&0S/d,
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Fig. 4. Impedance plots of BF and BYF ceramic samples at 250 °C.
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Fig. 5. Dependence of grain and grain boundary resistivity on Y content in BYF
ceramics at 250°C.

where gg is vacuum permittivity (¢9=8.854 x 10" "2Fm™!), Sarea of
the sample covered with electrode, and d its thickness (separation
between electrodes). Dimensionless quantities M’ and M” are the
real and imaginary part of complex impedance function M, taking
the values of wC.Z" and wC.Z', respectively. It is possible to get
more information about conductivity from the plotted M’-f
graphs. All samples exhibited strong temperature dependent
relaxation, with large shift of the M” peak to the higher frequency
with higher temperature, which is becoming less expressed with
doping (Fig. 6(a) and (b)). The shift indicates that the hopping of
charge carriers dominates at higher temperatures [49]. The
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conclusion is that in BF ceramic samples conduction is thermally
activated, but that becomes less pronounced with higher content
of Y. There is also a shift in the peak position and shape with level of
doping (Fig. 6(c) and (d)), again suggesting that charge carriers
become less thermally activable.

Activation energies for conduction and relaxation processes
could be calculated by applying Arrhenius equation (Eq. (3)) to
various measured quantities:

x = xpe Ea/koT

3)

where x represents certain physical quantity (grain conductivity,
grain boundary conductivity, dc conductivity, relaxation time), xq is
pre-exponential factor, E, is activation energy, k, Boltsman
constant (ky=1.38 x 10 23JK ') and Tabsolute temperature. Grain
and grain boundary conductivities were obtained as reciprocal
values of the appropriate resistivities, dc conductivity was
estimated from the plateau position in total conductivity depen-
dence on frequency and relaxation times were calculated like
reciprocal values of angular frequency at the M”-f peak positions.
The Eq. (4), obtained after taking natural logarithm of both sides of
the Eq. (3), could be easily fitted linearly confirming Debye like
behavior. Needed energies could be calculated from the slopes of
the fitted lines.

E, 1

— =X =

In(x) = In(xo) Ry T

(4)

Activation energies of grain and grain boundary conductivities
are plotted in Fig. 7, and all obtained energy values are presented in
Table 2. It is obvious that Y as a dopant is reducing activation
energies, making electrical properties less temperature-depen-
dent. Differences in grain and grain boundary activation energies
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Fig. 6. Modulus curves for BF (a) and BYF5 (b) samples at different temperatures, and modulus curves (c) and normalized modulus curves (d) for BF and BYF ceramic samples

at 250°C.
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Fig. 7. Activation energies for grain (a) and grain boundary (b) conductivities for BF and BYF ceramic samples.

lead to conclusion that different type of charge carriers is
responsible for conduction in them. Several possible charge
carriers could cause occurrence of leakage currents in BF. In
Kroger-Vink notation system [50] their formation could be
presented by the following reactions:

00" — 1/20,+Vg*™ +2¢/ (5)
Bigi*+3e’ — Bi(g) +Vpi"” (6)
Fepc*+e’ — Fer' (7)

Other carriers like interstitial or foreign ions, or those
originating from secondary phases could not be excluded, but in
simplified system only 3 mentioned charge carrier types are
considered: Bi** and 02~ vacancies and electrons. Being involved in
all reactions, in certain equilibrium between Fe** reduction and
formation of 02~ and Bi** vacancies, the electrons could be absent
even when the 02~ vacancies are formed.

Since grain conductivity was shown to be more temperature
stabile than grain boundary conductivity, and the same relation-
ship exists between Y doped and undoped BF, the following
assumption could be made. The main charge carriers in undoped
BF are 0%~ and Bi>* vacancies, especially in grain boundaries, where
they are more prone to be formed. With yttrium doping, the role of
electrons, originated from Fe>" to Fe?* reduction (reverse Reaction
(7)), is growing. The increase in temperature does not markedly
affect electron movement, but vacancies are more mobile at higher
temperatures, and that would explain why grain boundary
resistivity changes faster with rise in temperature than grain
resistivity, which is illustrated in the example of BYF3 ceramic
sample in Fig. 8. There is even stabile grain resistivity region up to
100°C depicting the electron hopping conducting behavior.

With Y addition, number of vacancies is decreasing, so grain
boundary resistivity increases fast like it is obvious from Fig. 5.
Grain resistivity also increases with Y doping, but only because
conduction in grains also partly originates from the vacancies.
Electron conductivity could be even improved, since electron-
consuming Reaction (6) is prevented, but that is apparently not the
case. With smaller number of vacancies, the total resistivity of Y
doped BF is significantly less temperature-dependent. It is
therefore possible to say that Y is changing the conduction
mechanisms in BF ceramics.

Values of activation energies from Table 2 indicate that the
same charge carriers (vacancies) are mostly responsible for grain
boundary conduction, dc conduction and relaxation, but also grain
conduction in undoped BF, while in grains of doped samples the
case is different, and electrons are becoming more probable charge
carriers.

3.5. Spectroscopic ellipsometry measurements

The band gap energies of BF and Y-doped BF ceramics were
estimated using spectroscopic ellipsometry. The pseudo-dielectric
function <&> was obtained directly from the measurements of the
ellipsometric angles ¥ and A [51]:

P 2
1+an0 — )% | anweit
(1+p)

The imaginary part of the pseudo-dielectric function, &, (E), is
deduced from the ellipsometric measurements by applying two-
phase model approximation (air/BYF ceramics) [52]. The energy
gap (Eg) can be determined from &, applying the Tauc formalism

<& >=sin’6
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Fig. 8. Dependence of grain and grain boundary resistivities on temperature in the
case of BYF3 ceramic sample.
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Table 2
Activation energies for grain (E.g), grain boundary (Eg,) and dc (E, «c) conductivi-
ties and relaxation (E;) in BF and BYF ceramic samples.

Sample Ecg (eV) Ecgp (€V) Eaac (eV) E. (eV)
BF 0.68 0.79 0.66 0.81
BYF1 0.34 0.62 0.56 0.77
BYF3 0.26 0.56 0.49 0.63
BYF5 0.29 0.53 0.43 0.54
BYF10 0.12 0.54 0.42 0.61

[53]. For the energies close to the E; and in a case of direct
transition, the following equation can be applied:

£oF%~(E — Eg)'/? (9)

The plots (<&,>E?)? vs. E for BYF samples are shown in Fig. 9. The
direct band gap values for BYF ceramic samples were determined
from extrapolation of the linear part of (<&>E?)?>—E to zero
(<&2>E?)? value. It was found that the band gap value increased
from 2.36 eV for pure BF to 2.48 eV for BYF10. Such blue shift of the
band gap with increasing Y content can be explained by the
quantum size effect [54], which causes the change in the electronic
band structure. This conclusion is in agreement with SEM analysis,
which has shown that the grain size had decreased with increasing
percent of Y. The change in band gap energy is very interesting for
construction of materials with desired semiconducting properties.
The change in band gap energy is very interesting for construction
of materials with desired semiconducting properties.

3.6. Ferroelectric measurements

Ferroelectric hysteresis loops of ceramic samples presented in
Fig. 10 show that the leakage currents are so high in the case of
undoped BF (inset in Fig. 10), that it is impossible to induce any
polarization without conduction, even with very small fields of
2kVcem~L For all doped samples, electrical resistivity was high
enough to measure proper ferroelectric loops, but as in many
other bulk polycrystalline BF materials saturation was not
achieved as it has been done in BF single crystals and thin films
[5]. The reason is mostly the conduction, which is, although
reduced, still substantial and leads to the electrical break up in
higher fields, but partly also impossibility of making pellets thin
enough to produce larger fields in them with used device. That is
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Fig. 9. Tauc plots for direct band gap transition for BF and BYF ceramic samples.

Fig. 10. Ferroelectric hysteresis loops for BF (inset) and BYF ceramic samples.

why it is not possible to talk about remnant or saturation
polarization and coercive field, but it is possible to compare those
values for different samples at certain field strength. At electrical
field of 60 kV cm~!, remnant (Pg) and saturation (Ps) polarizations
are increasing for increased Y content up to 5 mol%, and reach Pg of
0.32 nCcm~2 and Ps of 0.64 C cm ™2 in case of BYF5 sample, while
coercive field is around 25kVcm~!. Obtained values for the
BYF5 sample are in concurrence to those from literature for similar
compositions at similar conditions (Table 3), showing slightly
larger polarizations and coercive field. The reduction of polariza-
tion values in sample BYF 10 corresponds to the formation of
paraelectric orthorhombic phase [42], but could also be a
consequence of decreased total number of 6s? lone electron pairs,
which cause the ferroelectricity in BF. The changes of structure and
resistivity have been considered more important than decreased
stereochemical activity of the A-site ion [55,56]. Since there is still
a significant amount of ferroelectric rhombohedral phase, the
ferroelectric hysteresis is present in BYF10.

3.7. Magnetic characterization

Magnetization dependences on magnetic field for BF and BYF
ceramics are presented in Fig. 11. Obtained loops are not
saturated, so all the results will be assigned to certain field
strength, similarly to ferroelectric measurements. Undoped BF
showed typical antiferromagnetic behavior due to spiral arrange-
ment of magnetic spins. With Y partially substituting Bi,
saturation magnetization is gradually increasing, and at 5mol%
of Y it is possible to notice very weak ferromagnetic loop. The
concentration of Y required for breaking spiral spin structure
coincides with the phase transition from rhombohedral to
orthorhombic, and ferromagnetic hysteresis loop, though still
weak, occurs at 10 mol% of Y, with magnetization of ~0.13 emu
g~! at 10kOe field and remnant magnetization just below
0.03 emu/g. The values of remnant magnetization and coercive
field for BYF10 are compared with similar materials in Table 3.
They are comparable to many Bi substituted BF systems (some of
them also Y doped) [19,20,24,26,42], but lower than some others
with Y [22,27,28]. Significantly higher magnetic field strengths of
the latter comparing to those used in this study can explain this
result. The coercive field strength of around 2.5 kOe in the case of
the BipgYo1FeOs sample is very large comparing to similar
compositions [19,22,28,34], implying that more point defects,
which pin domain walls, are formed [57]. That could be expected
for the auto-combustion synthesis route [58].
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Table 3
Comparison of the ferroelectric and magnetic parameters of BYF5 and BYF10 ceramics with other doped BF ceramics or powders.
Ferroelectric characteristic values Ferromagnetic characteristic values Ref.
Dopant Pr(pCcm2)  Ps(uCcm™2)  Ec(kVem™')  E(kVem™')  Dopant Mg (emug ')  Ms(emug ')  Hc(kOe)  H (kOe)
Y 5% 0.32 0.64 25 60 Y 10% 0.03 013 2.5 10 This study
Y 5% 0.15 0.30 10 20 Y 20% 0.1 6.27 0.01 20 [28]
Y 10% 0.03 0.16 8 47 Y 15% - 3 - 60 [22]
Y 30% 2.5 - 15 110 Y 30% 0.09 0.31 0.15 1 [19]
Gd 20% 0.9 15 35 75 Gd20% - 2 - 30 [36]
Pr 15% 0.10 0.22 7 15 Pr 10% - 0.003 - 5 [26]
Ba 20% 0.03 0.35 8 27 Ba20% 5 13 0.9 15 [16]
La 10% 2 6 10 70 La 10% 0.04 0.8 0.25 15 [59]
from the spectroscopic ellipsometry. All the results indicate that Y
induce improvement in electrical and magnetic properties of BF,
and is one of the potential dopants for modeling the material with
specific properties.
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Fig. 11. Magnetic hysteresis loops for BF and BYF ceramic samples.

4. Conclusions

Yttrium doped bismuth ferrite ceramics were prepared by auto-
combustion synthesis method. Up to 5mol%, Y ions are well
incorporated into the structure of bismuth ferrite, slightly
changing Fe—O—Fe angle and unit cell size, but above this
amount, change in the size of the average A-site ion is big enough
to start inducing structural transition from rhombohedral to
orthorhombic symmetry. Morphology is also changing, with
smaller grains and larger porosity in doped ceramics. The
resistivity is continuously increasing with Y content. Accumulation
of Y>* ions in the grain boundaries, where they replace mobile Bi>*
ions, slowing down the solid state reaction and preventing
evaporation of Bi;O3 and formation of charge carriers, explain
the changes in morphology and conduction. It is not only
conductivity affected with Y content in BF, but also the mechanism
of conduction. Charge carriers are transferring from vacancy
prevailing to electron prevailing. Electrical properties are less
temperature-dependent in doped BF and that is a good sign for
potential application. Both ferroelectric and magnetic properties
are affected by the change in composition and structure.
Polarization values start to increase with doping, but after the
structural transition ferroelectricity is declining. Weak ferromag-
netism is arising in the 10 mol% Y doped sample due to the break in
the spiral structure of magnetic spins. Large electrical and
magnetic coercive fields indicate that a large number of defects,
acting like pinning points for domain walls movement, are
introduced into the structure with fast auto-combustion synthesis
route. The weak rise of band gap with Y substitution was deduced
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Synthesis process strongly influences the nanocrystalline CeO,., defective structure. The
presence of surface defects, in the form of oxygen vacancies in different charge states (F centers),
can change the electronic properties of ceria nanocrystals. Nanocrystalline CeO,., samples were
synthesized using three different methods (precipitation, self-propagating room temperature, and
hydrothermal synthesis). Raman spectroscopy was used to identify the presence of oxygen vacan-
cies which presumably were formed at the nanoparticle surface. The defect concentration
depended on the crystallite size of differently prepared CeO,., samples. Scanning tunneling mi-
croscopy/spectroscopy and ellipsometry were employed to investigate the electronic band struc-
ture of defective CeO,., nanocrystals. Scanning tunneling spectroscopy measurements
demonstrated that inside the band gap of CeO,., nanocrystals, besides the filled 4 f states,
appeared additional states which were related to occupied and empty F center defect states. From
the ellipsometric measurements, using the critical points model, the energy positions of different
F centers states and the values of the reduced band gap energies were determined. The analysis of
obtained data pointed out that depending on the synthesis method, different types of F centers
(F* and F°) can be formed in the CeO,.y nanocrystals. The formation of different F center defect
states inside the ceria gap have a strong impact on the electrical, optical, and magnetic properties

of ceria nanocrystals. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904516]

I. INTRODUCTION

During the 20th century, CeO, based materials were
widely applied in catalysis of automotive exhaust gases,'”
glass polishing,” high storage capacitors,” superconductor
structures,” and gas sensors.” With significant expansion of
nanotechnology, from the beginning of the 21st century, new
areas of application emerged, such as solid oxide fuel cells’"®
and spintronics.”'" Special interest was devoted to the opti-
cal properties of nanocrystalline ceria materials due to the
appearance of new effects characteristic for nanosized mate-
rials. The application of ceria in the optical technologies,
such as inorganic UV filters,"!" solar cells,lz’13 electrochro-
mic smart windows,'* and photocatalytic systems'>'®
requires precise control of the electronic band gap structure.
For the ceria applications in oxide phosphorus materials'’
and optical conversion,'® it is important to introduce addi-
tional electronic states inside the band gap. These electronic
states can originate from the oxygen vacancies, whose con-
centration can be controlled by selecting the synthesis pro-
cess or by a careful choice of the dopant.

In this paper, CeO,., nanocrystals were synthesized by
three different methods in order to investigate the influence
of different synthesis methods on the formation of oxygen
vacancies, which can be formed as abundant defects on the
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surface of ceria nanocrystals. The combined research per-
formed by scanning tunneling microscopy (STM)/scanning
tunneling spectroscopy (STS) and spectroscopic ellipsometry
enabled to identify the electron trapping sites, i.e., F” or F"
centers, and to obtain better insight into the electronic band
gap structure of differently prepared CeO,., nanopowders.
The better knowledge of the electronic band gap structure
of nanocrystalline ceria is crucial for the application of this
material in the field of catalysis and spintronics.

Il. EXPERIMENT
A. Materials synthesis
1. Hydrothermal method

Cerium (II) nitrate hexahydrate (Ce(NO3); x 6H,0),
Acros Organics 99.5%) and Polyvinylpyrrolidone (PVP)
(Aldrich) were used as starting materials. During a synthesis
procedure, 1 g of PVP was mixed with 40 ml of distilled water
under vigorous magnetic stirring at room temperature, until
homogeneous solution was obtained. 3 mmol of cerium source
was slowly added to the PVP solution (also under vigorous stir-
ring at room temperature) in order to obtain a well-dissolved
solution. No pH adjustment was made. Homogeneous solution
was transferred into an autoclave and prepared at 200 °C for 6 h
(T=200°C, t=06h). The precipitate was washed with distilled
water and dried at 80 °C overnight.

© 2014 AIP Publishing LLC
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2. Self propagating room temperature synthesis
(SPRT)

In this experiment, starting reactants were cerium nitrate
hexahydrate (Ce(NOs3); x 6H,O) (Acros Organics 99.5%)
and sodium hydroxide (Carlo Erba). Hand-mixing of nitrates
with NaOH was performed in alumina mortar for approxi-
matelyl0 min until mixture got light brown. After being
exposed to air for 4 h, the mixture was suspended in water.
Rinsing out of NaNO; (four times with distilled water and
twice with ethanol) was performed in centrifuge at 3500 rpm
for 10 min. The precipitate was dried at 60 °C overnight. The
reaction can be written as follows:

2[(Ce(NO3); x 6H,0] + 6NaOH + (1/2 — y)O,
— 2Ce0,_y + 6NaNO; + 15H,0. (1)

3. Precipitation method

The Ce(SO4), x 4H,0O(Acros Organics) was dissolved
in distilled water and formed a clear solution with a concen-
tration of 0.4 M. The ammonia solution (Carlo Erba, 25%)
was added drop-wise to the solution at room temperature
(with continuous magnetic stirring) until the desired pH
value was achieved (~9). Yellow suspension appeared and
gradually became brown in color with continuous addition of
the ammonium solution. The resulting room-temperature
precipitate was filtered and washed with distilled water for
several times, dried at 80 °C in air and calcinated at 200 °C
for 4 h. The corresponding chemical reactions are

Ce(S04), + 4NH4OH — Ce(OH), | +2(NH,),S0; (2)
Ce(OH), — CeO, + 2H,0. 3)

The samples produced by hydrothermal, SPRT, and precipi-
tation methods are labeled as H—CeO,.y, S—CeO,.,, and
P—CeO,., for brevity.

4. Samples preparation

The X-ray diffraction (XRD) measurements were per-
formed on powder samples. The Raman and ellipsometric
measurements were performed on powder samples pressed
into the pellets. For the STM/STS measurements, the synthe-
sized ceria nanopowders were dispersed in ethanol and
treated in the ultrasonic tub for 20 min in order to minimize
the number of agglomerated particles. One drop of obtained
suspension was deposited on a freshly cleaved, grounded
highly ordered pyrolitic graphite (HOPG) surface, and after
drying was loaded in the microscope chamber.

B. Materials characterization

The crystalline phase of cerium dioxide nanocrystals
was studied by XRD method on a Siemens D-5000 diffrac-
tometer with Cu Ka radiation. The diffraction patterns were
recorded over the 260 range from 20° to 80°. The STM and
STS measurements were carried out using Omicron scanning
probe microscope (SPM) VT AFM 25. The micro-Raman
spectra were collected in the backscattering configuration

J. Appl. Phys. 116, 234305 (2014)

using a Jobin Yvon T64000 spectrometer equipped with a
nitrogen-cooled CCD detector. The argon ion (Ar") laser
line at A=514.5nm was used as an excitation source.
Ellipsometric measurements were performed at 6; = 70° inci-
dence angle in the UV—V is spectral range, using variable
angle spectroscopic ellipsometer (SOPRA GESSE-IRSE) of
the rotating polarizer type. The high resolution spectra were
collected with a step of 0.02 eV and prolonged exposure time.

lll. RESULTS AND DISCUSSION

In Fig. 1 are shown the XRD patterns of the investigated
samples with the Miller indices which correspond to the
XRD peaks of CeO,. All samples crystallized into fluorite
type structure of CeO, and no amorphous or any other phase
was detected. The average crystallite sizes (L) were calcu-
lated using Wiliamson-Hall method'® and obtained values
are also presented in Fig. 1. The diffraction peaks of CeO,
samples, produced by SPRT and precipitation method, are
broadened indicating that these samples are composed of
very fine, nanometric size particles of lower crystallinity.
The hydrothermal method produced significantly larger crys-
tallites in comparison with SPRT and precipitation methods
and consequently, the XRD pattern of this sample resembles
to the XRD spectrum of well-crystallized sample.

Raman spectroscopy is more sensitive to structural dis-
order induced by oxygen vacancies than XRD method. In
nonstoichiometric oxides like CeO,.,, the oxygen vacancies
are usually formed in the surface layer”” and the presence of
defects, as well as, defect concentration distribution can be

(111) H-CeO,

Intensity

20 30 40 50 60 70 80

20 (deg)

FIG. 1. XRD patterns of CeO,., nanopowders synthesized by hydrothermal
(H—CeOs,.y), SPRT (S—CeO,.y) and precipitation (P—CeO,.,) method, to-
gether with a corresponding average crystallite size values.
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FIG. 2. Room-temperature Raman spectra of differently synthesized CeO,.,
nanocrystals.

successfully investigated by Raman spectroscopy.”' In Fig. 2
are presented the Raman spectra of differently synthesized
CeO,.y nanocrystals in the spectral range 350-750 em ™!,
where the F,, mode and oxygen-vacancy-related Raman
modes are positioned. The F,, mode frequency and linewidth
are essentially determined by the particle size, size distribu-
tion, and the presence of defects like oxygen vacancies.”>>*
In a case of H-CeO,., sample, with the largest crystallite
size, the F,, mode is narrow and positioned at 463 cm™ !,
very close to the value for bulk CeO, sample (464.4 cm_l).23
In the case of S—CeO,., and P—CeO,., samples, with much

smaller crystallite size, the F,, peak is very broad, asymmet-

ric, and shifted to lower frequencies (458 ecm~ ' and
454 cm ™, respectively).
The other mode positioned around 600 cm ™' originates

from Ce*"—oxygen vacancy (V) complexes. The intensity
of this mode is proportional to the concentration of oxygen
vacancies.>*2® From Fig. 2, it can be seen that P—CeO,.,
sample has the highest intensity of vacancy mode, implying

J. Appl. Phys. 116, 234305 (2014)

that this sample contains the highest concentration of oxygen
vacancies. In the case of S—CeO,., sample, the concentra-
tion of oxygen vacancies is lower, whereas H—CeO,., sam-
ple has the lowest concentration of oxygen vacancies,
because the corresponding Raman mode is barely visible.
The observed behavior of the oxygen vacancy mode in
investigated samples is expected, having in mind that
P—CeO,., sample has the smallest average crystallite size
and consequently, the highest concentration of defects is
expected to be found in this sample.

The STM/STS measurements present powerful tool for
direct investigation of the electronic structure of nanomateri-
als. Using Raman spectroscopy, we have observed signifi-
cant variations in the oxygen vacancy concentration in
analyzed samples. Having in mind that defect states are
abundant on the surface of nanoparticles, we applied STM/
STS technique to examine how the presence of defects influ-
ences the electronic structure of synthesized ceria samples.
Electronic band structure of stoichiometric CeO, is com-
posed of O2p valence band states and 5d conduction band
(CB) states. Inside the O2p—Ce5d band gap, there is narrow
and localized Ce 4f band composed of empty 4/° states. By
measuring the change in the tunneling current with the bias
voltage, between the STM tip and ceria nanocrystals, infor-
mation about the electronic density of states can be
obtained.”’ Current vs. voltage spectra are shown in Fig. 3(a)
for the H-CeO,.y, S—CeO,.y, and P-CeO,_, samples to-
gether with the STM images of individual nanocrystals on
which the STS measurements were performed. The crystal-
lite size of individual nanocrystals was in good agreement
with the average crystallite size obtained from XRD data.

In Fig. 3(b) are shown the differential conductance spec-
tra (dI/dV) of investigated samples.

For the negative bias voltage, the information about the
occupied electronic states can be obtained. The most promi-
nent occupied band around —3 'V, in all investigated samples
from the Fig. 3(b), corresponds to the O2p band.”**’ When
the oxygen vacancies are formed, part of Ce*" atoms is
reduced to Ce®" atoms, resulting in a partial filling of the Ce
4f states. As a consequence, the Ce 4f band splits into occu-
pied 47! and unoccupied 4f° states. The occupied 4f' states in
CeO,, detected by XPS measurements, were positioned
around 1.2—1.5eV above the top of the valence band.”” In all
investigated samples, 4f' states appear about 0.7—1eV above

%3 (a) AU (b) Ce5d

0.0
ac\ o2 H-CeOz_y FIG. 3. (a) Current vs. voltage curves
?E"O's together with STM images of single
2 0.8 10 nm > ceria nanocrystals. Images were taken
3 on = at Viiae =3 V and T = 100-300 pA. (b)
§_0'3 S-CeO Differential conductance spectra (dI/
©-06 2-y dV) for H-CeO,.,, S—CeO,., and
§ 0.6 P—CeO,., samples. Arrows and aster-
03 _5nm__ isks indicate the position of dI/dV

0.0 maxima which belong to F™ and F°

03 P-C eoz_y * P-Ce Oz. . center defect states.

0.6 y

4 2 0 2 4 3 2 4 0o 1 2 3
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the valence band. In the case of S—CeO,., and P—-CeO,.,
samples, besides the 4f] states, we have detected another
occupied defect electronic states marked with arrows and
asterisks in Fig. 3(b). In the S—CeO,., sample, these states
appear as dI/dV peaks, approximately at —1V and —1.5V.
For the P—CeO,_, sample, occupied states appear at —1.7 V,
whereas no similar states are detected for H—CeO,._, sample.
According to the paper of Jerratsch ef al.,”' two peaks above
the valence band in the differential conductance spectra of
defective CeO, films were ascribed to the splitting of the
occupied 4f1 band. On the other side, the DFT calculations
performed by Han er al.*” on defective CeO, structure
revealed that for increasing vacancy concentration, the elec-
trons are localized not only on 4f states but also on the va-
cancy sites. This is manifested as further splitting of the gap
states into empty and full states. Therefore, the gap states
have substantial contributions from the electrons on the oxy-
gen vacancy site in the case of high oxygen deficiencies.™

Surface defects like oxygen vacancies can trap two, one,
or none electrons forming F°, F™ and F" centers. F° and F™
centers form localized occupied and empty states in the band
gap, whereas F'" centers form only localized empty states
near the conduction band. These types of defects are regis-
tered in various oxide nanomaterials, such as MgO,33 Hf02,34
and TiO,.>> The STS measurements performed on defect rich
surface of MgO™ showed that the additional states were
formed in the band gap of MgO. These states were ascribed
to empty and occupied F center defect states. The appearance
of these states in MgO supports our findings in ceria samples.
In our recently published paper,*® we have demonstrated that
ceria nanocrystals synthetized by SPRT and precipitation
methods exhibited different luminescence properties which
originated from different F center defect states. PL spectra
have shown that F' centres were dominant in the CeO, sam-
ple synthesized by SPRT method, whereas F centres were
the major defects in CeO, sample synthesized by precipita-
tion method. Furthermore, the EPR analysis of these samples
confirmed the existence of paramagnetic F* centers only in
ceria samples produced by SPRT method.”®

For positive bias voltage, the information about the empty
electronic states can be obtained. The most prominent empty
state around 3 V corresponds to the Ce 5d states which presents
the upper part of the CB.*’ At approximately 2.5V, we have
4f° states which form the lower part of CB. Just below the 4f°
state, additional defect electronic states emerge in S—CeO,.,
and P—CeO,., samples which are marked with arrows and
asterisks in Fig. 3(b). These peaks correspond to the empty
states of F centers. The appearance of oxygen vacancy related
empty electronic state, at similar energy, was detected by STS
measurements performed on defect rich surface of ZnO nano-
rods.”” Continuous rise of differential conductance spectrum
for S—CeO,., sample, starting from 1V, indicates significant
presence of unoccupied electronic trap states which can origi-
nate from different kinds of F center states, i.e., from F°, F' or
F* centers. In the case of P—CeO,., sample, there is one visi-
ble empty state at 2V and in a case of H—CeO,., sample, there
are no visible empty states below the 47° band.

Another effect which can lead to the appearance of the
peaks in the differential conductance spectra of metal and
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semiconductor nanoparticles is the so called Coulomb charg-
ing effect, where electron transport between the STM tip and
nanocrystal is governed by electron-electron repulsion inside
the spatially confined nanostructures.”®*’ This phenomena
manifest as staircase behavior in the I(V) curves. The I/V
curves of our investigated samples are flat and the absence of
Coulomb staircases is evident.

Spectroscopic ellipsometry is a complementary tech-
nique to the STS measurements for the investigation of the
electronic band structure and defect electronic states in nano-
materials. Additional motivation for using ellipsometry in
this study lies in the fact that it is very sensitive method to
the changes in the surface structure of the nanocrystals,
where most of the defects are concentrated.

Optical properties of differently synthesized cerium
dioxide nanocrystals were investigated using spectroscopic
ellipsometry in the 2-5 eVspectral region. From the meas-
urements of ellipsometric angles ¥ and A, by using the two-
phase model approximation (CeO,., nanoparticles/air), we
have obtained the pseudo-dielectric function spectra.*’ The
measurement of pseudo-dielectric function enables direct
determination of real and imaginary parts of the complex
dielectric function &(E) = ¢;(E) + ie>(E). The standard critical
points (CPs) model for the dielectric function, in the case of
1D and 3D CPs (m # 0), is given by*' ™

e(E) = C — Ae'?(E — Eog + il")", )
and for 2D, CPs (m = 0) can be written as
¢(E) = C — Ae'’In(E — Ey + il), 6)

where A, Eg, I', and ¢ are the amplitude, energy threshold,
broadening, and the excitonic phase angle of CP, respec-
tively. The factor m determines the dimensionality of the
critical point (m=—1/2 for 1D, m=0 for 2D and m=1/2
for 3D CP). To perform a line-shape analysis of the struc-
tures in the ¢(E) and to obtain the parameters of the critical
points for ceria nanocrystals, we used the expressions from
the articles of Albornoz et al.** and Leén er al.* to fit the
second derivative spectra of the imaginary part of the dielec-
tric function (dzsz/dEz).

The second derivative spectra of & (E) (open symbols)
for all investigated samples are shown in Fig. 4(a), together
with numerical fits (solid lines) based on CP model. An
appropriate level of smoothing was applied in order to sup-
press the noise in the derivative spectra without distorting
the line shape. We have used six critical points to describe
the observed features in the spectra and the obtained parame-
ters are presented in Table I.

The value of excitonic phase angle ¢, for each CP, was
obtained as the best-fit parameter. The obtained ¢ values
were non-integer multiples of 7/2 (0 < ¢ <m/2 for 3D and
1D CP and 0 < ¢ <37/2 for 2D CP), due to the excitonic
effects®** which are expected to be more pronounced in
confined systems like ceria nanocrystals.

Numerical modeling of ellipsometry data was carried
out having in mind that defect structure of ceria nanocrystals
can be well described by the core-shell model.”” According
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to this model, the surface shell of ceria nanocrystals is defect
rich,”’ whereas the core is essentially bulk-like CeO,.
Therefore, the interband transitions related to the fundamen-
tal band gap features were well fitted with 3D line shape.
The interband transitions which originate from defect shell
were best fitted with 2D line shape, whereas for the elec-
tronic transition related to the surface oxygen species, 1D
line shape yielded slightly better fit than 2D line shape.

The most prominent peak at around 4 eV in the d’¢,/dE>
spectra of the synthesized samples from Fig. 4(a) corre-
sponds to the optical band gap of bulk cerium dioxide, i.e.,
the transition from O 2p to the Ce 47° states.?” This transition
is split into two states (2F5/2 and 2F7/2), because of the
spin—orbit interaction,*® so we fitted the main peak with two
CPs (peaks 4 and 5 in Table I). The first CP is located at

TABLE I. Fit parameters of the CPs.

cp H-CeO,., S—CeO,., P—CeO,.,
E (V) 2 2.45
T V) 0.32 0.2
E, (V) 2.6 244 2.55
I, (V) 0.25 03 0.24
E; (V) 32 2.86 3.1
T (V) 0.46 0.24 0.28
E, (V) 3.73 3.6 3.59
I, (V) 036 0.58 0.43
Es (V) 427 42 42
T's (eV) 0.24 0.67 0.24
Eq (V) 438 4.95 4.96
Ts (V) 0.4 0.45 036

CP lineshape analysis is given by solid
(red) lines, (b) energy values of the
reduced band gap and defect electronic
states transitions obtained from CP
model fitting, and (c) schematic repre-
sentation of the electronic band gap
structure of CeO,., nanocrystals.

3.6eV for S—CeO,, and P—CeO,., and at 3.73eV for
H—CeO,., sample. Obtained energy values match the energy
of optical band gap transition in CeO,.*” Second CP of this
transition, at 4.2eV for S—CeO,., and P—CeO,., samples
and at 4.27eV for H-CeO,., sample, corresponds to the
transition from O 2p states into the upper part (*F;/) of the
47° states. We can observe from fitting parameters that
spin—orbit splitting in the S—CeO,._, and P—CeO,._, samples
(Aso=0.6eV) is higher than for bulk sample
(Aso=0.25¢eV), probably due to the strong electron confine-
ment in nanocrystals.*® The O2p—4/” transition is character-
istic transition for bulk CeO, so it was treated as 3D CP.

In the lower energy region from the main peak in
Fig. 4(a), additional structures appear in the d’e,/dE* spectra
which originate from the presence of defect electronic states
in the CeO,., gap. The assignments of these CPs are given as
follows:

» F center states
The CPs at the lowest energies (2-2.45eV) from Table |
were ascribed to different F center types of defects. F cen-
ters are characteristic for defect-rich shell of ceria nano-
crystals and in a case of interband transitions which
correspond to F center states, the best fits were obtained
with 2D line shape.

In a case of S—CeO,., sample, CP at 2eV corresponds
to the transition marked with arrows in Fig. 3(b). Previous
results on HfO, (Ref. 34) and TiO, (Ref. 35) have pointed
out that singly occupied vacancies (F' centers) introduce
electronic states deeper in the band gap. Therefore, we
ascribed CP at 2eV to the F' center type of defect. These
deep localized states appear only in S—CeO,., sample. In a
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case of P—CeO,., sample, the CP at 2.45eV corresponds
to the transition marked with asterisk in Fig. 3(b). This
interband transition can correspond to F type of defects
for which the characteristic is that the occupied/empty elec-
tronic states lie closer to the valence/conduction band.”*
For H—CeO,., sample, there are no pronounced CP peaks
which can correspond to F' or F° states and we have not
observed any additional states in the differential conduct-
ance spectra of this sample too. Therefore, it is reasonable
to assume that the concentration of the F centers is very
low, which is in accordance with the Raman spectrum of
this sample.
« 4f' —F center empty states (4f' — Fes)

Second CP from Table I at energies 2.55 (2.6) eV for
P—CeO,., (H-CeO,.y), can correspond to the transition
from 4f' state to the empty states of F centers (Fes). Since
this transition involves electronic states characteristic for
the defect-rich shell of ceria nanocrystals, the best fit was
obtained with 2D line shape.

In the case of S—CeO,._, sample, the second CP in the
d?e,/dE? spectra at 2.44 eV (marked with asterisk in Fig.
3(b)) can correspond to the transition between full and
empty electronic states of F type of defects. This transi-
tion is already seen in the STS spectrum of P—CeO,.,
sample.

« 4f' — 4f° transition

The critical-point energies at 2.85eV, 3.1eV, and 3.2eV
for S—CeO,.y, P—CeO,._y, and H-CeO,_, samples can
originate from 4f' — 4f° transition. The 2D line shape
yielded the best fit for this transition. The appearance of
4f'and F center defect states reduces the band gap of
CeOs,., samples*”" and shifts the absorption edge more
towards the visible region. Such behavior is contrary to
the quantum confinement model predictions (increase in
energy gap (E,) with decreasing particle size). Although
the confinement effect is present, particularly for
S—CeO,., and P—CeO,_y nanocrystalline samples, the
dominant role in the band gap behavior with decreasing
particle size comes from the formation of 4f' and F cen-
ter defect states in the gap.”® As 4f' — 4/° transition
reduces the optical band gap of ceria, we named it as
reduced band gap (Egg). According to the selection rules
for dipole transition such a transition would be generally
forbidden or would have low oscillator strength.
However in nanosystems, this transition can be allowed
due to the breaking of the selection rules in confined
nanocrystals.

Finally, the critical-point energies at 4.8eV, 4.95¢eV,
and 4.96 eV, in the d’e,/dE” spectra of H—CeO,_, S—CeO,.,,
and P—CeO,_, samples, may be assigned to the oxygen spe-
cies adsorbed on the surface of CeO,., nanocrystals.”’ The
electronic transitions ascribed to adsorbed oxygen were
slightly better fitted with1D than 2D lineshape. The adsorbed
oxygen probably form linear chains on the ceria surface,
similar to the one-dimensional Pt oxide chains formed when
the atomic oxygen covered the Pt(111) surface.”” Critical
point analysis of chain-like structures can be well described
with 1D CPs.”

J. Appl. Phys. 116, 234305 (2014)

In Fig. 4(b) presented are the reduced band gap value
energies together with the corresponding energies of F center
defect electronic states transitions obtained from CP model
fitting, whereas in Fig. 4(c), proposed is the schematic repre-
sentation of the electronic band structure of defective CeO,.,
nanocrystals. It is important to mention here that there is
some discrepancy in the critical point energies observed in
ellipsometric spectra and energies between the correspond-
ing peaks in the differential conductance spectra. This can be
explained by the fact that STS measurements were carried
out on a single CeO,_, nanocrystals, whereas the ellipsomet-
ric measurements were performed on the nanocrystalline
samples composed of different crystallite sizes which con-
tribute to the final CP energy with different weights.

It is known from the literature that the formation of the
F centers in ceria nanostructures is responsible for the
appearance of very interesting effect, the ferromagnetism
(FM) at room temperature. Extensive studies have been per-
formed on the magnetic properties of ceria nanostructures
and the results have demonstrated that charge state of oxygen
vacancy is crucial for the establishment of the ferromagnet-
ism in Ce0,.””*® It is already shown’®"’ that F" center
type of defects mediates ferromagnetic ordering in CeO,.y,
whereas in a case of F° centers, electrons are in a singlet
(S=0) state and can only mediate weak antiferromagnetic
interaction. In order to support the obtained results and the
arguments on the formation of F centers in our samples, we
have measured the magnetization vs. magnetic field for
P—CeO,., and S—CeO,., samples at room temperature and
compared it with bulk CeO, sample. These spectra are pre-
sented in Fig. 5. The bulk sample shows weak diamagnetic
response, what is expected for stoichiometric cerium dioxide
with Ce*™ ions in the 4f electronic configuration. On the
other hand, S—CeO,., sample exhibits ferromagnetism at
room temperature indicating that majority of oxygen vacan-
cies, as the main mediators of FM ordering, is in the F*
charge state. For P—CeO,., sample, magnetization behavior
is very similar to the bulk sample leading us to conclude that
majority of oxygen vacancies is in the F charge state. These
findings are in complete agreement with conclusions from
Ref. 36.
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FIG. 5. Room temperature magnetization versus magnetic field for bulk,
P—CeO,.y, and S—CeO,., samples.
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This study has demonstrated that several types of F cen-
ters can be formed in the nanocrystals depending on the syn-
thesis method. Particle size has important influence on the
formation of F centers, since we have seen that H—CeO,.,
sample with the largest crystallite size has the lowest concen-
tration of F center defects. In a case of samples with much
lower crystallite sizes (S—CeO,., and P—CeO,._,), the charge
state of oxygen vacancies, i.e., the type of F centers formed,
has significant influence on the energy band structure and
magnetic properties of defective CeO,_, nanomaterials.

IV. SUMMARY

The CeO,., nanopowders were synthesized by hydro-
thermal, SPRT, and precipitation methods. XRD and
Raman spectroscopy measurements showed that ceria sam-
ple produced by hydrothermal method had the largest crys-
tallite size, whereas the CeO,., samples produced by SPRT
and precipitation methods, had much smaller crystallite
size. The highest oxygen vacancy concentration was found
in the sample produced by precipitation method. Combined
STM/STS and ellipsometry measurements revealed that dif-
ferent types of F center defects were formed in the band gap
of CeO,., samples. In the case of S—CeO,., sample, both
FY and F" centers were formed inside the gap, whereas for
P—CeO,.y sample, only F° centers were detected. In the
H—CeO,., sample, no similar defect states were detected.
Magnetic measurements confirmed our findings. By sum-
marizing the obtained results, we have concluded that not
only the concentration but also the charge state of oxygen
vacancies, i.e., the formation of different types of F centers
has significant impact on the band structure and optical
and magnetic performance of the synthesized ceria
nanocrystals.
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ARTICLE INFO ABSTRACT

Conducted research presents a rapid and cost-effective approach to technological processing of screen-printed
films with anatase TiO, nanoparticles, by utilizing the high fluence laser radiation. The influence of laser sin-
tering on the screen-printed films was characterized with optical and scanning electron microscopy, energy-
dispersive X-ray (EDX) spectroscopy, Raman spectroscopy, nanoindenter measurements and current vs voltage
measurements. Investigation of surface morphology of screen-printed films revealed that higher laser fluences
caused significant decrease in film thickness, trough evaporation of organic additives used in the paste matrix.
EDX mapping of carbon content in untreated and laser sintered surface confirmed removal of organic additives.
Laser sintering stimulated breaking of large agglomerates into much finer nano-sized particles and promoted
formation of necking between individual grains. Crystal structure and vibrational properties of anatase TiO,
nanoparticles was monitored with Raman spectroscopy before and after laser sintering. Obtained results point
out that anatase polymorph was preserved during the sintering process, without appearance of other phases.
From observation of the behavior of the most intense E; Raman active mode it was deduced that laser sintering
provoked a formation of structural defects i.e. oxygen vacancies in TiO, nanoparticles, whose concentration
increased in the samples treated with higher laser fluences. Mechanical properties of untreated and laser sintered
samples were investigated with nanoindenter measurements using several load forces, in order to carefully probe
the Young modulus and mechanical hardness. From the analysis of collected data, we established that overall
improvement of the mechanical properties with laser sintering originates from formation of very dense ceramic
layer with enhanced interconnectivity between individual TiO, nanoparticles. Measurements of current vs
voltage characteristics clearly demonstrated that increase in laser fluence leads to drastic increase in current
values and improvement of electric conductivity.

Keywords:

A. Sintering

B. Microstructure-final
C. Mechanical properties
D. TiO,

1. Introduction [14,15] and even textile processing [16,17]. Constant development

introduced a large variety of laser sources for functionalization of sur-

Recent technological and industrial advancements have imposed a
staggering need for robust, scalable, cost-effective and innovative so-
lutions for processing of coatings (thick and thin films), foils, bulk
surfaces and other types of functional materials. Driven by the needs for
cleaner energy, environmental protection and efficient health care,
some of the classical energy sources such as UV radiation [1-3], plasma
[4-6] and laser radiation [7-9], have found new fields of application in
present days. Among these technologies, laser surface texturing has
emerged as a versatile tool for improvement of solar cells efficiency
[10-12], photocatalytic performance [13], biosensing applications
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faces, ranging from UV region to NIR wavelengths, that can operate in a
constant flux or in a pulse mode. Pulsed lasers have recently gained a
lot of attention since their pulses can be tuned down to nanosecond
[18], picosecond [19] and femtosecond [20,21] intervals. One of the
most important advantages of laser processing over the other above
mentioned technologies, lies in its spatial resolution. With an appro-
priate choice of optics or optical fibers, a laser spot can be reduced to
micron sizes, enabling very precise localized heating of the target sur-
face without damaging the substrate, which is especially suitable for
flexible substrates [22]. Laser processing is also a very effective tool for
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rapid prototyping (excluding the need for stencils and masks), and can
be easily optimized for roll-to-roll and other types of large scale pro-
duction methods.

Titanium based materials (Ti metal and TiO5) have been extensively
studied for their interaction with laser radiation because of several
fascinating effects that were observed. Laser treatment of Ti metal
surfaces and TiO, films leads to the appearance of laser-induced peri-
odic surface structures (LIPSS) with improved morphological and op-
tical characteristics [23,24]. Another interesting effect was observed
during laser treatment of TiO, nanoparticles in reducing (Ar) ambient
or in colloidal suspension, when the interaction of the laser plume with
the target produces the so called “black titania”, with a very interesting
structural, photovoltaic and photocatalytic properties [25,26]. Most
common polymorphs of TiO,: rutile (tetragonal, P42/mnm), anatase
(tetragonal, I41/amd), and brookite (orthorombic, Pbca/mmm), are
particulary suited for laser treatment because all these structural phases
exhibit an optical band gap in the visible region. Having established the
abovementioned facts, it is clearly understandable why most of the
research attention is devoted to enhancement of the dye sensitized solar
cells (DSSC) performance trough optimization of basic parameters of
the laser treatment method [13,22,27-29].

Available database provides an extensive coverage of literature
about the improvement of optical and photovoltaic properties of na-
nostructured TiO, films and coatings with various laser treatment
methods. In order to take full advantage of these methods, it is essential
to evaluate an effect of laser sintering on the behavior of TiO, nano-
particles and to gain better insight into fundamental features of in-
vestigated oxide material. The vital importance of this evaluation is
based on the fact that mechanical properties, in terms of hardness and
elastic modulus, are the key elements that assure both the structural
integrity and reliability in various fields of applications.

The aim of this work was to investigate the influence of laser sin-
tering on morphology, structural, mechanical and electrical transport
characteristics of the screen-printed films with TiO, nanoparticles. One
of the first milestones was to achieve controllable technological process
for laser sintering of screen-printed nanoparticles, which would induce
removal of organic components of the paste (dispersant and binder) and
promote sintering of titanium dioxide into dense ceramic material. In
the first phase of research we investigated the influence of laser sin-
tering on chemical composition of printed paste matrix and crystallinity
of TiO, nanoparticles, using EDX and Raman spectroscopy. EDX map-
ping of untreated and laser sintered surface revealed that laser sintering
causes decrease of carbon content and appearance of non-stoichio-
metry. Raman spectra of treated films showed that anatase crystal
structure was preserved, but oxygen deficiency increased in the samples
treated with higher laser fluence. From the analysis of SEM images and
nanoindenter measurements we established that increase in the laser
fluence led to decrease of film thickness and better interconnectivity
between TiO, nanoparticles, resulting in increase in Young modulus
and mechanical hardness. Within such framework, it is possible to offer
a cost-effective solution for rapid and large-scale fabrication of ceramic
films and coatings on different substrates that could find potential ap-
plication in electronic devices and advanced technologies.

2. Experimental

One of the main ideas behind the conducted research was to use a
simple technology for the functionalization of TiO, nanoparticles, such
as screen-printing, and to combine it with laser sintering for thermal
treatment and improvement of various physical properties of the
printed films (Fig. 1). Undertaken multidisciplinary approach can be
easily optimized for large scale production of solar cells, sensors and
photocatalytic devices [13,22,30]. We deliberately chose a common
microscope glass slide as substrate (Fig. 1) and easily accessible com-
mercial TiO, nanoparticles, in order to emphasize the low-cost aspect of
the utilized technologies and to make it easily applicable to other
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Glass substrate Screen-printing

. dun
PN N

Screen-printed films Laser treatment

Fig. 1. Schematic representation of multidisciplinary approach undertaken in this re-
search: preparation of microscope glass slide as substrate, screen printing process for the
deposition of TiO, nanoparticles, and laser sintering of the printed films as a post-pro-
cessing step.

nanomaterials and substrates.

For the preparation of the functional paste, 2g of PVP (Sigma-
Aldrich) were initially dissolved in 10 ml of ethanol (Sigma-Aldrich).
1 g of anatase TiO, nanopowder (Sigma-Aldrich, particle size < 25nm)
was dispersed in 400 pl of terpineol (Sigma-Aldrich), followed by ad-
dition of 600 ul of PVP solution. Obtained suspensions were treated
with ultrasonic horn for 10 min. Thus prepared paste was deposited on
the cleaned microscope-glass substrate using a low-cost screen printing
technique (Fig. 1) with EKRA 2H semi-industrial screen printer, in order
to obtain a matrix of screen printed films on the glass substrate.

The next step was to apply a very precise and rapid processing
technology, such as high-power laser radiation (Fig. 1), and to optimize
the parameters of laser treatment of the target surface, with the aim of
achieving a controllable sintering of the screen-printed films and im-
proving desired properties of the nanomaterials. The laser treatment of
printed films was carried out by using a diode-pumped Nd:YAG laser
cutter Rofin-Sinar Power Line D-100, operating in the NIR range at
1064 nm. In order to accomplish a uniform sintering of the surface on
the entire sample, the length of the line scanned by the laser was de-
signed to be 5 mm, with line intervals of 20 um. Frequency of the laser
pulse was set at 65 kHz, and, in order to obtain sufficient pulse over-
lapping, the speed of displacement was adjusted to 1000 mm/s. After-
wards, the laser fluence was varied by adjusting the laser pump current.
Several samples were prepared. One sample was kept untreated, in
order to serve as a reference, while 4 remaining samples were treated
with input current values of 25A, 26 A, 27 A and 28 A, which corre-
spond to laser fluences of 0.15J/cm? 0.17J/cm?, 0.19J/cm? and
0.21 J/cm?, respectively.

Optical microscopy/profilometry measurements were performed
with Huvitz HRM-300 microscope, equipped with Bioimager auto-
matized stage. SEM images were collected on JEOL JSM 6460 LV device
in the backscattering geometry. EDX measurements were carried out on
Hitachi TM3030 electron microscope, coupled with Bruker Xflash EDX
detector. The micro-Raman spectra were collected using Jobin Yvon
T64000 spectrometer, equipped with a nitrogen-cooled CCD detector.
The A = 532nm line of solid state Nd:YAG laser was used as an ex-
citation source, with an incident laser power less than 40 mW, in order
to minimize the heating effects. Investigation of mechanical properties
was performed on Agilent G200 nanoindenter. Current vs voltage
curves were measured on Yokogawa-Hewlett-Packard 4145A semi-
conductor probe analyzer.

3. Results and discussion

Fig. 2a), b), c¢) and d) present the images of untreated and laser
sintered samples taken with 500 x magnification on optical profil-
ometer. These images show that laser sintering introduces a shift in the
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apparent color of printed films, from white for the untreated TiO, to
black for the sample treated with laser fluence of 0.19J/cm? The
sample treated with the highest laser fluence shows significant changes
in the topology, manifested as a formation of new, melted structures
that exhibit better interconnectivity of the material in the surface layer.
The change in contrast in these images reveals that laser sintered sur-
face strongly diffuses the incident light, due to micro-scale re-
organization of the surface roughness and porosity. It is important to
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mention that the laser sintering with fluence higher than 0.19 J/cm?
results in the ablation of printed films, leading to loss of the nanoma-
terial and formation of large voids on the film surface. Similar fluence
threshold (200 mJ/cm?) for ablation of the screen printed TiO, nano-
particles was reported by Pu et al. [28]. For this reason, the highest
laser fluence that was used in this research was set at 0.19 J/cm?.

SEM measurements were performed in order to gain better insight
into the influence of laser sintering on the microstructure of screen
printed films. Fig. 3a), b), c) and d) present the captured images of the
surface morphologies for the untreated and laser sintered samples.
Variation in the film thickness with an increasing laser fluence was
determined from the profile images shown in the right part of the
Fig. 3a), b), ¢) and d). The insets in Fig. 3a), b), ¢) and d) show high
magnification SEM images. The SEM image of the untreated screen-
printed film reveals a porous surface containing micron sized particles
(see the inset of Fig. 3a)) that are much larger than the original anatase
nanoparticles (20-30 nm) used for the preparation of the paste. Such
clusters are formed by agglomeration of individual TiO, nanoparticles,
held-together by dried organic binder and dispersant.

In a recent study [22], the same effect was observed for similar
paste with ethyl cellulose and terpineol matrix. It is important to
mention that in the presented research we used pure anatase TiO5 na-
noparticles, unlike in the majority of previous studies, where P-25 TiO,
nanoparticles (Evonink Degussa P-25) were used [22,27,31,32]. The P-
25 mixture is composed of anatase and rutile phases in the 80%: 20%
ratio, for which it is difficult to uncouple the contributions from in-
dividual phases to the investigated physical properties. Therefore, pure
anatase nanoparticles were chosen in order to easily follow the beha-
vior of a single TiO, polymorph during laser treatment. Furthermore, it
is interesting to note that for temperatures higher than 500 °C this
polymorph starts to transform into rutile phase [33]. Such feature of the
material is a good indicator of the local distribution of temperatures in
printed films during laser treatment.

Increase in laser fluence induces observable modifications of the
surface morphology in the form of melted droplets, as shown in Fig. 3c)
and d). The appearance of melted droplets in the printed film is a direct
result of breaking of large agglomerates. These agglomerates are re-
duced into much finer nanoparticles (see inset in Fig. 3d)), whose di-
mensions are close to the initial size of anatase nanoparticles used in the
paste preparation. Breaking of the agglomerates is accomplished by
laser thermal evaporation of organic components (PVP and terpineol)
whose evaporation temperatures are below 500°C [22,34]. Ad-
ditionally, the laser treatment produced sintering of the TiO, nano-
material, which can be observed as formation of necking between in-
dividual nanoparticles and better mutual connectivity (inset in
Fig. 2d)). In this sintered material, a higher compactness of TiO, na-
noparticles can be detected, accompanied by dramatic increase in
specific surface area. All of the mentioned features reveal great po-
tential for practical applications of the laser sintered films.

The values of film thickness were estimated using the profile SEM
images of printed films shown in Fig. 3. The obtained results are shown
in Fig. 4 and compared with values obtained from optical profilometry
of images shown in Fig. 2a), b), ¢) and d). Both techniques gave very
similar values and the same trend. Film thickness for the untreated
sample was around 40 um, whereas with the laser sintering the film
thickness decreased to 10 um. Decrease in film thickness can be directly
correlated to removal of organic binder components with laser radia-
tion, taking into account the fact that oxide material has much higher
evaporation temperature. Evaporation of organic additives supports
closer packing of the nanoparticles, and formation of dense ceramic
material, resulting in the observed film thickness decrease.

Chemical composition and spatial distribution of constitutional
elements in laser sintered films was investigated with EDX spectro-
scopy. Large area EDX maps of the untreated and the laser sintered film
were measured using SEM microscope, equipped with EDX detector.
SEM image of the investigated area is presented in Fig. 5a), showing
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Fig. 3. SEM images of a) untreated and laser sintered screen-printed films with TiO, nanoparticles, using b) 0.15J/cm?, ¢) 0.17 J/cm? and d) 0.19J/cm? laser fluences.
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laser sintered (0.19 J/cm?) surface on the left side, and untreated film
on the right side. The main features in measured EDX spectra were
assigned to titanium (Ti), oxygen (O) and carbon (C) species. Other
impurities were not detected. Ti and O signature originates from the
oxide nanoparticles, whereas C signature corresponds to the organic
additives used for the paste matrix. Fig. 5b), c), d) present the corre-
sponding C, O and Ti EDX maps of the untreated surface and film sin-
tered at 0.19 J/cm?. When comparing the presented maps with the SEM
image, one can clearly see that laser treatment leads to significant
changes in the spatial distribution of carbon atoms. Carbon content is
lower in the laser sintered surface than in the untreated part. The O
map (Fig. 5c) shows a slight decrease in the oxygen content in the
sintered surface, whereas Ti map does not show any visible changes in
distribution of this element. Lower concentration of O species in treated
surface is a signature of non-stoichiometry. Deviation from ideal stoi-
chiometry can originate from a formation of oxygen vacancies in ana-
tase TiO, structure, caused by high energy laser radiation. Obtained
data lead us to conclusion that the process of laser sintering of screen-
printed films induces evaporation of carbon components in the printed
film and preserves chemical composition of the oxide nanoparticles.
The results also indicate that there is still a certain presence of carbon
species in the treated film, and that laser sintering did not entirely re-
move organic components of the printed paste matrix.

Raman spectroscopy represents a very powerful tool for investiga-
tion of nanostructured materials and surfaces. It provides the essential
information about crystalline phase and degree of crystallinity of TiO,
nanoparticles in the printed paste matrix. Moreover, it could be viable
tool for assessing the TiO, nanocrystals stoichiometry.Fig. 6a) presents
Raman spectra of untreated and laser sintered samples, in the spectral
region where the first order anatase TiO, phonon modes are dominant.
Within the spectrum of untreated TiO, five distinct modes can be as-
cribed to phonon modes of anatase TiO, crystal structure. Raman
modes positioned at 145, 197 and 639 cm ™! belong to E; modes,
whereas modes at 398cm™' and 517cm”' correspond to the B,
phonon modes [35,36]. Among these modes, E; mode at around
145cm ™! exhibited noticeable changes. This mode is broader and
shifted to higher frequencies with respect to its bulk counterpart. Such
behavior can be ascribed to the quantum size effects, strain or non-
stoichiometry [37,38]. All Raman modes of anatase crystal structure
can be observed in laser treated samples too, providing clear evidence
that in these samples, besides the anatase phase, the presence of other
phases was not detected. Therefore, it can be concluded that during the
laser treatment, local sintering temperature did not exceed 500 °C that
instigates transition towards rutile structure [33]. The intensity of this
mode, as well as signal-to-noise ratio, decreased in the films treated
with higher laser fluence. The SEM analysis of the samples indicated
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TM3030_1366

Fig. 5. a) SEM image of the laser sintered (left) and untreated surface (right) of screen-
printed film. Laser fluence used for sintering was set at 0.19 J/em?. b), ¢) and d)
Corresponding carbon, oxygen and titanium EDX maps of untreated and treated parts.
(For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

transformation of the surface morphology, i.e an appearance of much
finer nanoparticles with higher specific surface area and enhanced
porosity. The observed changes in the Raman spectra of films treated
with higher laser fluence can be ascribed to increased porosity. How-
ever, another reason for the changes can be found in the formation of
oxygen vacancies and lack of Ti-O bonds, particularly at the samples
surface. Oxygen vacancies are the most prevalent defects in metal
oxides like TiO,, and their formation is more favorable in anatase than
in rutile phase [39]. Furthermore, a novel treatment of hydrogenation
of TiO, surface, which provoked high disorder in surface layers, led to
formation of stable reduced TiO», followed by drastic change in color, e.
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Fig. 6. a) First-order Raman spectra (black curve), together with Lorentzian fits (red
curve) for the untreated and laser treated samples. b) Variation in the most-intense Eg
mode position and linewidth with the laser fluence. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

g., darkening of the nanomaterial [40,41]. Based on these findings, it is
reasonable to assume that during the laser treatment of TiO, films,
oxygen vacancy defects are formed in the surface layer, as confirmed by
EDX map of O species (Fig. 5¢)). Also, formation of oxygen vacancies is
accompanied by color change of treated samples from white to black, as
observed in the optical microscopy images (see Fig. 2).

Deconvolution of the Raman spectra was performed by Lorentzian
profile (red curves in Fig. 6a)). The main effect of the laser sintering
manifested as an increase in linewidth and blueshift of the TiO, phonon
modes. Pronounced blueshift and broadening of E, mode at 145cm ™!
was detected in the films treated with higher laser fluence. In their
paper, Parker and Siegel [42] demonstrated that shift and broadening
of Raman modes in anatase and rutile polymorphs can be solely

10980

Ceramics International 44 (2018) 10975-10983

—e— Young nmodulus]

H(GPa)

O W o o N MO
P TP R S I

Load (mN)

N
o
I

10+

— T T
2000 4000 6000
Displacement (nm)

T
8000

Fig. 7. Load versus displacement curves for untreated sample, measured at 1 mN, 5mN,
10 mN, 25 mn and 50 mN.

ascribed to oxygen stoichiometry, which can be quantitatively assessed
by nondestructive Raman spectroscopy. The appearance of oxygen va-
cancies as defects, directly influences local crystal symmetry and affects
the force constants of the E; mode, leading to a frequency blueshift and
increase in phonon damping. The Fig. 6b) presents values of the fre-
quency and linewidth for the most intense E; mode. Keeping in mind
the quantitative estimation of O/Ti ratio from Ref. [42], and knowing
the position and bandwidth of E; mode (Fig. 6b)), we can estimate that
the O/Ti ratio is about 1.99 for the sample treated with the lowest laser
fluence, whereas for the sample treated with the highest laser fluence
this ratio decreased to 1.96. Obtained information reveals that laser
treatment preserves crystal structure of TiO, nanoparticles and induces
formation of structural defects in the form of oxygen vacancies, con-
centration of which increases in the samples treated with higher laser
fluence.

Mechanical properties of untreated and laser sintered screen-printed
films with TiO, nanoparticles were studied using nano-indentation
technique. Aiming to obtain better statistics and more reliable data,
Young modulus and hardness were carefully probed using several load-
forces, and several measurements points on the surface of samples. The
Fig. 7 shows 20 load-displacement curves, measured for each load
(1 mN, 5mN, 10 mN, 25 mN and 50 mN), only for the untreated sample.
Values of load-forces are chosen to discriminate the influence of the
glass substrate on the resulting characteristics of the investigated
samples. For each load-force, 20 measurements were taken in rectan-
gular array on different spots on the surface of investigated sample. The
adopted approach offers a proper insight into mechanical properties,
because localized defects, impurities and irregularities can very often
produce an incorrect conclusion about Young modulus and hardness.
Based on the obtained measurements for the untreated sample, one can
see that, with an increase in the applied load, the curves shift to higher
values of displacements on sample surface (higher penetration depth).
This is due to the fact that TiO, nanoparticles in as-printed film are
loosely bound by the paste matrix.

Values of Young modulus and hardness are calculated from the
averaged load-displacement curves, using the Oliver-Pharr method [43]
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for each load-force and the results are presented in the inset of Fig. 7.
With increase in the applied load, the values of Young modulus and
hardness decrease. Large standard deviations and very low displace-
ment into sample surface for 1 mN and 5mN suggest that the mea-
surements performed at these values of load forces are not reliable. This
can be expected, since these are the lowest load forces that can be
probed with nanoindenter.

Following the investigation of untreated sample, special attention
was devoted to the influence of laser sintering on mechanical properties
of screen-printed films. For the purpose of quantitative analysis, we
averaged 20 measurements obtained for each load-force (like in Fig. 7),
and also for each laser fluence that was used for sintering. The Fig. 8
presents comparison of the obtained averaged load displacement curves
for untreated and laser sintered samples. From Fig. 8 it can be easily
noticed that, with the increasing laser fluence, the curves shift towards
lower penetration depth compared to untreated film. For sample
treated with the highest laser fluence, the load-displacement curve
shows maximum shifting toward lower penetration depth, which di-
rectly confirms our assumption that laser treatment process induces
localized sintering and hardening of the printed film with TiO, nano-
particles. For the samples treated with laser fluences of 0.17 J/cm? and
0.19 J/cm?, and for the highest load-forces (25 mN and 50 mN), we can
detect deviation from the expected behavior in load displacement
curves as the non-uniform increase in displacement and appearance of
critical points (marked with arrows in Fig. 8). Such features can origi-
nate from surface roughness, local defects and non-homogeneities in
the printed film [44]. Appearance of these defects can produce false
values of Young modulus and hardness so it is not advisable to calculate
mechanical parameters from the curves possessing such features.

Having in mind that measurements for the lowest applied loads are
not reliable and that for the highest applied loads critical points affect
the measurements, we chose the curves measured at 10 mN for the
calculation and comparison of mechanical parameters for the untreated
and laser sintered films. Young modulus and hardness were calculated
from the measured load-displacement curves at 10 mN load and their
values are presented in the Fig. 9. The obtained values for hardness
provide information about the resistance of the screen-printed film to
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Fig. 9. Comparison of Young modulus and hardness values for untreated and laser treated
samples. Presented values were calculated for 10 mN maximum load, from the curves
presented in Fig. 7.

deformation caused by applied load force, whereas the Young modulus
can be interpreted as the ability of the printed film to recover in its
initial shape and form (stiffness of the material). For the untreated
sample we obtained the lowest values of modulus, reflecting the low
connectivity between the grains in the screen-printed matrix. For
sample treated with highest laser fluence we measured substantial in-
crease in Young modulus and hardness values. Presented results are in
good agreement with SEM measurements, since it was established that
the first stage of laser sintering process induces formation of necking
between nanoparticles, yielding a dense and compact TiO, layer. The
observed process strongly resembles a transition of micro-porous
powdered material towards a solid ceramic one.

The significant increase in modulus and hardness values with laser
treatment shows that sintered surfaces exhibit very good recovery
characteristics and improved resistance to applied load. Compared to
literature data for films prepared with pulsed magnetron sputtering
(hardness H = 8 GPa, Young modulus E = 170 GPa) [45], modified
physical vapor deposition technique (H: 0.1-4.4 GPa, E: 20-122 GPa)
[46], nanocellulose composites (H = 3.4 GPa) [47] and for dip coating
(H = 0.69 GPa) [48], the values obtained in the presented research
reveal that the applied laser treatment produced successful sintering of
the oxide nanoparticles into ceramic material. It is important to keep in
mind the fact that applied technological processes in this work are by
far cost-effective than the ones reported in the literature. Gaillard et al.
[46] reported 4.4 GPa value for the hardness of anatase polymorph, but
this value was obtained after additional sintering of the laser treated
TiO, film. Anatase is a very interesting material, because it is stable at
lower temperatures (< 500 °C) and ambient pressure, so it mainly oc-
curs in nanocrystalline form. For this reason, it is very important to
characterize its fundamental mechanical properties in order to expand
the scope of applications of anatase polymorph in advanced technolo-
gies. For temperatures higher than 500 °C, anatase starts to transform
into rutile polymorph, which naturally possesses much higher hardness
and Young modulus [49]. At very high temperatures and pressures,
achieved by laser sintering in diamond cell, anatase can transform into
cotunnite polymorph, the hardest known oxide [50]. This polymorph
exhibits extremely high hardness and Young modulus, comparable even
to the artificial diamond. The 2.9 GPa obtained in this research, for the
film treated with 0.19J/cm? is lower than the one reported for the
films developed with pulsed magnetron sputtering [45] and sintered
laser treated film [46]. This is probably due to the fact that not all
organic additives were removed during the laser treatment process, as
we have seen from the EDX maps. Analysis of the conducted research
and comparison with literature database provides substantial room for
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further improvement.

Formation of necking between individual nanoparticles is one of the
most important features of the sintering process, with strong impact on
the application of these materials in advanced technologies. Electronic
transport in devices based on semiconductor oxide nanomaterials is
essentially dependent on the formation of necking and good con-
nectivity among nanoparticles [51]. Aiming to investigate the effect of
laser fluence on conductivity of screen-printed films, we measured the
current versus voltage characteristics in the DC regime. For successful
and reliable measurements, the first step was to prepare the Ag inter-
digitated electrodes on glass substrate with screen-printing technique.
The SEM image of interdigitated electrodes is shown in the inset of
Fig. 10. The next step was to print the prepared paste with anatase TiO,
nanoparticles on top of the electrodes and, finally, printed films were
laser sintered using the same parameters in order to obtain identical
values of the laser fluence. The Fig. 10 shows I(V) curves for the un-
treated and samples sintered with 0.17 J/cm? and 0.19J/cm? laser
fluences, measured in the — 5 to 5V range. All measured curves exhibit
typical semiconductor response, with an evident deviation from linear
behavior originating from non-ohmic contacts between printed paste
matrix and silver electrodes.

Fig. 10 clearly demonstrates that increase in laser fluence induces
significant increase in the current values. For untreated sample, the
profile of I(V) curve corresponds to the material with poor conductivity
(9 nA at 5V), whereas for the sample treated with 0.19 J/cm? we have
order of magnitude higher current (16.6 pA at 5V). Generally, DC
transport properties of the porous nanomaterial, where nanoparticles
are packed together, are governed by the grain-boundary resistance,
since the resistance at these contacts is much higher than the resistance
across single nanoparticle [52]. During sintering process, most of these
grain boundaries disappear as the nanoparticles form neck-like struc-
tures and the grains connect together. In this case, the grain con-
ductivity becomes dominant, and increase in current values can be
detected, as shown in Fig. 10. Improvement of DC conductivity with
laser sintering is essential for optimum performance of these materials
in gas sensors and photovoltaic devices.

4. Conclusion

Analysis of the obtained results clearly indicates that laser treatment
leads to significant improvement of mechanical properties of the
screen-printed films. Laser induced evaporation of organic components
in the paste matrix enabled total reorganization of the surface mor-
phology, through breaking of the agglomerates into more compact and
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denser material with nanostructured surface roughness. The investiga-
tion of chemical composition in untreated and laser sintered films with
EDX spectroscopy, revealed that carbon content is lower in the laser
treated film due to evaporation of organic additives. The investigation
of crystal structure and vibrational properties, performed with Raman
spectroscopy, pointed out that anatase crystal structure is preserved
during the laser sintering without presence of other phases, and that
implementation of higher laser fluences led to increased non-
stoichiometry in the TiO, nanoparticles. Nanoindenter measurements
were carried out at several applied loads (1 mN, 5mN, 10 mN, 25 mN
and 50 mN), in order to carefully probe the Young modulus and me-
chanical hardness. Based on refined measurements, it was established
that laser treatment induces sintering and hardening of the oxide ma-
terial into dense ceramic coating with enhanced resistance to me-
chanical deformation and recovery characteristics. Benefiting from
improved mechanical properties and formation of necking between
individual nanoparticles during laser sintering process, a dramatic in-
crease in DC conductivity was detected. Combination of the two simple
technologies (screen-printing and laser processing) in the presented
research offers a cost-effective solution to design and fabrication of
semiconductor electrical devices with enhanced mechanical properties.
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1. Introduction

Zinc oxide (Zn0), a wide band gap semiconductor (Eg = 3.37 eV)
with large exciton binding energy, is an important material in various
fields of application due to its low cost and excellent physical and chem-
ical properties, such as high melting point (1975 °C), high thermal and
chemical stability, a large piezoelectric coefficient, high electrochemical
coupling coefficient, broad range of radiation absorption and high
photostability [1]. For this reason, ZnO is an excellent candidate for
solar cell [2], light-emitting diodes in the blue and UV regions [3],
ultraviolet photoconductive detectors [4], piezoelectric transducers
[5], photocatalyst [6], etc.

The aim of this work was to examine the possibility of formation of
ZnO based coatings on aluminum substrate by plasma electrolytic
oxidation (PEO) and to probe their photoluminescent (PL) and photo-
catalytic properties. PEO is an economic, efficient, and environmentally
friendly processing technology capable of producing in-situ oxide
coatings on some metals (aluminum, magnesium, titanium, zirconium,
tantalum, etc.) as well as on their alloys [7]. The PEO process is coupled
with the formation of plasma, as indicated by the presence of
microdischarges on the metal surface when the supplied voltage is
higher than a critical value (known as the breakdown voltage) [8]. The
microdischarging results in localized high temperature (10> K to
10* K) and high pressure (~10% MPa), and various processes including

* Corresponding author.
E-mail address: sstevan@ff.bg.ac.rs (S. Stojadinovic).

http://dx.doi.org/10.1016/j.surfcoat.2015.06.013
0257-8972/© 2015 Elsevier B.V. All rights reserved.

plasma-chemical, electrochemical, and thermodynamical reactions
occur at the microdischarge sites [9]. These processes allow the forma-
tion of oxide coatings that contain crystalline and amorphous phases
with constituent species originating both from metal and electrolyte.
Having in mind that such severe conditions exist on the surface during
the PEO process, we assumed that the deposition of ZnO nanoparticles
from electrolyte is possible and that obtained oxide coatings may be
interesting for various applications.

2. Experimental details

Rectangular samples cut from the commercially available aluminum
(99.9% purity) were used as working electrodes in the experiment. The
dimensions of the samples were 25 mm x 10 mm x 0.25 mm. The
working electrodes were sealed with insulation resin leaving only active
surface with an area of 1.5 cm? accessible to the electrolyte. Before the
anodization, samples were degreased in acetone, ethanol, and distilled
water, using ultrasonic cleaner, and dried in a warm air stream. During
the anodization, the electrolyte circulated through the chamber-
reservoir system and the temperature of the electrolyte was maintained
at (20 + 0.5) °C. Water solution of 0.1 M boric acid (H3BOs) + 0.05 M
borax (Na;B407- 10H,0) was used as a supporting electrolyte. Commer-
cially available ZnO powder was used as a source of nanoparticles and
added to the supporting electrolyte in the concentration of 2 g/L ZnO.
The average size of ZnO nanoparticle was estimated to be around
28 nm (calculated by Williamson-Hall method using obtained XRD pat-
terns). Anodizing was carried out at a current density of 150 mA/cm?.
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After the anodization, samples were rinsed in distilled water to prevent
additional deposition of electrolyte components during drying.

Scanning electron microscope (SEM) JEOL 840A equipped with
energy dispersive x-ray spectroscopy (EDS) was used to characterize
morphology and chemical composition of formed oxide coatings. The
crystallinity of oxide coatings was analyzed by x-ray diffraction (XRD),
using a Rigaku Ultima IV diffractometer in Bragg-Brentano geometry,
with Ni-filtered CuKo radiation (A = 1.54178 A). Diffraction data were
acquired over the scattering angle 26 from 20° to 80° with a step of
0.020° and acquisition rate of 2°/min.

Micro-Raman spectra were collected at room temperature using the
TriVista 557 Raman system equipped with a nitrogen-cooled CCD
detector in the backscattering configuration. The X\ = 532 nm line of
solid state laser was used as an excitation source.

PL spectral measurements were taken on a Horiba Jobin Yvon
Fluorolog FL3-22 spectrofluorometer at room temperature, with a Xe
lamp as the excitation light source. The obtained spectra were corrected
for the spectral response of the measuring system and spectral distribu-
tion of the Xe lamp.

For photocatalytic activity evaluation, the photodegradation of
aqueous methyl orange (MO) solution at room temperature was used
as a model reaction. The concentration of MO solution was 8 mg/L. Sam-
ples of 15 mm x 10 mm active surface area were immersed into 10 mL of
MO solution and placed on the holder, 5 mm above the bottom of the re-
actor, with magnetic stirrer located under the holder. Prior to illumina-
tion, the solution and the catalyst were magnetically stirred in the dark
for 30 min to achieve adsorption-desorption equilibrium. The MO solu-
tion was then irradiated under lamp that simulates solar radiation
(Solimed BH Quarzlampen), with a power consumption of 300 W,
housed 25 cm above the top surface of the solution. [llumination intensity
on the top of the photocatalytic reactor was 850 Ix. A fixed quantity of
MO solution was removed every 2 h to measure the absorption and
then concentration, using UV-VIS spectrometer (Thermo Electron Nicolet
Evolution 500). After each measurement of MO concentration, probe so-
lution was returned back to the photocatalytic reactor. MO has a maxi-
mum absorbance at 464 nm, which was used as a wavelength for
monitoring MO degradation. The absorbance was converted to MO con-
centration in accordance with a standard curve showing a linear relation-
ship between the concentration and the absorbance at this wavelength.
Prior to the photocatalysis, MO solution was tested for photolysis in the
absence of the photocatalyst in order to examine its stability. The lack
of change in MO concentration after 12 h of irradiation revealed that
degradation was only due to the presence of the photocatalyst. The repro-
ducibility of the results was verified by performing each test several
times.

3. Results and discussion
3.1. Morphology, chemical, and phase composition of Al,05/ZnO coatings

Time variation of anodization voltage of aluminum at 150 mA/cm? in
electrolyte containing 0.1 M H3BO3; + 0.05 M Na,B40--10H,0 + 2 g/L
ZnO is shown in Fig. 1. From the beginning of anodization, the voltage
increases roughly linearly with time to about 400 V with average
slope of 34 V/s (stage I in Fig. 1) resulting in the constant rate of increase
of the compact barrier oxide film thickness [10]. During this stage, the
main part of the total current passing through the barrier oxide film is
ionic current which forms oxide film. Throughout the anodization elec-
trons are injected into the conduction band of the aluminum oxide film
and accelerated by the electric field producing avalanches by an impact
ionization mechanism [11]. When the avalanche electronic current
reaches a certain critical value the breakdown of the barrier oxide
films occurs. The point of dielectric breakdown can be identified by an
apparent deflection from linearity in the voltage-time curve, starting
from so-called breakdown voltage. At this point, a large number of
small-sized microdischarges evenly distributed over the whole sample
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Fig. 1. Time variation of voltage during galvanostatic anodization of aluminum at
150 mA/cm? in electrolyte containing 0.1 M H3BO3 + 0.05 M Na,B,40;- 10H,0 + 2 g/L ZnO.

surface appear. After the breakdown, anodization voltage still increases,
but the voltage-time slope decreases towards relatively constant value
of the anodization voltage (Stage Il in Fig. 1).

Multiple coexisting processes such as oxide formation, dissolution
and dielectric breakdown are typical for PEO [12]. At the beginning of
the anodization, oxide layer grows at the aluminum/oxide and oxide/
electrolyte interfaces as a result of migration of 0 ~/OH™ and AI**
ions across the oxide assisted by a strong electric field. The proposed
chemical reactions at the aluminum/oxide interface are [13]:

2Al + 30%,,—~AL 05 + 62, 1)
A=A +3e™. @)

Simultaneously, at the oxide/electrolyte interface the following
reaction takes place:

ZAI;;Eid + 9H20_)A1203 + 6H3 O+, (3)

During the PEO process, components of the electrolyte are drawn
into the discharge channels. Alongside, aluminum is melted out of
the substrate, enters the discharge channels, and gets oxidized. In the
following step, oxidized metal is ejected from the channels into the
coating surface in contact with the electrolyte and in that way increases
the coating thickness around the channels. At last, discharge channels
get cooled and the reaction products are deposited onto its walls. The
ZnO0 nanoparticles take part in this process through the electrophoretic
and microdischarging mechanisms. Due to the electrophoretic effect,
the ZnO nanoparticles move in the direction of anode and locally high
temperature and pressure induced at the microdischarge sites result
in deposition of the ZnO nanoparticles on the surface of oxide coatings.

SEM micrographs of the surface coatings obtained at various stages of
PEO process are shown in Fig. 2. Numerous microdischarge channels
with different diameters and shapes, as well as regions resulting from
the rapid cooling of molten material, decorate the surface of the coatings.
Results of the EDS analyses of surface coatings in Fig. 2 are shown in
Table 1. Main elements of the coatings are Al, O, and Zn. The concentra-
tion of Zn increases with PEO time. Although one may expect incorpora-
tion of boron from the electrolyte into the surface coatings obtained by
PEO [14], we were not able to detect its presence utilizing EDS analysis,
possibly because its concentration is below the detection limit of our
equipment. Fig. 3 shows SEM micrograph and EDS of two different re-
gions on surface coating processed for 5 min (Table 2). Due to a high
sparking strength in microdischarge channel oxide coating in the sur-
rounding area is mainly composed of aluminum and oxygen (spectrum
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sopm (e)

®um (f)

Fig. 2. SEM micrographs of surface coatings formed at various stages of PEO process: (a) 1 min; (b) 3 min; (¢) 5 min; (d) 10 min; (e) 15 min; (f) 30 min.

2), while grains observed on the surface contain significant amount of
zinc (spectrum 1).

SEM micrographs of polished cross sections of PEO coatings grown
on aluminum are presented in Fig. 4. Relatively dense layers, thick
about 4.9 pm, 6.6 pm and 8.8 um are formed after 10 min, 15 min and
30 min of PEO, respectively. The results of line scan EDS analysis in ten

Table 1

EDS analyses of oxide coatings in Fig. 2.
Sample PEO time [s] Atomic [%]

0] Al Zn

Fig. 2a 1 45.17 54.49 0.34
Fig. 2b 3 53.73 45.75 0.52
Fig. 2¢ 5 55.12 43.46 142
Fig. 2d 10 58.12 40.10 1.78
Fig. 2e 15 59.12 38.85 2.03
Fig. 2f 30 65.66 26.40 7.94

points on cross-sectioned surface formed by PEO for 15 min (Fig. 4b)
are given in Table 3. Elemental Zn (originating from ZnO nanoparticles)
was detected through entire depth of the coating, but its content
gradually increases towards outer layer of oxide coating.

The XRD patterns of surface coatings obtained after various PEO
times are shown in Fig. 5. The coatings are partially crystallized and
mostly composed of gamma alumina and alpha alumina. Patterns in
Fig. 5 suggest that during the first minute of anodization, amorphous
alumina is formed, while after 3 min amorphous alumina becomes
moderately crystallized. Diffraction peaks attributed to gamma alumina
phase indicate crystallization of amorphous alumina. Amorphous alu-
mina transforms into gamma alumina under annealing temperatures
ranging from 800 °C to 950 °C [15]. After about 10 min from the onset
of PEO, gamma alumina transforms into alpha alumina. Alpha alumina
is thermodynamically stable at all temperatures, whereas gamma
alumina is metastable and starts to transform into alpha alumina at
temperature above 1000 °C. With prolonged PEO times, alpha alumina
phase becomes the dominant crystalline form of aluminum oxide.
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Spectrum?2

10 um

Fig. 3. SEM micrograph with marked positions of EDS spectra in Table 2 of oxide coating
formed by PEO for 5 min.

XRD pattern of pure ZnO powder that was used as a source of ZnO
nanoparticles is shown in Fig. 6. The peaks corresponding to (1 0 0),
(002),(101),(102),(110),(103),and (11 2) planes are in accord
with the typical wurtzite type structure of ZnO crystals. Peaks corre-
sponding to unknown/unidentified phases were not observed in XRD
pattern, indicating high purity of ZnO powder. Nevertheless, we were
not able to detect any peaks corresponding to ZnO in XRD patterns of
surface coatings obtained after different PEO times (Fig. 5). The main
reason for this is the low concentration of uniformly dispersed ZnO
nanoparticles all over the surface coatings. In order to investigate
whether ZnO nanoparticles are present in oxide coatings, we performed
Raman measurements (Fig. 7). Raman spectrum of ZnO powder
(Fig. 7d) is characterized by a strong band at about 438 cm™ ! corre-
sponding to the E; mode, which is the strongest Raman mode in the
wurtzite crystal structure of ZnO [16]. The Raman band at about
329 cm™ ! is assigned to acoustic mode, while the weak Raman bands
at about 381 cm™ ' and 410 cm ™! are assigned to overtone of A; and
E; transverse optical phonons [17]. Strong E; mode can be identified
on all Raman spectra of the surface coatings formed by PEO. Strong
bands at about 418 cm™ ! and 379 cm ™' correspond to A4 and Eg
Raman active modes of alpha alumina [18]. These bands can be identi-
fied on Raman spectra of Al03/Zn0O coatings formed after ten or more
minutes of PEO, which is in agreement with XRD measurements
(Fig. 5). The main E; mode of ZnO exhibits slight broadening due to in-
terference with active mode Eg at about 431 cm™ ' of alpha alumina [18].

3.2. Photoluminescent and photocatalytic properties of Al,O3/ZnO coatings

Evolution of the PL emission spectra of Al,03/Zn0O coatings formed
during the PEO process is shown in Fig. 8. PL emission spectra in
Fig. 8a feature a very intense and sharp band centered at about
385 nm, one visible broad band centered at about 510 nm, and a weak
ultraviolet band centered at about 327 nm. On the PL emission spectra
in Fig. 8b in addition to the visible broad band a sharp band at about
693 nm appears. Some of these PL bands are related to the PL of Al,03
and other to the ZnO. In order to explain the spectra we performed PL

Table 2
EDS analysis of oxide coating in Fig. 3 formed by PEO for 5 min.
Atomic [%]
o Al Zn
Spectrum 1 63.96 30.99 5.04
Spectrum 2 49.94 49.42 0.64

10 um (@)

10 pm (b)

10um (c)

Fig. 4. SEM micrographs of polished cross-section of oxide coatings formed by PEO process
for: (a) 10 min; (b) 15 min; (c) 30 min.

measurements of surface coating formed in the supporting electrolyte
without ZnO powder (0.1 M boric acid + 0.05 M borax), as well as the
pure ZnO powder (Fig. 9).

PL spectra of ZnO powder consist of a relatively weak near-
ultraviolet emission band centered at about 385 nm and one broad
green emission band centered at about 510 nm. It is generally acknowl-
edged that the green emission of the ZnO is due to oxygen vacancy and
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Table 3
Cross-sectional EDS analysis of oxide coatings in Fig. 4b.
Atomic [%]
(6] Al Zn
Point 1 36.29 63.56 0.15
Point 2 42.08 57.68 0.23
Point 3 41.05 58.69 0.26
Point 4 43.80 55.92 0.28
Point 5 44.61 55.16 0.23
Point 6 48.19 51.53 0.28
Point 7 51.45 48.29 0.26
Point 8 50.36 49.18 0.46
Point 9 50.83 48.43 0.74
Point 10 51.09 47.58 1.28

zinc vacancy related defects [19], while the ultraviolet emission is at-
tributed to the radiative recombination of free excitons [20]. On the
other hand, wide PL bands of Al,O5 occur in the range from 300 nm to
600 nm and the PL centers are defect centers related to oxygen vacan-
cies in oxide films (F and F' centers) [21]. In the PL emission spectra
of Al,03 coating formed by PEO, bands at about 327 nm and 693 nm
are related to F* centers in alpha alumina [21,22]. PL of Al,O5 coating
is much weaker than the corresponding PL of Al;03/Zn0 coating formed
under the same anodic conditions (current density and time of anodiza-
tion). This indicates that the main contribution in PL for Al,03/Zn0 coat-
ings comes from ZnO deposited on the surface of such coatings. Band at
693 nm from alpha alumina can be detected in PL emission spectra of
Al;,05/Zn0 coatings formed after 10 min (Fig. 7b), which is also in agree-
ment with XRD and Raman measurements (Fig. 4).

Fig. 8 shows that both near ultraviolet and green bands of Al,03/ZnO
coatings increase with time of PEO, but unlike in the case of PL of ZnO
powder, ultraviolet PL band is much more intense than the green PL
band. Wang et al. showed that Al,05 buffer layer leads to an increase
of the ultraviolet and a decrease of green bands of ZnO [23]. They pro-
posed that the green band quenching of the ZnO films growing on
Al,O5 buffer layer was due to the decrease in the concentration of oxy-
gen vacancies. Namely, the oxygen atoms drift from the Al,O5 layer and
occupy oxygen vacancies in ZnO film during its growth, thus improving
its crystallization. Some authors have reported that the improvement
the crystalline quality of ZnO (low structural defects, oxygen vacancies,
zinc interstitials, and decrease in the impurities) may cause the appear-
ance of a sharp and strong ultraviolet emission and a suppressed and/or
weak green emission [24-26].

The efficiency of MO photodegradation for Al,05/ZnO coatings
formed after various PEO times is shown in Fig. 10. C is the initial con-
centration of MO and C is the concentration after time t. Fig. 10 clearly
implies that photoactivity of Al,03/Zn0O coatings increases with PEO
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Fig. 5. XRD patterns of oxide coatings formed at various stages of PEO process.
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Fig. 6. XRD pattern of used ZnO powder.

time. Since it is well known that alumina is not photocatalytically active,
it can be proposed that the increase in activity with PEO time is a conse-
quence of the oxide layer thickening, resulting in an increase of highly
dispersed ZnO phase content. This statement is supported by previously
discussed EDS, XRD, and Raman spectra. Also, improved activity of ZnO/
Al,03 photocatalyst coincides with increase of PL intensity (Fig. 8). It is
widely accepted that PL intensity reflects the rate of electron/hole re-
combination; in other words, materials with low PL intensity have
high PA and vice versa. Following this reasoning, one can conclude
that the nature of photoactive centers in ZnO/Al,03 oxide coatings
remains unchanged with prolonged PEO time, i.e., there is only an
increase of their number within the oxide layer.

It should be stressed that there is inhomogeneity in ZnO distribution
within the oxide layer and ZnO is predominantly deposited in the outer
layer of oxide coating. This observation imposes a question about more
detailed consideration of nonuniform distribution of ZnO within the
oxide coating. It seems that surface charge of ZnO plays an important
role in the course of coating preparation. The pH value around 8 of the
electrolytic solution we used in this experiment is beneath the isoelec-
tric point that corresponds to the value of pH from around 10 indicating
that surface of ZnO particles is positively charged [27]. Therefore, there
are repulsive forces between the anode and positively charged ZnO par-
ticles, allowing only a small quantity of ZnO to be incorporated into
oxide coatings in the early stages of PEO process. The incorporation of
ZnO into oxide coating at this stage is related to its trapping by the
outer layer due to locally high temperatures and significant turbulence
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Fig. 7. (a) Raman spectrum of oxide coating formed after 3 min of PEO; (b) Raman spec-
trum of oxide coating formed after 10 min of PEO; (c) Raman spectrum of oxide coating
formed after 15 min of PEO; (d) Raman spectrum of ZnO powder.
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of electrolytic solution. As the thickness of oxide coating increases with
PEO time, electric field decreases and subsequently repulsive forces
weaken allowing easier approach of ZnO particles to the outer layer,
causing progressive increase of ZnO content on the top of the thicker
oxide coatings.

We have already discussed that the phase composition of Al;03/Zn0O
coatings changes with increased PEO time. At the same time, a change of
alumina texture occurs due to gradual crystallization, going from amor-
phous alumina through the gamma phase up to the alpha phase, as
presented on Fig. 5 (XRD data). Accordingly, specific surface area of alu-
mina dramatically drops from several hundred m?/g for its amorphous
phase to a few m?/g for alpha phase as a result of alumina sintering on
the higher temperatures [28]. Process of sintering can capture ZnO mak-
ing it inaccessible either to the light as immaterial reagent or to organic
dye, causing the photoactivity of samples processed for PEO time over
10 min to be probably suppressed as a result of significant loss of surface
area as alpha alumina appears. Simultaneously, there is an enrichment of
ZnO on the surface of obtained oxide coatings (Table 1) and the contribu-
tion of these individual processes to the overall photoactivity becomes
complex. It is also worth mentioning that similar photocatalytic behavior
is observed for Al,03/Zn0 coatings obtained after 15 and 30 min of PEO
processing. This suggests that some kind of photoactivity plateau is
reached which rules out the influence of coating thickness on photocata-
lytic activity, i.e. it points out to the existence of mass transfer (for organic
dye) and/or photon penetration limitations.

In order to investigate the influence of ZnO concentration on photo-
catalytic properties of obtained coatings another set of measurements
was conducted in boric acid + borax solution with various ZnO
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Fig. 9. PL emission spectra of ZnO powder, Al;03, and Al;03/Zn0O coatings formed by PEO
for 15 min: (a) emission PL spectra excited at 280 nm; (b) emission PL spectra excited at
380 nm.

concentrations (Fig. 11). Obviously, there is no difference in
photoactivity for ZnO concentrations of 1 g/L, 2 g/L, and 4 g/L, but con-
centration of 0.5 g/L causes significant drop in photoactivity. Saturation
of photoactivity is related to the comparable number of available
photocatalytically active sites, i.e. only limited amount of ZnO can be
present on the surface of obtained oxide layers. This data offers another
possibility for fine tuning of ZnO surface content by varying its
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Fig. 10. Photocatalytic performance of Al,05/Zn0 coatings formed in various stages of PEO
process.
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Fig. 11. Photocatalytic performance of Al,03/ZnO coatings formed for 15 min in 0.1 M
boric acid + 0.05 M borax + various concentrations of ZnO.

concentration in the electrolyte below 1 g/L. At the same time, photocat-
alytic activity of the sample prepared in the solution without ZnO
nanoparticles excludes the effect of other electrolyte species on photo-
catalytic properties of obtained oxide coatings.

4. Conclusions

This paper reports on the formation of Al;03/Zn0 oxide coatings
formed by plasma electrolytic oxidation of aluminum in water based
boric acid + borax electrolyte with an addition of ZnO nanoparticles.
Morphology, phase and chemical compositions of formed oxide coat-
ings strongly depend on PEO time. Based on experimental results, a
mechanism for ZnO incorporation into the oxide coating in the early
and in the later stage of PEO is suggested.

PL spectra of formed oxide coatings feature well pronounced bands
native to Al,03 and ZnO oxides. PL spectrum of mixed Al,03/ZnO
oxide suggests that higher level of crystallinity results in higher PL
intensity and identifies oxygen vacancies as centers of luminescence.
Photocatalytic decomposition of MO under simulated sunlight shows
that photoactivity is related to PEO process time. Most photocatalytically
active samples were obtained after 30 min of PEO, but a negligible
increase in photoactivity was noticed in comparison with samples
processed for 15 min.
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Abstract

Nickel zinc ferrite (NZF) and barium titanate (BT) were prepared by auto-combustion synthesis as an effective, simple and rapid method.
Multiferroic composites with the general formula yNi; _,ZnFe,O,— (1 —y)BT (x=0.3, 0.5, 0.7, y=0.5) were prepared by mixing NZF and BT
powders in a liquid medium in the ball mill. The FEG micrographs indicated the primary particle size less than 100 nm for both, barium titanate
and nickel zinc ferrite phases. X-ray analysis and Raman spectroscopy indicated the formation of well crystallized structure of NZF and BT phase
in the composite powders and ceramics, with a small contribution of the secondary phase. The homogenous phase distribution in obtained
composites was also confirmed. Impedance spectroscopy measurements were carried out in order to investigate the electrical resistivity of
materials, showing that grain boundaries have greater impact on the total resistivity than grains. Saturation magnetization and remnant
magnetization continuously decrease with barium titanate phase increase.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Powders: chemical preparation; B. Composites; C. Impedance; D. BaTiO; and titanates; D. Ferrites

1. Introduction

Miniaturization of the solid-state electronics is achieved by
downscaling and multifunctionality. Ferroics and multiferroics
are among the most attractive multifunctional materials [1].
These nanostructured materials stimulated a sharply increasing
interest to their significant technological promise in novel
devices due to fact that the combination of dissimilar materials
in ferroic-based oxide nanocomposites resulted in totally novel
functionality.

The term multiferroic (MF) was first used by Schmid in
1994. His definition referred to multiferroics as a single phase
materials which simultaneously possess two or more primary

*Corresponding author.
E-mail address: bstojanovic80@yahoo.com (B.S. Stojadinovic).

http://dx.doi.org/10.1016/j.ceramint.2015.07.096
0272-8842/© 2015 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

ferroic (ferroelectric, ferromagnetic and ferroelastic) properties.
Today the term multiferroic has been expanded to include
materials which exhibit any type of long range magnetic
ordering, spontaneous electric polarization, and/or ferroelasti-
city. Working under this expanded definition the history of
magnetoelectric multiferroics can be traced back to the 1960s
[1-3]. In the most general sense the field of multiferroics was
born from studies of magnetoelectric systems [4—0]. After an
initial burst of interest, research remained static until early
2000. In 2003 the discovery of large ferroelectric polarization
in epitaxially grown thin films of BiFeO; [7] and the discovery
of strong magnetic and electric coupling in orthorhombic
TbMnOj; and TbMn,O5 have stimulated activity in the field
of multiferroics. Besides scientific interest in their physical
properties, multiferroics are interesting due to their potential
applications as transducers, actuators, switches, magnetic field
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sensors, new types of electronic memory devices, capacitive/
inductive passive filters for telecommunications, etc. [8,9]. A
large number of publications have been dedicated to multi-
ferroics, dealing with theoretical, experimental, and application
aspects [2,10]. In spite of hundreds of publications focused to
single or composite multiferroic materials in the last years,
they remain highly controversial concerning their preparation
methods, phase stability, intrinsic polarization and switching,
ferroelectric, ferromagnetic and magnetoelectric properties,
etc. [10].

Multiferroic properties can appear in a large variety of
materials [11]. The ferroelectric—ferromagnetic composites, as
two-phase multiferroic materials, are desired not only for the
fundamental research of magneto-electric effect, but also for
the potential applications in many electronic devices [12]. The
most widely studied systems correspond to Co or Ni ferrites,
with PZT, PNT, BT or BST [13]. Among them, the Ni—Zn
ferrites/BaTiO; systems need to be further investigated
because of high electrical resistivity, chemical stability and
excellent electromagnetic properties of the Ni—Zn ferrites, and
high permittivity, low dielectric loss and high tunability of
BaTiO; [4-6]. Those composites have attracted considerable
attention as a new class of nanoferrites, expanding their use in

Wavenumber (cm-1)

Fig. 3. FT-IR spectra of (a) NF, (b) ZF, (c) BT and (d) NZF(70-30)—BT
powders.

other areas, such as drug delivery, heterogeneous catalysis,
levitated railway system, magnetic-refrigeration, microwave
devices, antennas, etc. [14].

To obtain the multiferroics, several routes for conventional
material fabrication are being applied. Popular techniques
within the multiferroic community are: solid state synthesis,
hydrothermal synthesis, sol-gel processing, vacuum based
deposition or other wet chemical synthesis methods. However,
some types of multiferroics require specific processing condi-
tions within more appropriate techniques. Consequently, multi-
ferroic composites request methods for the synthesis both
components: ferroelectric and ferromagnetic.

Ferrites crystallize in three crystal type: spinel, garnet type
and magnetoplumbite type [15,16]. Meanwhile, the main
attention is stressed to spinel type of ferrites that can be
synthesized by a sol-gel method, conventional solid state
reaction, mechanical attrition, hydrothermal synthesis, self-
propagating combustion method, thermolysis, wet chemical
co-precipitation technique, self-propagating, microemulsion,



A.S. Dzunuzovic et al. / Ceramics International 41 (2015) 1318913200

i .
— 100nm IQ-UNESP 3/3/2014

X 50,000 3.0kV SEI SEM

X 40,000

WD 4.6mm 10:59:42

10.0kV SEI SEM

13191

—_— 100nm IQ-UNESP
3.0kV SEI SEM

3/3/2014

X 50,000 WD 4.5mm 10:18:41

100nm IQ-UNESP

3/21/2014
WD 7.5mm 3:04:03
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microwave synthesis, etc. [17,18]. Recently, auto-combustion
synthesis starts to be popular as rapid, cheap and rather simple
technique. Ferroelectric component in multiferroic composites,
such as barium titanate — BaTiO3 (BT) can be produced using
a huge number of various well-known methods. However, to
obtain barium titanate through an advanced synthesis method
like auto-combustion synthesis is under some difficulties due
to lack of the literature data for the preparation of the BT by
this method [5].

The aim of this study was to prepare multiferroic composites
(Ni—Zn) ferrite—barium titanate from nanopowders obtained by
an auto-combustion technique. It was shown that auto-
combustion synthesis is very convenient for obtaining the
ferrite powder as a pure phase with good properties. To obtain
barium titanate by this method is not so simple due to the
possible appearance of secondary phases which later may
complicate the process of obtaining satisfactory properties of
multifferoic composites. A number of different methods were
used to characterize obtained powders and ceramic composites
in order to fabricate functional multiferroic material with both,
ferroelectric and magnetic properties.

2. Material and methods

The multiferroic composite materials, consisting of Nij_,
Zn,Fe;04 (x=0.3, 0.5, 0.7, denoted as NZF(70-30), NZF(50-
50), NZF(30-70) and BaTiO3 (BT), were obtained using the
synthesis route shematically presented in Fig. 1.

The raw materials used for the synthesis of nickel zinc ferrite
were  Fe(NO3);-9H,O (Alfa  Aesar, 98.0-101.0%), Ni
(NO3), - 6H,O (Alfa Aesar, 99.9985%), Zn(NOs), - 6H,O (Alfa
Aesar, 99%), C¢HgO,-H,O (Carlo Erba, 99.5-100.5%) and
NH,OH (Lach Ner, 25%). The molar ratio of Fe-ions, Ni+ Zn-
ions, citric acid was 2:1:1. Metal nitrates and citric acid solution
were mixed by dissolving in a minimum amount of deionised
water. The pH value of the solution was adjusted to 7 using the
ammonia solution. After that the solution was heated and stirred at
the temperature of about 90 °C until it converted into a xerogel,
which was further heated in a heating calotte at 200 °C when self-
propagation reaction was achieved. The formed powder was
calcined at 1000 °C/1 h with heating rate 2 °C/min [19].

Starting reagents used for BT synthesis were Ti(OCH(CHs),)4
(TTIP) (Alfa Aesar, 98.0-101.0%), HNO3, CcHgO- - H,O (Carlo
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Erba, 99.5-100.5%), Ba(NOs), and NH,OH (Lach Ner, 25%).
Firstly, ammonium hydroxide was added to TTIP solution, with
constant cooling. During this process, the yellow precipitate was
formed. It was washed with deionized water in a Buchner funnel
on a vacuum pump. The obtained residue was dissolved in diluted
HNO;. Solutions of TiO(NOs), and BaNO5 were mixed and citric
acid was added as a fuel. pH value of solution was adjusted to 6.6
using NH,OH. When solution was turned to xerogel, by heating at
90 °C, temperature was raised to 150 °C and self-ignition reaction
occurs. It is very fast and exothermic reaction, and gray ash
formed during combustion process represents the BT precursor
powder. This powder was calcined at 900 °C for 2 h, with a
heating rate of 5 °C/min (Electron-UK oven).

Multiferroic composites NZF-BT were prepared by mixing
chemically obtained powders of the NZF and BT in the
planetary ball mill for 24 h. The mass ratio of NZF and BT
was always 1:1 for all obtained samples. Wolfram carbide balls
and iso-propanol were used as a milling media. The compo-
sites powders were uniaxially pressed at 196 MPa into pellets
and sintered at 1200 °C for 2 h.

The phase and crystal structure analysis was carried out by
X-ray diffraction technique (Rotate anode Rigaku RINT2000,

Experimental conditions: 40 kV, 60 mA. Linear detector D/teX
Ultra — Rigaku, Divergence slit: 0, 25, Horizontal aperture slit:
5 mm). Micro-Raman spectra of the synthesized composites
were collected at room temperature in the backscattering
configuration using a JobinYvon T64000 spectrometer. The
514-nm laser line of a mixed Ar*/Kr™ laser was used as an
excitation source with an incident laser power 60 mW in order
to minimize heating effects. The ceramic composite samples
were measured in the range 200-800 cm ~'. The FT-IR spectra
were recorded with a Bruker Equinox-55 instrument. The
morphology of the powders and microstructure of ceramics
were examined using scanning electron microscope (SEM
Model TESCAN SM-300) and field emission microscope (FE-
SEM, JEOL, JSM-7500F). The grain size is determined using
ImageJ program. The impedance measurements were per-
formed using an LCR meter (model 9593-01, HIOKI HITES-
TER). Samples were prepared by coating their polished
surfaces with Ag paste to improve the electrical contact. The
real and imaginary parts of the complex impedance were
measured in the frequency range of 42 Hz to 1 MHz and
temperature range of 50-200 °C and referred as the Nyquist
plot. Collected data were analyzed using the commercial
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software package Z-view. Magnetic measurements of materials
were carried out using a superconducting quantum interfero-
metric magnetometer SQUID (Quantum Design).

3. Results and discussion

XRD patterns of NZF(70-30)-BT, NZF(50-50)-BT and
NZF@30-70)-BT powders, presented in Fig. 2, shows that
nickel zinc ferrite, according to JCPDS files no. 10-0325, and
barium titanate phases, according to JCPDS files no. 05-0626,
were obtained.

FT-IR spectra of calcined nickel ferrite (NF), zinc ferrite
(ZF), BT and NZF(70-30)-BT powders, recorded in the wave
number range of 400-4000 cm ™' at room temperatures, are
presented in Fig. 3. FT-IR spectra of NF and ZF display three
bands at 560, 1640 and 3400 cm . Strong peak at 560 cm '
corresponds to metal ion-oxygen complexes in the tetrahedral
sites. Small peak at 1640 cm ™' was assign to the adsorbed
water or humidity. The peak at 3400 cm ™' corresponds to
stretching and banding vibration of O—H bonds [20].

Absorption band near 3500 cm ' can be observed in FTIR
spectra of barium titanate. This peak was assigned to the
stretching mode of internal OH ™ ions [21]. The broad bands at
590-680 cm ! correspond to stretching of Ti—O bond [22].

Fig. 4 shows SEM images of the pure NZF(70-30), BT and
composite NZF(70-30)-BT powders. It is possible to notice
that the powders indicated the strong agglomeration with small
primary particle size ( < 100 nm). Small particles produced by
chemical synthesis usually tend to form the agglomerates, as it
was observed in the investigated case. That problem will be
studied more carefully in the future period, having in mind the
importance of composite materials properties. The use of
attrition milling after calcination could be one of the possible
solutions for the agglomeration reduction [23].

The FE-SEM micrographs of the obtained powders (Fig. 5)
mostly indicated the rounded shapes of barium titanate particles
with primary particle size less than 50 nm. The shape of ferrite
particles is pyramidal like. In the composite ferroelectric—ferro-
magnetic powders obtained by homogenization of individual
ferroelectric and ferromagnetic phase, two separate constituents
could be clearly noticed, the one with rounded particles that
belongs to BT and the other one with pyramidal particle shape
that belongs to ferrite, demonstrating that multifferoic composites
were obtained with a good dispersion of the nickel-zinc ferrite
spinel phase in the BT ferroelectric matrix. The average particle
size in the multiferroic composite powders is below 100 nm for
BT and 150-300 nm for ferrites.

The XRD difractograms for sintered samples of obtained
composites are presented in Fig. 6. The formation of both
phases, NZF and BT was detected (JCPDS files no. 10-0325,
JCPDS files no. 05-0626). Series of small peaks at 26 angles of
32.2, 34.1, 37.1, 40.2, 54.9 and 63.1°, according to JCPDS
files no. 84-0757, indicated barium ferrite (BaFe;,O9) as a
secondary phase present in the sintered composites.

The relative contribution of the secondary phase, around 8%,
was calculated from XRD patterns of ceramics composites,
according to the most intensive peak at the 32°. Therefore, it is
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evident that the amount of the secondary phase is the highest in
the case of NZF(70-30)-BT. The appearance of BaFe;,0;9 was
noticed in a few published articles, as well [24,25]. Therefore,
from the available literature data was concluded that the presence
of small amount of this secondary phase cannot significantly affect
the magnetic properties of obtained composites. However, for
further investigation, an effort will be done to obtain pure phase
composites, in order to provide clearer information about influence
of secondary phases on the properties of ferroelectric—ferromag-
netic composites.
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Fig. 6. The XRD patterns of (a) NZF(30-70)-BT, (b) NZF(50-50)-BT and (c)
NZF(70-30)-BT ceramics.
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Fig. 7. (a) Raman spectra of (a) BT, (b) NZF(30-70), (c) NZF(50-50), and (d)
NZF(70-30) and (b) Raman spectra of composites (a) NZF(30-70)-BT, (b)
NZF(50-50)-BT and (c) NZF(70-30) at room temperature.
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Fig. 8. SEM images of (a) NZF(30-70)-BT, (b) NZF(50-50)-BT, and (c) NZF(70-30)-BT ceramics.

The Raman spectra of BaTiO; and Ni; _,ZnFe,O, ceramics
(x=0.3, 0.5 and 0.7) are given in Fig. 7a) for the comparison with
obtained composite materials. In the spectra of NZF(70-30)
ceramics the most intense Raman modes of nickel ferrite phase
are two F,, modes at 482 and 575 cm_l, one E, mode at
335cm ! and one Ay, mode at 702 cm ™! with a shoulder at
666 cm ™~ 'of E, symmetry [26,27]. The most prominent modes of
the zinc ferrite phase are the F,, mode at 451 cm ™' and broad
A, mode at around 647 em ™! of low intensity [28,29]. With
increasing content of Zn in the Ni, _,Zn,Fe,O, samples, the Fy,

mode of zinc ferrite becomes more intense and the E, mode of
nickelferrite at 660 cm ™' shifts to the lower frequency,
approaching the frequency of zinc—ferrite A;, mode. The other
F,, mode of nickel ferrite phase at 575 cm ™' almost disappears in
the NZF(30-70) sample.

The Raman spectrum of the BaTiO; tetragonal phase
presented the most prominent Raman modes are a broad band
at about 270 cm ™' [A| (TO)], a sharp peak at ~303 cm ' [E
(TO+LO) mode], a mode at 516 cm™ '[A; (TO), E (TO)] and
a mode at around 720 cm ! [E (LO), A; (LO)] [30].
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The Raman spectra of the sintered composites are presented in
Fig. 7b). In the Raman spectra of NZF(70-30)-BT sample,
several Raman modes of nickel ferrite suffered changes in the
position, intensity and bandwidth. The Raman mode at 482 cm ™'
is asymmetrically broadened towards higher frequencies, whereas
the intensity of 575 cm™ ' mode decreases. The width of the A
mode at 702 cm ™' increases reflecting the presence of more than
two phases. In the fitting range from 600 to 800 cm ™' for NZF
(70-30)-BT ceramics, it could be seen that this mode is well fitted
with three phases, nickel ferrite, BT phase and a secondary phase,
BaFe ;019 [31,32]. This result is in agreement with previously
discussed XRD results.

The noticeable changes were seen in the Raman spectra of
the NZF(50-50)-BT and NZF(30-70)-BT samples. In the
NZF(50-50)-BT sample, the mode at 335cm™' of nickel
ferrite phase was substantially broadened, whereas the mode of
BT phase at around 265 cm ™' appeared. The deformation of
the nickel ferrite mode at 482 cm ™' and its shift to higher
frequencies, due to the presence of BT phase, is obvious. With
further reduction of nickel ferrite phase in the NZF(30-70)-BT
sample, the broad Raman mode at about 500 cm~! s
composed of F,, and [A; (TO), E (TO)] modes of nickel zinc
ferrite and BaTiOs.

SEM images of sintered ceramic samples on the free surface
are presented in Fig. 8. Insets of the images are displaying
backscattered micrographs, demonstrating the homogenous
phase distribution in obtained composites. Grains are nano-
sized with different shapes, polygonal grains typical for nickel
zinc ferrite, rounded grains characteristic for barium titanate
and plate like grains that most likely correspond to the barium
ferrite phase. All phases possess similar grain size, around
1 um. The densities of composites were 5.09 g/cm® for NZF
(70-30)-BT, 5.28 g/cm3 for NZF(50-50)-BT, 5.15 g/cm3 for
NZF(30-70)-BT which corresponds to 89.6%, 93.0% and
90.8% of theoretical densities, respectively, showing the
increasing trend with Zn content up to NZF(50-50)-BT and
then with further increase of Zn the density starts to decrease.
Theoretical values of density are 6.01 g/cm®, 5.35 g/em?,
536 g/em® and 5.33 g/em® for the pure BT, NZF(70-30),
NZF(50-50) and NZF(30-70) phases, respectively. Achieved
ceramics densities are rather small due to high agglomeration
and this can evidently affect the electrical (dielectric, ferro-
electric) properties. This problem can be possibly solved by a
treatment in the attrition mill, which may enable the prepara-
tion of ceramic composites with improved properties. The FE-
SEM microstructure of composites is presented in Fig. 9. It is
possible to notice two different phases: ferrites (platelike or
pyramidal grains) and barium titanate with more rounded
grains. It is important to notice that no reaction between
parent components was observed.

The impedance spectroscopy (IS) is important method to study
the electrical properties of one material, because it gives the
information about resistive and reactive components in the
material. IS was used to evaluate the contributions of various
components such as grain and grain boundary to the overall
electrical properties of NZF-BT ceramics composites. Fig. 10
shows the impedance plots for NZF(70-30)-BT, NZF(50-50)-BT,
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Fig. 9. FEG microstructure of NZF(70-30)-BT composite sintered at 1200 °C
for 2 h.

1000

= NZF(50-50)-BT
= NZF(70-30)-BT
= NZF(30-70)-BT

750 —

500 -

Z'(Qm)

250 +

0 = S
0 250 500 750 1000 1250 1500 1750 2000
Z' (Qm)

Fig. 10. Complex impedance spectra of all ceramics measured at 200 °C.

Table 1
Grain resistance, grain boundary resistance, total resistance and capacitance for
all samples.

Sample From Z" to Z' From Z" to f
T Rg Rgh Rtotal Rgb Cgb (nF/
‘O @m Qm Qm Q@m) m
NZF(30-70)- 50 155 7113 7268 4326 72.17
BT 100 117 1296 1413 822 74.45
150 76 390 466 268 74.13
200 22 74 96 52 72.12
NZF(50-50)- 50 250 54,039 54,289 30,882 109.71
BT 100 234 9231 9465 6844  135.27
150 208 6562 6770 5380 160
200 39 1929 1968 1504  146.24
NZF(70-30)- 50 585 36,480 37,065 24,590 99.63
BT 100 430 16,401 16,831 11,850 94.63
150 57 492 549 398 85.87
200 31 207 238 172 78.4
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NZF(30-70)-BT ceramics at 200 °C. The impedance spectra were
analyzed using commercially available Z-View software. For all
samples, a one depressed semicircular arcs is present, indicating the
possible overlapping of two arcs that correspond to grain and grain
boundary contributions. The Z view software and equivalent circuit
consisted of two parallel R-CPE elements connected in series,
which were used to evaluate the grain boundary resistivity at low
frequencies and grain contribution at high frequencies. The
existence of two different phases (ferroelectric and ferromagnetic)
in one composite material can make the interpretation of impe-
dance results of these materials rather complicated. The appearance
of two semicircular arcs could be also the indication of the
presence of two different crystallographic phases. When compared
to resistivity values of pure BT and NZF phases [19,33], quite a
difference in the resistivity magnitude can be observed. BT,
ferroelectric phase, is more resistive in comparison with NZF
phase, indicating its dominant effect in the total resistivity of the
composite materials. The values of the grain, grain boundary and
total electrical resistivity of obtained ceramic composites are
presented in Table 1.

With increasing temperature, the resistance of the grain and
the grain boundary decreases for all composites (Table 1), as it
was expected. Comparing the total resistance at the same

a

Grain, Ea=0.15eV
Grain boundary, Ea = 0.39 eV
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temperature, it can be noticed that NZF(50-50)-BT possesses
the highest values. With increase of Zn content up to 50% the
resistance increases, probably because zinc leads to better
structure ordering and results in the reduction of defects. Most
likely, oxide ion vacancies Vo®® were formed due to loss of
oxygen in the sintering process and present the main con-
ductive species in the obtained ceramics [19].

The temperature dependence of the resistance can be
presented by the equation [34]:

E,
a:aoexp(— kb_T> (1)

where E,, oy and k, are the activation energy of the carriers for
conduction, the pre-exponential factor and the Boltzmann constant,
respectively. Arrhenius plots of the grain, o,, and grain boundary
conductivity, o, for NZF(30-70)-BT, NZF(50-50)-BT and NZF
(70-30)-BT ceramics are presented in Fig. 11. The activation
energy can be calculated from the slope of the given diagrams. The
values of the grain and grain boundary activation energies were:
E(2)=0.15eV, E,(gb)=0.39 eV for NZF(30-70)-BT, E,(2)=
0.17eV, E,(gb)=027eV for NZF(50-50-BT and E (g)=
0.28 eV, E,(gb)=0.49eV for NZF(70-30)-BT. Generally, the
activation energies for electron hopping are lower than for hole

b
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Fig. 11. Arrhenius plots of grain (6,) and grain boundary (oy,) conductivity for all ceramic samples.
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hopping. In the polaron conduction, the activation energy of holes
is usually used to be greater than 0.2 eV [35]. On this basis, the
calculated activation energies indicate that the conduction in
obtained materials is a consequence of polaron hopping. The
conduction in ferrites, ferroelectrics and its composites can be
explained by polaron hopping process among the localized sites.
Hopping conduction is favored in ionic lattices in which the same
kind of cation is found in two different states [36]. Thus, in the
obtained composite materials the hopping of 3d electrons among
Fe? " and Fe’+ as well as between Ni* ™ and Ni** in the ferrite
phase and also Ti* ™ to Ti> ™ in the ferroelectric phase, could play
an important role in the conduction processes. These values for E,
are also in agreement with the results obtained for barium
strontium titanate—nickel zinc ferrite composites in the study of
other authors [25,37]. The activation energy for the conduction
process through the grain boundaries in all measured samples was
higher compared to the values of the activation energy for the
conduction process through the grains. Therefore, the grain
boundary effect can be ascribed as the dominant effect in total
conduction of ceramic composites.

Complex modulus plots (M"—M') at the different tempera-
tures for NZF(30-70)-BT, NZF(50-50)-BT, NZF(70-30)-BT

a
5

50°C .
100 °C ; . 8

150 °C

200 °C et

= = = =

M" (10°%)

o
-
o
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are shown in Fig. 12. Values of M" and M’ were calculated
from equations M"=wC,Z and M =wC,Z", respectively,
where C, is equal to €,A/h and angular frequency @ is equal
to 2zf. The complex electric modulus analysis can be used to
separate the electrode polarization effect from the grain
boundary conduction process and also to determine the
conductivity relaxation times [25]. In the presented diagrams
two semicircular arcs can be noticed in NZF(70-30)-BT, NZF
(50-50)-BT and NZF(30-70)-BT composites, even though,
they were not fully resolved in the complex impedance plots.
This is also the indication of the presence of different
relaxation processes, due to contribution of grain, grain
boundary and/or different crystallographic phases.

Complex impedance plots Z"—f for all ceramic composites
are presented in Fig. 13. With increasing temperature the
positions of peaks shift toward high frequency side, which
leads to the conclusion that the dielectric relaxation is
thermally activated process [38]. A relative lowering in the
magnitude of Z” with a shift of the peaks towards the higher
frequency arises is possibly due to the presence of space
charge polarization or accumulation at the grain boundaries
[25]. Broadening of the peaks with rise in temperature can be

b
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Fig. 12. Modulus complex plots of (a) NZF(30-70)-BT, (b) NZF(50-50)-BT, and (c) NZF(70-30)-BT at different temperatures.
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Fig. 14. Magnetic hysteresis loops at room temperature for all composites
ceramics.

an indication of the presence of immobile species at low
temperature and defects at higher temperatures [39]. The
corresponding capacitances and resistivities were calculated
from the maximum value of the Z” peak and associated fi..
value, using the relationships C=1/2xf,,.R, where R is equal
to 27" 1ax [40]. The obtained values for C and R are presented
in Table 1. Obtained resistivity data were used for the
calculation of activation energies of relaxation processes at

Table 2

Saturation magnetization moment, saturation fields, residual magnetization and
coercive field for yNi;_,ZnFe,O4,—(1—y)BT (x=0.3, 0.5, 0.7, y=0.5)
composite materials.

Sample Mg, (emu/g)  Hgy, (kOe) M, (emu/g) H. (Oe)
NZF (70-30)-BT  23.64 2.55 4.31 19.8
NZF (50-50)-BT  22.23 2.05 2.89 254
NZF (30-70)-BT  10.42 1.95 0.17 17.6

the grain boundary and they are in accordance with E,
obtained from the complex impedance analysis.
Magnetization results are presented in Fig. 14 and Table 2.
In pure nickel zinc ferrite, with addition of Zn, magnetization
increases because the balance between Fe* ™ ions in tetrahedral
and octahedral sites, which is conditioned by migration of the
Fe* ™ ions inter this sites. This leads to the weakening of A—B
exchange interaction, causing the increase of magnetization.
The change of the magnetic properties with reducing amount
of magnetic phase was expected. In composites, a dilution
effect exists, which means that BT does cause intimate change
in the magnetic properties, leading to the reduction of the
magnetic moment [41]. The saturation magnetization and
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remnant magnetization have shown a decrease with increasing
Zn content, likely due to already mentioned dilution effect. M,
at first slightly decreases with increase of Zn content up to
0.5 mol% and then significantly decreases with further increase
of Zn. In comparison with pure NZF phases, M; also decreases,
due to the presence of non-magnetic barium titanate phase
[19]. The fields at which saturation occurs were around 2 kOe
for NZF(30-70)-BT and NZF(50-50)-BT and slightly higher
for NZF(70-30)-BT. The coercive field, the field required to
overcome the defects in the material, was higher for compo-
sites in the comparison with pure NZF phases, which can be
explained by the fact that the composite possesses a higher
anisotropy field than the NZF at the same applied field [35].
The coercive field was the highest for NZF(50-50)-BT
ceramic composites.

4. Conclusion

A series of nickel zinc ferrite-barium titanate with general
formula yNi; _,ZnFe;,0,—(1—y)BT (x=0.3, 0.5, 0.7, y=0.5)
were successfully prepared by mixing of previously prepared
powders of nickel zinc ferrite and barium titanate. The composites
materials formation was confirmed by XRD and Raman spectro-
scopy for powders and ceramics, with small amount of secondary
phase. SEM analysis indicated a high level of powder agglomera-
tion and ceramic composites with different shapes grains of around
1 pm. Impedance analysis has shown that for all obtained ceramic
samples grain boundary resistance has the highest contribution to
the total resistance. The resistance was found to decrease with the
increasing temperature for all measured samples, and it can be
noticed that NZF(50-50)-BT possesses the highest values of total
resistance. The calculated activation energy indicates that the
conduction in the composite materials is a consequence of polaron
hopping. Results of the magnetic measurements show that the
magnetization in the composites ceramics is reduced in comparison
with pure nickel zinc ferrite ceramics due to the presence of barium
titanate phase. The fields at which saturation occurs were almost
the same for all investigated compositions.
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Nanosized nickel zinc ferrite powders with general formula Ni; _,Zn,Fe,04 (x=0.0, 0.3, 0.5, 0.7, 1.0) were
synthesized by an auto-combustion method starting from metal nitrates. X-ray analysis indicated the
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scanning electron microscopy. Magnetization of saturation and remnant magnetization, both, continu-
ously increase up to x=0.3 of Zn, and then decrease for more Zn. The influence of the grain size of
investigated systems on the saturation magnetization was studied. Impedance spectroscopy measure-
ments were carried out in order to investigate the electrical resistivity of materials, showing that grain
boundaries have greater impact on total resistivity that grains.
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1. Introduction

There is a growing interest in magnetic ferrite nanomaterials
such as NiFe,04 and (Ni,Zn)Fe,04, due to their applications as a
part of the sensors, catalysis, magnetic drug delivery, permanent
magnets, recording heads, antenna rods, loading coils, telecom-
munication devices, magnetic refrigeration, magnetic liquids, as a
microwave absorber etc [1,2]. In addition, the applicability of these
ferrite material increases because of their possible use as a
component in the magnetoelectric (multifferoic) devices. In recent
years there is an increasing interest for multiferroic materials in
which at least two of ferroic properties (ferrolectric, ferromagnetic
and ferroelastic) are combined [3-6]. Having in mind that ferrites
possess ferromagnetic (antiferromagnetic) properties, especially
nanostructured one, recently attracted attention in the field of
multiferroic materials. However, to ensure the applicability of
ferrites as a component in multiferroic devices, it is necessary to
pay special attention to processing methods and properties of
ferrites that are important for its functionality in multiferroic
materials.

Nickel ferrite (NiFe,O4) with an inverse spinel structure shows
ferrimagnetism, which originates from magnetic moments of anti-
parallel spins between Fe>* ions at tetrahedral sites and Fe®>*and
Ni2* ions at octahedral sites [7]. In the Ni-Zn spinel ferrite, Zn?+

* Corresponding author. Tel.: +381 11 2085 039; fax: +381 11 2085062.
E-mail address: miravijat@yahoo.com (M.M. Vijatovi¢ Petrovic).

http://dx.doi.org/10.1016/j.jmmm.2014.08.047
0304-8853/© 2014 Elsevier B.V. All rights reserved.

ions occupy tetrahedral sites, causing migration of some Fe>* jons
from tetrahedral to octahedral sites, so the structure can be
presented as (ZnZ*Fe3*,)[Ni2* Fe3f,], where round brackets
imply tetrahedral sites, and square brackets octahedral ones [8].
The Ni-Zn ferrites are produced by numerous methods such as
solid state reaction [9], microwave-assisted solid state reaction
[10,11], sonochemical process [12], citrate precursor techniques
[13], coprecipitation [ 14], mechanical alloying [ 15], reactive milling
[16], sol-gel technique [17] and pulsed wire discharge [18]. Some
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Fig. 1. XRD patterns of: a) ZF, b) NZF (30-70) c) NZF (50-50) d) NZF (70-30) and
e) NF calcined powders.
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disadvantages of these methods are complicated procedure, high
reaction temperature, long reaction time, and use of reduction
agents, which potentially upset the environment. Recently, a
combustion synthesis method has emerged as a very popular

Table 1
Crystallite sizes of all powders (Dxgrp), lattice parameters (a), grain size (Dsgy) and
density of all ceramics.

Sample Dyxgp (nm)  a(A) Dsgm (nm)  Density (% of theor.)
NF 38.0 8.2801 0.825 731
NZF (70-30) 38.0 8.3160 0.957 754
NZF (50-50) 39.5 8.3278 1.068 789
NZF (30-70)  41.0 83955 1216 85.1
ZF 45.0 8.4020 1.080 88.2

method for synthesis and processing of advanced ceramic materi-
als, composites and ferromagnetic nanomaterials. Higher purity of
materials prepared by the combustion process is ascribed to
expulsion of impurities as volatile species at high temperatures
typically achieved during these reactions. The improvement in
reactivity and mechanical properties is attributed to the high
defect concentration as a result of high temperatures and the
relatively rapid cooling rates following the formation of nanocrys-
talline powders [19].

In this paper, the formation of nickel and nickel zinc ferrite
nanoparticles by the auto-combustion method was reported. Com-
bustion synthesis is used as an attractive method because of short
reaction time and low costs compared to the conventional methods.
The purpose of present study is to investigate the effect of Zn content
on the morphological, structural, magnetic and electrical properties

Fig. 2. SEM images of: a) NF, b) NZF (70-30) c) NZF (50-50) d) NZF (30-70) e) ZF powders.
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Fig. 3. XRD patterns of: a) ZF b) NZF (30-70) c) NZF (50-50) d) NZF (70-30) and
e) NF sintered at 1250 °C for 4 h.

of nickel ferrite nanopowders and ceramics having in mind possible
use of ferrites as a component in the multifferoic devices.

2. Materials and methods

The nanoparticles of Ni;_,ZnyFe,0, (x=0.0, 0.3, 0.5, 0.7, 1.0,
denoted as NF, NZF (70-30), NZF (50-50), NZF (30-70) and ZF) were
synthesized by the auto-combustion method. The raw materials
used for the synthesis were Fe(NOs)s;-9H,O (Alfa Aesar, 98.0-
101.0%), Ni(NOs),-6H,0 (Alfa Aesar, 99.9985%), Zn(NOs),-6H,0
(Alfa Aesar, 99%) and CgHgO--H,O (Carlo Erba, 99.5-100.5%) and
NH4OH (Lach Ner, 25%). The molar ratio of iron ions, nickel ions,
citric acid was 2:1:1. Metal nitrates and citric acid solutions were
prepared by dissolving raw materials in a minimum amount of
deionized water, and after that they were mixed together in a dish.
pH value of the solution was adjusted to 7 using the ammonia
solution. After that the solution was heated and stirred at the
temperature of about 90 °C until it was transformed into a xerogel.
The dish with xerogel was transferred into the heating calotte at
200 °C when self-propagation reaction was achieved.

The formed powder was calcined at 1000 °C with a heating rate of
2 °C/min (Electron-UK oven). The powder was pressed at 196 MPa
into pellets of 8 mm in diameter. Sintering was performed at 1250 °C
for 4 h in the tubular furnace (Lenton, UK) at a heating rate of 5 °C/
min. Samples were cooled spontaneously in air atmosphere.

The phase and crystal structure analysis was carried out by an
X-ray diffraction technique (Model Phillips PW1710 diffractometer,
Co Ko radiation, 0.5°/min). The average crystallite size was
calculated by Debye-Scherrer's equation using data obtained from
X-ray diffractograms. Raman spectra were collected in the back-
scattering micro-Raman configuration using a Jobin Yvon T64000
spectrometer equipped with a nitrogen-cooled CCD detector. The
argon ion (Ar™) laser line at A=514.5 nm was used as an excitation
source. The measurements were performed at room temperature.
The morphology and microstructure of obtained powders and
ceramics were examined using a scanning electron microscope
(SEM Model TESCAN SM-300). The grain size was determined
using an Image] program. Magnetic measurements of materials
were carried out using a superconducting quantum interfero-
metric magnetometer SQUID (Quantum Design). The impedance
measurements were performed for all sintered samples using an
LCR meter (model 9593-01, Hioki Hitester). Samples were pre-
pared by coating their polished surfaces with Ag paste. The real
and imaginary parts of the complex impedance were measured in
the frequency range of 42 Hz-1 MHz at the room temperature,
which is referred as the Nyquist plot.

Intensity (a.u.)
%

T T T T T T T T T T

200 250 300 350 400 450 500 550 600 650 700 750

Raman Shift (cm'1)

Fig. 4. Raman spectra of: a) NF, b) NZF (70-30) c) NZF (50-50) d) NZF (30-70)
e) ZF samples.

3. Results and discussion
3.1. Structural and microstructural properties

XRD patterns of powders calcined at 1000 °C, presented in
Fig. 1 showed that pure nickel ferrite and nickel zinc ferrite phases
were obtained. This was confirmed by the existence of the
reflections (111), (220), (311), (400), (422), (511) and (440), which
indicated the presence of the cubic spinel structure (identified
using the JCPDS files No. 10-0325) [2]. The average crystallite size,
Dxgrp, Was calculated using the Debye-Scherrer's equation:

Dxrp = 0.9 /1/B cos 6 (1

where 4 is the wavelength of Co cathode ray tube (0.17889 nm),
0 is the angle of the Bragg diffraction, and B is the full width at half
maximum of the most intensive peak, in degrees.

Calculated crystallite sizes are presented in Table 1. It can be
seen that the size of the crystallites slightly increases when more
Ni2* ions were replaced by Zn?* ions. This could be explained by
a larger size of Zn?* ions (0.83 A) compared to Ni*>* ions (0.78 A)
[20]. The average crystallite sizes were between 38 and 45 nm for
the investigated materials.

Fig. 2 shows SEM images of all synthesized powders. It can be
noticed that the powder particles are very small ( <200 nm) with
a high tendency to form agglomerates. A high level of agglomera-
tion appears mostly in the chemically prepared nanopowders and
it is probably caused by a very small primary particles that tend to
join together [21,22].

XRD patterns of the sintered samples are shown in Fig. 3
indicating that single ferrite phase is formed at 1250 °C for 4 h
without presence of any impurities or unreacted phases. The
lattice parameters were calculated using the numerical calculation
of diffraction patterns data (Table 1). The lattice parameter a is
slightly increased (from 8.2801 A to 8.4020 A) with zinc content
increase. This dependence was almost linear, showing that the (Ni,
Zn)Fe,04 system obeys Vegard's law [23]. It is evident that larger
Zn?>* ions displaces the smaller Fe** ions (0.67 A) from the
tetrahedral to octahedral sites causing the elongation of the NZF
crystal lattice.

Raman spectroscopy confirmed that cubic spinel structure
belonging to the space group Oh’ (Fd3m) was obtained. Although
the full unit cell contains 56 atoms (8 molecules per unit cell) only
14 atoms are in the asymmetric unit and therefore 42 vibrational
modes are expected. Group theory predicts the following modes in
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spinel structure [24,25]:
Aqg(R)+Eg(R)+Fig +3F25(R) +2Az, +2Ey +4F1u(IR) + 2F3, (2)

The most intensive Raman modes of nickel ferrite were three F,g
(212,483 and 577 cm ™ '), one E¢ (333 cm™ ') and one A4 (702 cm ™ 1)
[26,27] modes, whereas for zinc ferrite the most prominent modes
were three Fo, (221, 355 and 451 cm™ '), one E4 (246 cm~ ') and one
Aqg (647-674 cm”) mode [28]. Fig, Ay, Ey and Fo, modes are silent.

Fig. 4 shows the Raman spectra of all ceramic samples. The
characteristic peaks in the NF sample appeared at 213, 334, 485,
577 and 702 cm~ ! with a shoulder at 660 cm~!. Raman modes of
nickel ferrite sample showed a shoulder-like feature at the lower
wavenumber side of all the Raman active bands. This doublet-like
features originate from different local structures in the octahedral

sites of nickel ferrite which are occupied either by Ni or Fe ions.
One peak corresponds to the unit cell with all Fe ions and the
other one to the unit cell with mixed Fe and Ni ions [29].

Raman spectrum of ZF displays five Raman modes at 221, 246,
355, 452, 647 cm~ . In the Raman spectra of NZF samples, with
lowering Zn content, a mode at 480 cm ! was shifted to the value
characteristic for pure NF phase, becoming at the same time more
intense. Other NF mode at 334 cm ™! has become very intense in
the sample with the highest Ni content. The mode centered
around 650 cm~ ! in NZF (30-70) sample was shifted to the lower
energies regarding the corresponding NF Raman mode (shoulder
at 660 cm~!) probably because of the mixed Fe/Ni/Zn-O bonds
formed in NZF samples [29]. The intense mode of ZF phase at
355 cm™~ ! was not observed in NZF samples.

Fig. 5. SEM images of: a) NF, b) NZF (70-30), ¢) NZF (50-50) and d) NZF (30-70) e) ZF ceramics.
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Fig. 6. Magnetization vs magnetic field for a) NF, b) NZF (70-30), ¢) NZF (50-50),
d) NZF (30-70) samples.

Table 2
Saturation magnetization moment, saturation fields, residual magnetization and
coercive field for all samples.

Sample M, (emu/g) Hs,e (kOe) M, (emu/g) H. (Oe)
NF 49.39 1.84 2.27 15.7
NZF (70-30) 78.68 1.61 2.64 0.018
NZF (50-50) 75.72 1.53 141 0.72
NZF (30-70) 43.12 1.35 1.08 1.9
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Fig. 7. Complex impedance plot of: a) NF b) NZF (70-30), NZF (50-50), NZF
(30-70), ZF at room temperature.
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SEM images of the sintered ceramic samples at the free surface
are shown in Fig. 5. The average grain sizes of all samples are given in
Table 1. The increase of zinc content led to the increase of the average
grain size, except for ZF sample, where it was smaller than in NZF
(30-70). It can be observed that the shape of the grains in the case of
ZF is more pyramidal compared to polygonal grains of NZF. SEM

Table 3
Grain resistance, grain boundary resistance and total resistance for all samples.

Sample R; (Qm) Rgp (@ m) Re (Qm) Riotar (Q m)
NF 666 1364 149 2179
NZF (70-30) 242 725 / 967
NZF (50-50) 40 64 / 104
NZF (30-70) 144 220 / 364
ZF 52 314 / 366

images indicated that with increase of molar fraction of Zn, the
density increases. This increase in density may be a consequence of
Zn?>* concentration that slightly promotes the grain growth and
improves densification, which was also observed in the work of
Shirsath et al. [30].

3.2. Magnetization measurements

Magnetization results showed ferromagnetic behavior of the
NF and NZF materials (Fig. 6). These curves are typical for soft
magnetic materials [31]. Saturation magnetization moment of NF
was lower than that for NZF (70-30) and NZF (50-50), but slightly
higher than that for NZF (30-70) (Table 2). With the addition of Zn
(which is nonmagnetic), the migration of Fe** ions from tetra-
hedral sites (A) to octahedral sites (B) take place, resulting in the
weakening of A-B exchange interaction [32]. Thus, the balance
between Fe>* ions in those two positions is disrupted causing the
increase of magnetization

On the other hand, the increase of Zn content above x=0.3 led to
the increase of grains contribution to grain interface, which
decreased the magnetization saturation. These values are in agree-
ment with results reported by other authors [33,34]. The fields at
which saturation occurs were almost the same for nickel based
ferrite around 1.5 kOe (Table 2). The observed values for saturation
magnetization, for NZF (70-30) and NZF (50-50) (79 and 76 emu/g),
are slightly higher than for the NZF (65-35) and NZF (50-50)
prepared by the citrate precursor method (73 and 69 emu/g) [33].
In comparison with mechano-synthesized NF, the saturation magne-
tization of obtained sample was also higher (49 vs. 24 emu/g) [35]
indicating the significant influence of the powder processing route.

There are two effects that impact the coercivity of Zn sub-
stituted NF materials. First, the presence of Zn promotes sintering
and leads to the increase of the grain size [36], which was
confirmed by SEM measurements. Larger grains tend to consist
of a greater number of domain walls. The magnetization caused by
domain wall movement requires less energy than that required by
domain rotation. As the number of domain walls increases with
grain size, caused by the addition of Zn, the contribution of wall
movement to magnetization is more expressed than that of
domain rotation. Therefore, samples having larger grains are
expected to have a low coercivity, Hc [37]. Second, Zn was reported
to bring better arrangement in the ferrite crystal structure [38].
Since the domain walls pin to the defects in the structure, in order
to pass them, some amount of energy is needed. This energy is
provided by an applied magnetic field. The field required to
overcome those defects is coercive field [31]. These two effects
interact and reduce the coercive field of NZF samples. On the other
hand, coercive fields of samples with Zn are very low. However,
slight increase of coercive field with the increase of molar fraction
of Zn was observed. Thus, the clear dependence of coercive field
and Zn concentration above NZF (70-30) cannot be firmly claimed.

3.3. Impedance measurements

The impedance spectroscopy is an important method to study
the electrical properties of ferrites because it gives the information



250 A.S. Dzunuzovié et al. / Journal of Magnetism and Magnetic Materials 374 (2015) 245-251

about resistive and reactive components in the material. Fig. 7
shows the impedance plot for ceramic samples at room tempera-
ture. The impedance measurements were analyzed using commer-
cially available Z-View software. The conduction mechanism in
ferrites was explained with exchange of electrons between the ions
of the same elements that have multiple valence states [8]. All
samples showed two semicircular arcs, one due to the influence of
the grain boundary conduction at the low frequencies, and other
one due to influence of the grain conduction at the high frequen-
cies. For NF samples the third semicircular arc was observed
corresponding to the influence of electrode. The values of the grain,
grain boundary and total electrical resistivity are given in Table 3.

The increase of zinc content leads to the decrease of total
resistance up to NZF (50-50) and then with further increase of Zn
the resistance starts to increase. The decreasing resistivity is
attributed to the decrease of the number of grain boundaries
caused by the grain size increase (induced by addition of Zn). With
further increase of zinc, resistivity starts to increase. It can be
assumed that more zinc leads to better structure ordering and
results in the reduction of defects (vacancies) which are main
conductive species in ceramics. Although the grain size increase in
all compositions, this effect of Zn on the structure ordering
dominates in NZF (30-70) and ZF and leads to an increase of total
resistance of these compounds. Generally, the resistance of
obtained ceramics was less than expected for ferrites (greater
than 10*  m) [39] probably due to the low density.

4. Conclusion

A series of Ni-Zn ferrite with general formula Ni, _,Zn,Fe,04
where x=0.0, 0.3, 0.5, 0.7, 1.0 were prepared by the auto-
combustion method. The pure phase formation was confirmed
by XRD for powders and ceramics. Raman spectroscopy confirmed
the formation of the cubic structure. SEM analysis indicated a high
level of powder agglomeration. The size of the crystallites slightly
increases when more Ni?* jons were replaced by Zn?* ions.
Magnetic measurements showed that magnetization was rising
with increasing of Zn content up to 30%, and followed by a further
decrease. The fields at which saturation occurs were almost the
same for all investigated compositions. In the comparison with
NZF ceramics prepared by other synthesis methods, the value of
the saturation magnetization of ferrites obtained in this study was
enhanced. The resistance was found to decrease with the increase
in zinc content up to NZF (50-50) and then increase. For all
obtained ceramic samples grain boundary resistance has the
highest contribution to the total resistance.

Although auto-combustion method has been shown as appro-
priate for obtaining pure nanosized nickel and nickel-zinc ferrites, it
would be necessary to achieve higher density and higher resistance if
we want to get ferrites as the final product. However, since our goal
was focused on getting ferrites as ferromagnetic component for
multiferroic composite, it might be noted that very encouraging
results were achieved using the auto-combustion synthesis method.
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Stark differences in charge transport properties between the interior and the boundary regions
of grains in an undoped BiFeOs thin film have been found. The material is ferroelectric

and each grain is a single domain. A spatial resolution that distinguishes between the grain
interior and the boundary between the grains has been achieved by using piezoelectric force
microscopy and conductive atomic force microscopy measurements. The local electric
properties, as well as the local band gap show hysteresis only when probed in the grain
interior, but do not show hysteresis when probed in the region around the boundary between
two grains. The leakage current is more pronounced at the grain boundaries, and the region
that carries significant current increases with the applied voltage.

Keywords: multiferroics, thin films, electrical properties, grain boundaries,

scanning probe microscopy
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1. Introduction

Multiferroic materials exhibit at least two ferroic properties
among magnetic, electric, and elastic responses. Simultaneous
presence of at least two hysteretic responses and interac-
tion between the associated orders has spurred interest in the
mechanisms that govern the phase transitions in multiferroics
[1-3]. The explanation of the multiferroic order remains an
interesting open problem of condensed matter physics. A
pair of ferroic properties causes nonlinear and nonstandard
responses, e.g. a material will produce electric polarization
when exposed to an external magnetic field. Such responses
make the multiferroics interesting from a practical point of
view by allowing for novel forms of control. The most sought-
after applications of multiferroics are electrically controlled
magnetic memories [4], and emerging spintronic devices
based on the simultaneous use of electric polarization, based
on the orbital order, and magnetization, based on the spin
order [2, 5].

0022-3727/16/045309+9$33.00

The properties of multiferroic materials structured at the
nanoscale can be drastically different from the corresponding
properties of the bulk. Integration of materials into current
semiconductor technology requires fabrication and struc-
turing of thin films, leading to the interest in variation of the
material properties with the nanoscale structure, as well as to
the development of methods for their synthesis [6, 7]. In addi-
tion to reduced dimension, the thin films often show granular
structure on the characteristic length scale of the order of
10nm. Details of the grain structure contribute to the variation
of the properties of both the material and the devices.

One of the most well-known multiferroic materials is the
bismuth ferrite (BiFeOs). It shows high critical temperatures,
both for the ferroelectric ordering below 1104 K [8] and the
antiferromagnetic ordering below 643 K [9]. The interest in
BiFeO; stems from the possibility of having all the techno-
logically desirable properties of multiferroics at and above the
room temperature. A major obstacle for the applications of
BiFeOs is the existence of relatively large leakage currents

© 2016 IOP Publishing Ltd  Printed in the UK
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which severely limit the electric fields that a material can sus-
tain. The leakage currents have been explained by the exist-
ence of charge defects, for example the oxygen and bismuth
vacancies [10]. Attempts at minimizing the leakage currents
in BiFeOj5 thin films drive the interest in their electronic
transport properties and their modification either by doping
[11-14] or by modifying the conditions of film growth [15, 16].

The properties of multiferroic BiFeOs3 granular thin film
strongly depend on the grain size. The Neel temperature was
shown to correlate with the volume of the grains which affects
the polar displacements of cations and changes in polarization
[17]. The mechanical properties also depend on the grain size
[18]. Therefore, the regions in proximity to the grain bounda-
ries may play an important role in determining the material
properties.

We have studied a film of an undoped, single crystallo-
graphic phase, BiFeOs. The film has been produced by sol-gel
spin coating. The film has shown granular structure, and we
have probed the variation of the electronic properties on the
spatial scale commensurate with the grain size. Our film did not
have any holes and all the measured grains lied on the top of the
film, and not on the substrate. The variation at probed length
scale are therefore properties of the grain morphology and inde-
pendent of the thickness or large-scale roughness of the film.

In our measurements, the local electric properties of the
film have varied on two characteristic length scales, cor-
responding to the sizes of grains and boundary regions. In
scanning probe measurements, we have found mild variations
between the interiors of different grains when probing their
band structure. On the other hand, the differences between the
grain interiors and the grain boundaries have been drastic. We
have measured the local electric properties of the BiFeOs film
across the grain boundary, and have found that the boundary
regions differ from the grain interior in the density of states,
charge transport mechanism, and the absence of hysteresis in
the I-V curves. Remarkably, all the measured properties have
shown a hysteresis when measured in the grain interior, but
there were no sings of hysteresis when probed at the boundary.

2. Experimental procedure

BiFeO; thin film was prepared via the sol-gel spin coating
method. The details of preparation are presented in the sup-
plementary  material  (stacks.iop.org/JPhysD/49/045309/
mmedia).

Structural characterization was carried out using x-ray dif-
fraction (XRD) with Cu—Ka radiation on a Rigaku Ultima IV
diffractometer (26 = 20°-60°). Raman spectroscopy was used
to study the vibrational properties of BiFeO; thin film. Micro-
Raman spectra were collected using a Jobin Yvon T64000
spectrometer with a liquid-nitrogen-cooled CCD camera.

The morphology and phenomena at short length scales were
recorded by atomic force microscopy (AFM). AFM imaging
was performed using tapping mode on NT-MDT system
Ntegra Prima and silicon NSGO1 probes with the tip curvature
radius of 6nm. The phase lag of the cantilever oscillation was
recorded simultaneously with the topography image.

We have investigated the electromechanical response
of our sample by piezoresponse force microscopy (PFM).
During PFM measurements, an AC bias with the amplitude of
10V and frequency of 150kHz has been applied between the
tip and the substrate on which the BiFeOs film is grown. PEFM
measurements were done using TiN coated NSGO1 probes
with a tip curvature radius of 35nm, a typical force constant
of 5.1 N m~'and typical resonant frequency of 150kHz. The
conductive tip was scanning the surface of the sample in con-
tact mode while AC bias was applied to the tip. The AC bias
was inducing the contraction and expansion of the sample,
and these changes of the shape were monitored by the tip
deflection. This local piezoelectricity of BiFeOjs thin film was
recorded in out-of-plane and in-plane polarization.

The local electrical conductivity of a BiFeOs film was
probed by conductive atomic force microscopy (C-AFM).
During C-AFM measurements, a DC bias voltage (from +2
to +6 volts) was applied between the tip and the substrate.
Surface topography and current maps were obtained simul-
taneously by using a conducting probe in contact with the
sample. The measurements were performed with the DCP20
probe of a nominal curvature radius of 50-70nm and typical
force constant of 48 N m~!. In the same mode, the electrical
measurements of current-voltage (I-V) characteristics were
recorded in the bias voltage range from —10V to +10V. The
I-V curves were measured using C-AFM at the points within
the grain interior and at the points on the grain boundary. We
have determined the band gap value of BiFeO3 film according
to the same procedure as in references [20-22]. Thus, we have
measured the local density of states and the local band gap in
BiFeO; film using C-AFM. At each point we have repeated
the measurements a few times, and therefore proved the repro-
ducibility. Differential conductance spectra were obtained
by averaging and differentiating five current-voltage curves
measured on an individual grain of BiFeOs; film. All AFM
measurements were performed at ambient conditions (room
temperature and air atmosphere).

3. Results and discussion

The crystallographic phase and structure of our sample have
been determined by XRD. The XRD pattern of the BiFeO;
thin film is shown in figure 1(a). The XRD peaks of BiFeO;
film with a rhombohedrally distorted BiFeO3 perovskite struc-
ture, belonging to the R3c space group have been indexed. No
peaks originating from the secondary phase were observed.
The absence of the impurity phase signal from XRD mea-
surement does not imply that the sample itself is ultra pure.
However, it does imply that there are no regions of impurity
phase of appreciable size. From the Williamson—Hall plot
[19], we have estimated the grain size in our film to ~38nm
and the microstrain to ~0.3%, as shown in figure 1(b). The dif-
fraction peaks corresponding to the perovskite structure have
been clearly observed. Figure 1(c) shows the histogram of
the grain size distribution from the AFM measurement of the
BiFeOs; film. Raman spectrum of BiFeOs; film has confirmed
the rhombohedrally distorted structure without the presence
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Figure 1. (a) X-ray diffraction pattern of the BiFeOs3 film fabricated by the sol-gel method, (b) Williamson—Hall plot for BiFeOs film
with calculated crystallite size and strain, and (c) histogram of grain size distribution of BiFeOj3 film obtained from AFM image (see
supplementary material (stacks.iop.org/JPhysD/49/045309/mmedia)).
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Figure 2. Topography (a) and out-of-plane PFM magnitude (c), topography (b) and in-plane PFM magnitude (d), showing the polarization
components of BiFeOs film. The grains, visible on the topography images (a) and (b), correspond to the ferroelectric domain captured by
the PFM magnitudes in (c) and (d).
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Figure 3. Representative differential conductance spectra measured
on interior points of three different grains on BiFeOs film. Arrow
shows the averaged band gap value. The corresponding I-V curves
are shown in the inset in a wider voltage range, from —4 to 4 V.

of secondary phase. Raman scattering spectrum of the BiFeO;
film is presented in supplementary material (stacks.iop.org/
JPhysD/49/045309/mmedia).

Ferroelectric domains occur when the minimization of the
electrostatic and elastic energy favors an inhomogeneous dis-
tribution in a material with unsaturated bulk electric polariza-
tion. The domain shapes and sizes are governed by various
stresses that appear in the process of thin film growth [23, 24].
The granular structure of the BiFeO; film is dictated by lat-
tice, morphology and thermal expansion coefficient mis-
match between the BiFeO; film and the substrate [25, 26],
the film thickness, and the temperature [27]. We have meas-
ured the polarization domains in the film, and found that they
change on the characteristic length scale of ~40nm. We have
measured both the out-of-plane and the in-plane polarization,
based on normal and lateral deflection of the AFM cantilevers
during PEM measurements (figures 2(c) and (d)). Therefore,
we have identified both the in-plane and out-of-plane polari-
zation components. Comparison with the sample topography,
figures 2(a) and (b), has shown that the domain boundaries
coincide with the grain boundaries. Therefore, each grain in
the film has been a single-domain particle. This kind of the
domain distribution is characteristic for the small grains, while
larger grains generically show a multi-domain structure [24].
In our film, we could not identify any multi-domain grains.

Knowledge of the charge transport mechanism is essential
in the design of memory devices based on BiFeO; film. The
granular film contains rough surfaces that cause an inhomo-
geneous behavior of conductivity [28]. We have investigated
the spatial distribution of the density of states and of the band
gap. We have achieved high resolution by measuring the I-V
characteristics locally using C-AFM, and by extracting the
corresponding differential conductances.

Figure 3 shows the characteristic spectra of local differen-
tial conductance as a function of voltage. The measurements
have been performed on interior points of different grains, far
away from any boundaries with the neighboring grains. The
density of states has varied slightly between the grains. The
estimated band gap is E; = 3.0+ 0.2 eV, in agreement with
the optical measurements [29-31]. Conduction at negative bias
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Figure 4. (a) Schottky thermionic emission plot, In(J) versus V'/?
and (b) Fowler—-Nordheim plot, In(J/V?) versus 1/V at positive bias
curves of the grain interior (left scale) and grain boundary (right
scale) of the BiFeOs film.

voltages corresponds to the states in the valence band, while
the conduction at the positive bias corresponds to the states in
the conduction band. The flat plateau around zero voltage rep-
resents the band gap. These results show that the grain interiors
are very similar, even though the grain’s immediate surround-
ings vary. Therefore, we claim that the properties at the length
scale of the grain size are not influenced by the distant regions
of the film, and therefore should not depend on the film thick-
ness, as long as it is larger than the grain dimension.

We have observed a difference between the grain boundary
and the grain interior in the local measurements of the cur-
rent as a function of bias voltage. In the resulting I-V curves
the conduction has been higher at the boundary. Conduction
through semiconductor heterostructures is well researched,
and various transport mechanisms have been proposed and
observed [32, 33]. In our case, the distribution of electric polar-
ization (see figure 2), and the typical gap sizes (see figure 3),
suggest that the interior of the grain behaves as a semicon-
ductor of fairly large band gap, ~ 3 eV. In the grain interior,
the transport has been consistent with the tunneling through a
barrier, either via Schottky or Fowler—Nordheim mechanism
[32-34]. We have fitted the I-V curves in the spatial region
of the grain interior, and in the voltage region V > 2V, to the
predictions of the tunneling transport theory. Up to Va5V,
the Schottky mechanism of thermal excitations across the
barrier explains the observed behavior. At larger voltages,
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Figure 5. (a) Topography and ((b)—(f)) current maps (C-AFM images) according to bias voltages V = 2, 3, 4, 5, 6 V respectively. Bright
regions means higher current. Notice the enhanced conductivity at grain boundaries and no conductivity regions in the grains interior.
Bright line indicates the places between two grains where we have measured the current as a function of the position (shown in figure 6).

the results are consistent with the Fowler—-Nordheim mecha-
nism. Figure 4(a) shows the plot of In(J) versus V"> measured
at various points in the BiFeOs film in the voltage range from
2 to 5V. For the leakage current governed by the tunneling,
In(J/V?) versus 1/V plot shows linearity for bias voltage well
bellow the gap, i.e. V < 2V (figure 4(b)), as we have observed
in our film. At low fields, V < 1.5V the grain interior has
shown a plain Ohmic behavior (see supplementary material
(stacks.iop.org/JPhysD/49/045309/mmedia)). As opposed to
the grain interior, -V curves of the grain boundary have not
followed any standard transport model.

The local current distributions and the I-V characteristic
of the BiFeOj; film have been studied by the C-AFM. Current
maps (C-AFM images) and topography images have been
probed in the same spatial region of the sample. In C-AFM
images, figure 5, the bright parts are conducting regions, while
the dark regions are non-conducting. From the morphological
and PFM measurements we have found that the BiFeO; film
is inhomogeneous. A difference in electric transport proper-
ties between the grain interior and its boundary can appear for
several reasons. Due to the different crystal orientation of the
grains and the possible strain between the grains, the polariza-
tions of neighboring grains are not equal and generically point
in different directions. Furthermore, different polarizations
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Figure 6. The current profiles of cross-sectional analysis along the
bright solid line in figure 5.

of the neighboring grains cause strong electric fields in the
region of the boundary between the grains. A similar phenom-
enon was observed in HoMnOs [35].

Our measurements have demonstrated that the local con-
duction pathways of the BiFeO; film coincide with the grain
boundaries, while the interior of the grains remain insulating
[36], as indicated in figure 5, and consistent with the meas-
urements on the interior points of various grains, presented
in figure 3. The charge transport of BiFeO; film has been
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(w) is shown as a function of the position across the grain boundary.
Solid line in the inset is a guide to the eye.

investigated at different applied bias voltages, both slightly
smaller and larger than the band gap. Topography image
(figure 5(a)) and the corresponding C-AFM images at bias
voltage ranged from 2 to 6V (figures 5(b)—(f)) have confirmed
high correlation between the granular structure of the film and
the shape of the conduction pathways. Under low bias volt-
ages, narrow charge transport pathways form (figures 5(b) and
(c)) at the places that are low in the topographic image of the
film, and are barely visible. As the bias voltage increases, both
the width of the conduction pathways and the intensity of the
current that flows through them increases.

The evolution of the conduction pathways with the
increasing bias voltage is shown in figure 6. The current
through the film has been measured at the points that lie both
near the grain boundaries and deep within the grain, along
line that crosses the grain boundary at the right angle. The
measurements were repeated for various bias voltages. The
geometry is indicated by the bright solid line in figures 5(b)—(e).
With the increase of the bias voltage, the conduction path
broadens. Initial broadening is slow, the currents are weak,
and the path is narrow as long as the bias voltage is below the
band gap. At the bias voltage of about 4V, which is larger than
the band gap, the path suddenly broadens dramatically, and the
local currents increase. At such high biases, the interior of the
grain also begins to conduct. Similar behavior was previously
observed in doped BiFeO; film [28].

In order to better understand the microscopic charge trans-
port process in the grain boundaries, we have measured the
I-V characteristics across the grain boundary and observed the
changes in the conduction. A pair of particularly large grains
and the boundary between them have been chosen, so that we
can reach a relatively high spatial resolution when compared
to the dimensions of the grains. Figure 7 shows topography
(a) and C-AFM image (b) under the 4V bias with a line across
the grain boundary and 11 points on it. The [-V characteristics
taken at these points are shown in figure 7(c). As a general
trend, the grain boundaries have almost Ohmic behavior, but
at the point in the grain interior, the I-V characteristics are
typical of semiconductors. Figure 7(d) shows the evolution of
the band gap across the grain boundary. We have found the
band gap of about 3.2eV on the grain interior, consistent with
the measurements on other grains, see figure 3. As the probe
approaches the boundary, the band gap narrows down. At the



J. Phys. D: Appl. Phys. 49 (2016) 045309

B Stojadinovic et al

X (nm)

-150 -100 -50 0 50 100 150 4

122 (Bl
12 —_
1 S
nA [N
10 >

1-1

0 1-2

1-3

4 —s=— Forward voltage sweeps 4

3l(c) —e— Backward voltage sweeps (d)]3

2+ 12

2 3

1t 11
S lg —~
= 0 0 S

> -1r 1-1
>o

2t 1-2

-3t 1-3

-150 -100 -50 0 50 100 150 -150 -100 -50 O 50 100 150
X (nm) X (nm)

Figure 9. (a) C-AFM image with 3 lines across grain boundary and ((b)—(d)) center of band gap across lines 1, 2, and 3 in the C-AFM
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three points located at the grain boundary (5, 6, and 7) the
band gap is very narrow, and the material behaves similarly
to a conductor. The fact that we do not find the band gap to
be constant across the sample suggests that, at the level of
single grains, the film is not homogeneous with well-defined
and constant band structure throughout the sample.

The hysteretic dependence of polarization on the external
electric field is well known in bulk ferroelectric BiFeOs. The
hysteretic phenomena are necessary for the applications of
BiFeO; films in memory devices. Reorganization of charge
associated with the variation of electric polarization causes
strong internal fields in the sample, and we may expect similar
hysteretic behavior in the quantities related to the charge trans-
port. The I-V characteristics and the phenomenon of resistive
switching in polycrystalline thin films shows some signatures
of the hysteresis [37-39]. However, the hysteresis of electric
polarization in the electric field exists only in insulators, whereas
the conductors cannot support the electric fields in the interior.
We have studied the local hysteresis in the [-V curves, and have
probed both the region where the grain is insulating, i.e. the
grain interior, and the region where the grain is conductive, i.e.
the grain boundary. We have defined the hysteresis width, w,
as the difference of voltage that produces a 10 nA current in
forward- and backward voltage sweep, see figure 8. The hys-
teresis width vanishes at the grain boundary, and turns on in the
interior with the characteristic length scale of 50nm, see inset
of figure 8. The measured points are presented in figure 7(b).
Figure 8 shows the I-V curves in the forward and backward
sweep at the grain interior (thick line) and at the grain boundary
(thin line). Note that the typical grain diameter is 40 nm.

The bulk BiFeO5; shows both the ferroelectric and the anti-
ferromagnetic order. Both orders are characterized by hyster-
etic response to external fields. We have found the hysteresis
in conductivity in the interior of the grain, but not at the grain
boundary (see figure 8). Another property of the grain that can
be studied locally is the density of states. We have measured
the local density of states across the grain boundary and have
found, again, the hysteretic behavior within the grain interior,
but not on the boundary. We have chosen the center of the
band gap as a representative quantity that describes the band
structure. The definition of the center of band gap is illustrated
graphically in the supplementary material (stacks.iop.org/
JPhysD/49/045309/mmedia). In a series of C-AFM measure-
ments, we have measured the density of states in a forward-
and backward voltage sweeps at a set of points that extends
across the grain boundary.

Figure 9(a) shows a C-AFM image of grain boundary.
Within this region, we have recorded 11 I-V curves through
three different lines (see picture). Three representative lines
(1-3) across the leakage current pathways of different widths
are selected for detailed study of the local density of states.
The center of flat plateau in the I-V characteristics is defined
as the center of the band gap. Figures 9(b)—(d) show the poten-
tial at the band gap centers, V,, across marked lines 1-3 in
figure 9(a).

The density of states is hysteretic, and the center of the band
gap is hysteretic within the grain, but not within the boundary
layer, see figure 9. The motion of the center of the band gap,
V., as the probe position x moves in real space across the grain
boundary is more pronounced in the backward voltage sweeps,
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and less in the forward ones. The local hysteresis is manifested
by the difference in the positions of the band gap centers as
measured in the forward- and backward voltage sweeps while
the position of the probe within the sample is kept fixed.
Comparison of the V,(x) curves from the figures 9(b)—(d) with
the image of conductivity obtained by C-AFM shows that the
narrower boundary region as defined by conductivity (figure
9(a)) also implies a narrower region with the absent hysteresis
in V.(x) (figures 9(b)—(d)). Note, however that the boundary
region as would naively be defined from /(V) is much narrower
than the absence of hysteresis would imply.

In thin BiFeO; films, a similar shift of the band gap
was observed at the ferroelectric domain boundaries [40].
Discontinuity in polarization and the consequent charge
accumulation on the surface causes potential discontinuity
and moves the band gap. Such a potential difference should
enhance the electrical conductivity by causing carriers in the
material to accumulate at the domain wall to screen the polar-
ization discontinuity [41, 42]. In our sample, the grains are
single domains, see above, and a similar charge accumulation
appears at the boundaries between the grains.

4. Conclusions

We have observed a difference in electrical properties between
the grain interior and the grain boundary in BiFeO; thin film
obtained by sol-gel spin coating process. Leakage current
was more pronounced at the grain boundaries. The onset of
large leakage current with the increasing bias voltage happens
as the region of large conductivity expands from the grain
boundaries towards the grain interiors. The leakage mecha-
nism in grain interior have been identified with Schottky
and Fowler—Nordheim processes, while the leakage current
through the grain boundaries does not appear to be dominated
by any standard mechanism of conduction. In the measurement
with the local probes, we have also found that the band gap
varies slightly among the different grains, but varies strongly
between the grain boundary and the grain interior. In the grain
interior, we have observed hysteresis in various properties of
the material connected to the charge transport. The shape of
the density of states is itself hysteretic. As a consequence, the
conductivity as a function of slowly varying voltage is also
hysteretic. As opposed to the grain interior, no hysteresis was
observed with the local probe at the grain boundary.
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ABSTRACT

Polycrystalline Bi;_xPr(Ce)xFeO3 ceramics (x = 0, 0.03, 0.05 and 0.10) were prepared by auto-combustion
method using urea as a fuel. The influence of Pr(Ce) doping on structural, vibrational, morphological,
dielectric and ferroelectric properties of BiFeOs3 polycrystalline ceramics was investigated. From X-ray
diffraction (XRD) and scanning electron microscopy measurements it was observed that Pr(Ce) doping
generated a reduction of the crystallite (grain) size of BiFeO3 and contraction of the rhombohedral cell
due to the increased compressive strain. The changes seen in the XRD and Raman spectra of 10% Pr(Ce)-
doped samples, pointed to a probable appearance of orthorhombic (pseudotetragonal) crystal structure.
The pristine BiFeO3 exhibited rounded shape, non-saturated ferroelectric hysteresis loop. The dielectric
constant and dielectric loss have shown strong dispersion at lower frequencies, typical for conductive
BiFeOs. Dielectric and ferroelectric properties at room temperature were improved with Pr doping.
Concerning the Ce-doped samples, only the 3% Ce-doped sample exhibited a better shaped hysteresis
loop and improved dielectric properties compared to the pristine BiFeOs. With further increase of Ce

Dielectric properties

content the ferroelectric properties degraded.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Materials which exhibit multiferroic behavior are very rare, and
usually have low magnetic ordering temperature which constrains
their application [1]. Among multiferroic materials, BiFeO3 with a
rhombohedrally distorted perovskite structure of space group R3c,
belongs to a very few known magnetoelectric materials which
exhibits both ferroelectricity and magnetic ordering at and above
room temperature (ferroelectric Curie temperature Tc ~ 1100 K and
Neel temperature Ty ~ 640 K) [2,3]. These features make BiFeOs
particularly applicable in the fields of microelectronics, digital
recording or magnetoelectric sensors [4,5]. BiFeO3 can be poten-
tially used in ferroelectric random access memory (FeRAM) appli-
cations [6] due to large spontaneous polarization [7—9], but of
particular interest is to investigate the possible existence of
magnetoelectric coupling in BiFeOs and its potential application in

* Corresponding author.
E-mail address: zordoh@ipb.ac.rs (Z. Dohcevi¢-Mitrovic).

http://dx.doi.org/10.1016/j.jallcom.2015.09.235
0925-8388/© 2015 Elsevier B.V. All rights reserved.

magnetic random access memories (MRAM) [10]. However, main
disadvantages for the application of BiFeOs; in devices is low re-
sistivity (i.e. high leakage current) which causes large dielectric
loss, poor ferroelectric loop at room temperature and small
remnant polarization due to the presence of oxygen vacancies and
secondary phases.

Doping of BiFeO3 with rare earth ions at A-site [11—15], as well
as doping with alkaline earth divalent ions such as Ca®>*, Ba®>* and
Sr?* [16] proved to be an effective way to improve its ferroelectric
properties. In fact, A-site doping with ions of smaller radius in-
fluences the Fe—O—Fe bond angle, giving a more insulating char-
acter to BiFeO3 [17]. The codoping with 4f elements at A-site and 3d
elements at B-site is another effective way to reduce the leakage
current in BiFeO3 and to improve its multiferroic properties
[18—21]. In the majority of previous reports referring the rare earth
ions doping of BiFeOs, only a few studies have been devoted to the
investigation of ferroelectric properties of Pr(Ce)-doped BiFeOs
ceramics [22—26] or thin films [27—29]. It can be expected that Bi
substitution with Pr3*/4*(Ce3*/4*) ions will prevent Bi volatilization
and reduce the oxygen vacancy concentration, enhancing at the



B. Stojadinovic et al. / Journal of Alloys and Compounds 657 (2016) 866—872 867

same time the insulating properties of BiFeOs. Furthermore, Pr(Ce)
doping can induce larger structural distortion and, even a structural
transformation in BiFeOs, which can have strong influence on
ferroelectric properties of these materials [29,30].

In this paper, Pr(Ce)-doped BiFeOs ceramics were synthesized
by auto-combustion method which represents a very facile, fast
and low-cost method. A systematic study of the effect of Pr(Ce)
doping on the structural, vibrational, ferroelectric, and dielectric
properties of BiFeO3; ceramics has been reported.

2. Experimental details

Pristine and Pr(Ce)-doped BiFeO3 (Bi;_yxPr(Ce)xFeOs, x = 0.03,
0.05 and 0.1) polycrystalline samples were synthesized by auto-
combustion method using urea as a fuel. The fuel, besides
providing the energy for the reaction, acts as a complexant and
prevents the precipitation of metal ions in the form of hydroxides
[31]. The Bij_xPr(Ce)xFeO3; precursor solutions were prepared
using Bi(NO3)3-6H,0 (Alfa Aesar, 98.0%), Ce(NO3)s3-6H0 (Acros
Organics, 99.5%), Pr(NOs3)3-6H,0 (Sigma—Aldrich, 99.9%),
Fe(NO3)3-9H,0 (Alfa Aesar, 98.0—101.0%), HNO3 (65%) and urea
(Riedel-de Haen, 99.0—100.5%) as starting materials. The iron(III),
cerium and praseodymium nitrates were dissolved in a minimal
amount of distilled water, whereas bismuth nitrate was dissolved
in a minimal amount of diluted nitric acid. The solutions were
mixed and stirred for 15 min, after which the solution of urea was
added. The molar ratio of urea to nitrates was 5:1. The obtained
suspension was stirred and heated at 80—90 °C. During the heat-
ing a small amount of the precipitate, formed after urea addition,
was dissolved and the clear solution was obtained. After a partial
water evaporation, a yellow-white precipitate was formed and the
solution was turned into gel. At the same time the self-ignition
started. The reaction was fast and had finished in a few minutes.
Large amount of gasses was released, without a flame. A black
resin, remained after the auto-combustion reaction, was dried at
150—200 °C for one hour. The dried product was then grinded in a
mortar and the obtained reddish powder was annealed at 600 °C
for two hours with a heating rate of 10 °C/min. The powders were
pressed into disks under the pressure of 300 MPa and sintered at
800 °C for 1 h in a closed dish, together with a small amount of
Bi»O3 added in order to compensate the Bi loss during the heat
treatment.

The structure and crystallinity of the Bij_xPr(Ce)xFeOs; poly-
crystalline ceramics were investigated by X-ray diffraction (XRD)
method, using Phillips PW1710 diffractometer with Cu Ko radia-
tion. The surface morphology was studied by scanning electron
microscopy (SEM, TESCAN SM-300). SEM micrographs were
recorded on gold sputtered non-treated surfaces of ceramic
samples.

Raman spectra were recorded in backscattering configuration
using Tri Vista 557 Raman system equipped with a nitrogen-cooled
CCD detector. The A = 514.5 nm line of Ar"/Kr™ mixed laser was
used as an excitation source with an incident laser power less than
60 mW in order to minimize the heating effects. The ferroelectric
hysteresis loops were acquired at 1 kHz using a Radiant Precision
Multiferroic Analyzer. The dielectric properties of the samples were
examined in the frequency range from 80 Hz to 120 kHz using a
Digital Programmable LCR Bridge HM8118 (Hameg). Each sample
was placed in a closed capacitor cell housed in a Faraday cage with
an AC signal of 1.5 V applied across the cell. The disk-shaped
samples had a diameter close to the diameter of cell electrodes
(8 mm). The same capacitor cell and Digital LCR Meter 4285A (HP/
Agilent) were also used for the measurement of the dielectric
properties at frequencies from 80 kHz to 8 MHz. All measurements
were performed at room temperature.

3. Results and discussion
3.1. Structural and morphological properties

Fig. 1a shows XRD patterns of pristine BiFeO3 and Bij_xPrxFeO3
ceramics. All diffraction peaks of the pristine BiFeO3 sample match
with the rhombohedral structure (R3c) without the presence of a
secondary phase. Polycrystalline Bi;_xPryFeOs samples crystallize
in a slightly distorted R3c structure. The slight lattice distortion is
manifested by a gradual shift of XRD peaks to higher 260 values with
Pr doping. The shift of XRD peaks to higher 20 values can be
ascribed to the unit cell contraction i.e. the decrease in lattice pa-
rameters due to the substitution of Bi>** ions with smaller Pr
dopant. The wunit cell parameters of pristine BiFeOs; and
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Fig. 1. X-ray diffraction patterns of the a) Bi;_xPrxFeOs and b) Bi;_xCexFeO3; samples
(0 <x < 0.1). The (*) and (#) designate the appearance of additional phases discussed
in the text.
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Bi;_xPryFeOs3 samples are listed in Table 1. As can be seen from
Table 1, with increasing Pr content, a reduction of both a and ¢
lattice parameters, i.e. a contraction of the BiFeOs lattice, was
observed.

The doublet peaks corresponding to the (104) and (110) planes
around 20 ~ 32°, and (116) and (122) planes around 26 ~ 52°, with
doping were shifted to higher 20 values and almost merged into a
single peak for the 10% Pr-doped sample. According to the literature
data [32—34], these changes point to the beginning of partial phase
transition from a rhombohedral (R3c) to an orthorhombic (Pbnm)
structure. The enlarged 20 regions where these peaks appear are
presented in the insets of Fig. 1a. The partial structural transition
can produce a distortion of the FeOg octahedron due to the changes
in Fe—O bond length and O—Fe—O bond angles, affecting the
electrical properties of BiFeOs; [33,35]. Moreover, no additional
peaks related to a secondary phase or other impurity phases have
been observed in the sintered samples, implying a good solubility
of Pr dopant in the BiFeOs lattice.

The XRD patterns of Bij_xCexFeO3; samples are presented in
Fig. 1b and indexed to the rhombohedral BiFeOs structure. How-
ever, some weak diffraction peaks (marked with an asterisk) which
correspond to a mullite (Bi;Fe4Og) phase [36] appeared and became
more pronounced with increased content of Ce dopant. As in the
case of Bi;_xPryFeOs3 samples, lattice parameters (a and c) slightly
decreased (see Table 1) implying that Ce substitution leads to the
contraction of the unit cell and distortion of R3c structure. In
addition, with increasing Ce content the peak at 26 ~ 46° (marked
with #) splits into two peaks. This is particularly noticeable for the
10% Ce-doped sample. According to Liu et al. [29], these peaks can
be indexed as (200) and (002) peaks of pseudotetragonal structure.
Such a behavior suggests that in 10% Ce-doped sample partial
structural transformation from a rhombohedral to the pseudote-
tragonal phase started.

The crystallite size and strain in the Bi;_yxPr(Ce)xFeOs3 poly-
crystalline samples were calculated using the Williamson-Hall
(W—H) plots [37] and are presented in Table 1. The example of
W—H plots for pure and 3% Pr(Ce)-doped BiFeO3 samples are given
in Fig. S1. From Table 1, it can be seen that the average crystallite
size was reduced with doping, whereas the strain values increased
and reached the highest value for the 10% Pr(Ce)-doped samples. It
can be concluded that Pr(Ce) doping induces increased compres-
sive strain responsible for the BiFeOs lattice contraction. The similar
contraction of the BiFeOs lattice due to the compressive strain
(stress) has been seen in Sm-doped BiFeOs thin films [38].
Furthermore, the increased strain in Bi;_xPr(Ce)xFeO3 samples can
produce a distortion of rhomohedral structure, which can induce
gradual structural phase transformation as in a case of Y-doped
BiFeO3 nanopowders [39].

The surface morphology of BiFeOs3 and Bij_xPr(Ce)sFeOs
(x =0.05, 0.1) samples is shown in Fig. 2. The undoped (Fig. 2a) and
Pr-doped BiFeOs; samples (Fig. 2b and c) exhibit rather dense
microstructure (82 and 78% of the theoretical density for undoped
BiFeO3; and 10% Pr-doped samples) with a clearly visible grains and

Table 1

Fig. 2. SEM images of the surface morphology of a) BiFeOs, b) BiggsPrgosFeOs, c)
Bio'ggpro‘mFEO} d) Bi0<95CEO'05F303V and e) BiolgoCEO'10FEO3 samples.

grain boundary. The morphology of Ce-doped samples (Fig. 2d and
e) is different from that of pure and Pr-doped samples. These
samples exhibit less pronounced grain boundary microstructure
with increased intergranular porosity and lower sample density
(65% of the theoretical density for 10% Ce-doped sample). SEM
images showed that in Pr(Ce)-doped samples the grain size
decreased. The grain size decrease in Pr(Ce)-doped samples can be
explained by inhibiting effect of increased Pr(Ce) dopant content on
grain growth or can be attributed to the suppressed oxygen vacancy
formation in these samples, as oxygen vacancies favorize the grain
growth during the sintering process [33]. In addition, if there is a
decrease of oxygen vacancy concentration, the reaction rate in the
solid phase is slowed down, grains remain smaller and the

The lattice parameters, average crystallite size and strain values for Bi;_xPr(Ce)xFeO3 samples.

Samples Lattice parameter a (A) Lattice parameter c (A) Strain (%) Crystalite size (nm)
BiFeO3 5.617 + 0.004 13.760 + 0.010 0.10 + 0.02 289 +22
Big.97Pro.03Fe03 5.587 + 0.005 13.686 + 0.012 0.16 + 0.03 222+ 16
Bio.95Pro.05Fe03 5.582 + 0.003 13.672 + 0.007 0.18 + 0.04 219+19
Big.90Pro.10Fe03 5.576 + 0.004 13.657 + 0.009 0.36 + 0.05 193 + 19
Bio.97Ce0,03Fe03 5.597 + 0.004 13.735 + 0.013 0.20 + 0.01 252409
Big.osCeo.05Fe0s 5.598 + 0.005 13.736 + 0.010 0.24 +0.01 240 + 1.6
Bip.goCep.10FeO3 5.595 + 0.003 13.730 + 0.011 0.32 + 0.04 229+ 26




B. Stojadinovic et al. / Journal of Alloys and Compounds 657 (2016) 866—872 869

densification is weaker.
3.2. Raman analysis

The structural evolution of BiFeOs structure with Pr(Ce) ion
substitution can be reflected through the Raman spectra as well.
For R3c rhombohedral structure, the group theory analysis predicts
13 Raman active modes (4 A; and 9 doubly degenerate E modes)
[40—45], but the number of clearly seen Raman modes at room
temperature is much less than predicted [43]. The room

a)

Intensity

Intensity

temperature Raman spectra of BiFeOs3 and Bij_xPr(Ce)xFeO3; sam-
ples are presented in Fig. 3.

In the Raman spectrum of BiFeO3; sample (Fig. 3a), two A; modes
at 171 and around 218 cm~! [39] and two E modes at 75 and
265 cm™ ! [43] can be clearly seen. The strong and wide Raman peak
at 136 cm™! is composed of two modes, E mode at 132 cm~'and A,
mode at around 140 cm~!, which can be resolved by parallel po-
larization measurements at low temperatures [43]. The other E
phonon modes at around 330, 368, 428, 475, 520 and 599 cm ™! are
barely visible. In the Raman spectra of Bi;_xPryFeO3 samples, the E
mode at 75 cm~ ! and A; mode at around 218 cm ! exhibit shift to
higher frequencies. The Raman peak at 136 cm™! is also shifted to
higher frequencies. After deconvolution of the 136 cm™! peak using
Lorentzian profiles, the position of the E mode remained un-
changed, whereas the A; mode was shifted to higher frequencies
(see dashed line in Fig. 3a). The other E modes (around 475, 520 and
599 cm~!) become more prominent with increasing Pr content. In
the Raman spectra of Bi;_xCeyxFeOs samples, more pronounced
changes in the Raman modes position and intensity are observed in
the case of 10% Ce-doped sample.

The exact positions of the Raman modes in the 10% Pr(Ce)-
doped samples, for which the possible structural phase trans-
formation was observed, were determined using the Lorentzian fit.
In Fig. 3¢ are shown the deconvoluted Raman spectra of BiFeOs,
Big.9oPro10FeOs and BiggoCeg1oFe03 samples. The obtained mode
positions are summarized in Table 2.

As can be seen from Table 2, the E and A; modes (75,140 cm™ 1)
which are related to Bi—O bonds, as well as the E modes (428, 520
and 599 cm~!) which are characteristic for the Fe—O bonds [44,46],
are shifted to higher frequencies for both BiggoPrgioFeOs and
Big.9oCeo.10FeO3 samples. The A; mode at around 218 cm ™!, which is
characteristic for Bi—O bonds is shifted to higher frequencies in
Big.goPro10FeO3 sample. The blueshift of the E and A; modes, for
which the contribution of Bi—0 bonds dominates, is expected when
the substitution with smaller atomic mass Pr(Ce) ions at Bi-site
happens, because the Raman mode frequency is dependent on
the atomic mass (M) of the substituent according to the relation
W ~ (k/M)”2 [22,26]. The appearance of the increased compressive
strain in BiFeOs lattice with increased amount of Pr(Ce) dopant is
also responsible for the blueshift of the frequency of the Raman A4
and E modes, characteristic for both Bi—0 and Fe—O bonds.

The E mode at 599 cm ™, which is of low intensity in the pristine
BiFeO3 and almost invisible in BipggCep1oFeOs, becomes very
prominent in BigggPrgioFeO3; sample. Compared to the pristine
BiFeOs, the relative intensity ratio of A; modes at about 140 and

6000+ 171 em™! (1140/1171) is increased in 10% Pr(Ce)-doped samples (I140/
7)) I171 =0.69, 1.1, and 2.1 for BiFeOs, 10% Ce and 10% Pr-doped samples,
~~ 4000 . . . .
%) respectively). The change of the relative intensity of these two A4
e \
C 200042
>
O 500]
(&) 200 Table 2
~ Positions of the Raman modes for BiFeOs, BiggoProioFeOs, and BiggoCeg1oFeOs
> 3004 samples.
= 200]
&) 100 Raman modes (in cm™') BiFeOs3 Bio.goPro.10Fe03 Bip.goCeo.10Fe03
Q@ 50007 E 75.4 81.2 77.4
‘E E 1323 132.9 132.7
— 4000+ Aq 140.8 1445 145.0
Aq 171.2 172.7 169.6
30001 \ i Ay 2187 2316 2175
e e | E 265.2 269.0 265.1
100 200 300 400 500 ] 600 330.6 3333 3313
Wavenumber (cm™) E 3686 3760 367.1
E 4284 440.6 429.2
Fig. 3. Room-temperature Raman spectra of (a) Bi;_xPryFeOs; and (b) Bi;_xCexFeO3 E 475.8 475.0 4768
! K E 520.4 532.8 526.9
samples (0 < x < 0.1), together with (c) deconvoluted Raman spectra of BiFeOs, E 509.2 6177 611.7

Big.90Pro.10Fe03 and BiggoCeq 10Fe03 samples.
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modes reflects the change in Bi—O bonds and the stereochemical
activity of Bi lone electron pair with Pr(Ce) doping [23]. Further-
more, any changes in the position or intensity of the 140, 171 and
599 cm~! modes are related to the changes in the ferroelectric
properties of BiFeOs3 as well [22,45]. In the Raman spectrum of
Big.goCep10Fe03 appears an additional mode (marked with an
asterisk in Fig. 3c) at around 553 cm™~ .. This mode can be ascribed to
the mode of BiyFe4Og phase [47]. The appearance of this mode is in
accordance with the XRD pattern of BiggoCeg19FeOs in which the
presence of a mullite phase has been seen. The changes observed in
the Raman spectra of doped samples gave a clear evidence about
the lattice distortion induced by Pr(Ce) doping.

3.3. Dielectric properties

The frequency dependence of the dielectric constant (¢') and
loss tangent (tan 6) of Bij_xPr(Ce)xFeOs; samples are shown in
Fig. 4.1t can be observed from Fig. 4a that the dielectric constant of
the pristine BiFeOs at low frequencies has the highest value
(¢/ = 159) and shows a strong dispersion in the low-frequency
region. Such a behavior is characteristic for the presence of oxy-
gen or bismuth vacancies, which are responsible for the appear-
ance of charge carriers at grain boundaries or interfaces (i.e. the
local space charge), and an increased conductivity in BiFeO3 [48].
The contribution of the local space charge to the dielectric con-
stant usually manifests as a strong dispersion at low frequencies.
The presence of oxygen vacancies also increases the probability of
a hopping conduction mechanism between Fe?* and Fe>' ions,
which can be reflected through an increased value of the dielectric
constant [48].

The dielectric constant of Pr(Ce)-doped samples significantly
decreases and exhibits much smaller dispersion at low fre-
quencies (Fig. 4a). The overall decrease of the dielectric constant
can be attributed to a reduced conductivity and a decreased space
charge relaxation at the interface [49], but can also originate from
the contraction of the unit cell volume when Bi ions are
substituted with smaller Pr(Ce) ions. The unit cell contraction can
result in a decreased polarization because of less free volume for
the displacement of Fe3* ions in FeOg octahedra. The dielectric
constant of Bi;_xPryFeOs samples exhibits relatively small
(x = 0.03, 0.05) or almost no dielectric dispersion (x = 0.1). Such a
behavior can be explained by the fact that the incorporation of
Pr3+/4* jons into the BiFeOs lattice reduces the oxygen vacancy
concentration and conductivity of BiFeOs; [49, 29]. Ce-doped
samples (x = 0.03, 0.05) have lower value of dielectric constant

B. Stojadinovic et al. / Journal of Alloys and Compounds 657 (2016) 866—872

than Pr-doped ones and show almost no frequency dispersion.
The value of dielectric constant and its dispersion increases for the
Bip.goCep.10FeO3 sample. The increase of dielectric constant can
originate from the increased oxygen vacancy concentration and
the appearance of local space charges at the grain boundaries or
interfaces [48,49]. The change of the dielectric constant with
frequency in BiFeOs3 and Bij_yxPr(Ce)xFeOs samples can be well
explained by the Maxwell-Wagner relaxation effect which refers
to the interfacial polarization [48,49].

The loss tangent (tan 6) shows a similar variation with fre-
quency as the dielectric constant. At low frequencies, the loss
tangent of the undoped BiFeOs sample shows a higher value, due
to the increased defect concentration and conductivity and shows
a broad relaxation peak in the intermediate frequency range
(10 kHz—1 MHz). The broad relaxation peaks are usually caused by
inhomogenous grain conductivity [49]. The tan ¢ curves show
dispersive characteristics in the low-frequency region for Pr-
doped samples, with much less pronounced relaxation peaks. At
frequencies higher than 10 kHz, the value of tan ¢ is reduced and is
significantly lower than in the pristine BiFeOs3, due to reduced
oxygen vacancy concentration and conductivity. The Ce-doped
samples with lower content of Ce (x = 0.03, 0.05) have low value
of tan ¢ over the whole frequency range. The tan 6 becomes much
higher in the case of Big goCep10FeO3 sample, pointing to increased
conductivity of BiggoCeg10FeO3 sample.

3.4. Ferroelectric properties

The ferroelectric hysteresis (P—E) loops for Bi;_xPr(Ce)sFeO3
samples are presented in Fig. 5. In the inset of Fig. 5b is given P—E
loop of the pristine BiFeOs.

The BiFeOs; exhibited a rounded shape i.e. a non-saturated
(lossy) P—E loop, and was not able to withstand applied electric
field stronger than 2 kV, which is typical for a conductive BiFeOs
material. The ferroelectric performances of pristine BiFeOs; are
consistent with the dielectric measurements. The ferroelectric
loops of the Pr(Ce)-doped samples (Fig. 5a and b), exhibited less
pronounced leakage effect than for the pristine BiFeOs, but were
still non-saturated. This is an expected behavior, since the incor-
poration of Pr3*/4*(Ce3*/#*) jons in the BiFeOs lattice should sup-
press the formation of bismuth and oxygen vacancies. With
increasing Pr content, the maximal polarization (Py) and the
remnant polarization (Pr) have increased and reached the values of
0.4 and 0.35 uC/cm? for BiggoPro10FeOs. The Py and Pg values are
comparable with the previously reported data on BiFeO3 ceramics

160 a) —0—BiFeO, b) L0.4
—e— Biy4,Pr,,,Fe0, —0O—Bi,,Ce, FeO,
<5 1404 —+—Bi ,,Pr, ;F€0, —O—Bi,,.Ce, Fe0,
= 120- —v— Bi4,Pr,,,Fe0, —O—Bi ,Ce,  FeO, L0.3
8
@ 100+ 7e
o L0.2 S
o I
o
3
@ 0.1
9
()]
T T T T 0.0
10° 10* 10° 10° 107
f [HZz]

Fig. 4. Room temperature (a) dielectric constant (¢') and (b) loss tangent (tan d) of Bi;_xPr(Ce)xFeOs; samples (0 < x < 0.1) as a function of frequency.
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Fig. 5. Room-temperature P—E hysteresis loops for (a) Bi; _xPryFeOs and (b) Bi; _xCexFeO3
samples (0.03 < x < 0.1). In the inset is presented P—E hysteresis loop for the pristine
BiFeOs.

doped with similar content of Pr [24,49]. However, the breakdown
electric field for Pr-doped samples is still as low as in the case of the
pristine BiFeOs.

Initial Ce doping increases the ability of BiFeO3 to withstand
higher electric fields [50], in our case up to 100 kV/cm. This
enhancement can be attributed to a decrease of oxygen vacancy
concentration, as the substitution of Bi ions with higher valence
Ce** ions would suppress the formation of oxygen vacancies and
consequently reduce the leakage current. The polarization has the
highest value of about 0.56 nC/cm? in the 3% Ce-doped sample, and
the P value is about 0.1 pC/cm?. With further increase of Ce con-
tent, the values of Py;, Pr and coercive field decreased and the
samples exhibited a poor P—E loop. This result suggests that the
ferroelectric properties were degraded with further increase of Ce
content.

Several reasons can be responsible for the lower values of Pg in
Pr(Ce)-doped samples. The contraction of BiFeOs unit cell with
Pr(Ce) doping, i.e. the partial phase transition from rhombohedral
to orthorhombic (pseudotetragonal) phase can reduce the remnant
polarization, as the direction of the spontaneous polarization can
be changed [51,29]. Another reason can be found in lowering of the
crystal anisotropy and a decrease of Curie temperature with rare
earth ion doping [52,53].

Therefore, we can conclude that Pr(Ce) doping causes a

distortion of R3c structure and in 10% Pr(Ce) doped samples, there
is an indication that partial structural phase transformation from
rhombohedral to orthorhombic (pseudotetragonal) phase started.
Pr doping suppresses the formation of oxygen vacancies,
decreasing the conductivity of Pr-doped BiFeO3 samples. In the case
of Ce-doped samples, improved dielectric and ferroelectric prop-
erties exhibited the sample with 3% of Ce. Further increase of Ce
content caused the deterioration of ferroelectric properties and in
the 10% Ce-doped sample both the dielectric and ferroelectric
properties of BiFeOs ceramics were degraded. The reduction of
ferroelectric polarization for Bigg5Cegos5FeO3 sample can originate
from the presence of impurity Bi;Fe4Og9 phase which increases the
conductivity of BiFeOs. Further, deterioration of dielectric and
ferroelectric properties for BipgoCepjoFeOs can originate from
lower percentage of Ce*' jons in this sample (see Fig. S2
Supplementary material) and increasing content of BiyFesOg
phase. On the other hand, the increased Ce content can decrease
the stereochemical activity of Bi ions and can lead to the partial
transition from ferroelectric to paraelectric phase, like in La-doped
BiFeOs [54].

4. Conclusion

In summary, polycrystalline Bi;_xPr(Ce)xFeOs ceramics (x = O,
0.03, 0.05 and 0.10) were prepared by auto-combustion method.
SEM and XRD analysis have shown that the crystallite and grain
sizes slightly decreased in Pr(Ce)-doped samples, whereas the
compressive strain increased. XRD and Raman spectra of 10%
Pr(Ce)-doped samples pointed to probable appearance of ortho-
rhombic (pseudotetragonal) phase. The presence of secondary
phase was evident only in Ce-doped samples. The pristine BiFeO3
showed lossy P—E loop, large dispersion of dielectric constant and
tan 9 at low frequencies, and a broad relaxation peak in tan d in the
intermediate frequency range. The dielectric properties were
improved by the Pr substitution, i.e. the dielectric constant had
lower values than in the pristine BiFeOs and exhibited smaller or
almost no dispersion in the investigated frequency range, whereas
with increasing Pr content the loss tangent decreased and had low
values at higher frequencies. Pr-doped samples exhibited better
shaped ferroelectric loops with much less pronounced leakage ef-
fect. The remnant and maximal polarization increased with
increased Pr doping. Such an improvement in dielectric and
ferroelectric properties can be attributed to decreased interfacial
polarization and reduced conductivity of BiFeO3 ceramic samples.
Regarding the Ce-doped samples, the best dielectric and ferro-
electric properties were observed in the 3% Ce-doped sample,
whereas with further increase of Ce dopant up to 10% these prop-
erties were degraded. The reduced polarization and increased
dielectric loss may be attributed to the appearance of conducting
BixFe4Og phase and decreased stereochemical activity of Bi-sites by
Ce doping due to the possible appearance of the pseudotetragonal
phase.

Acknowledgment

This work was financially supported by the Ministry of Educa-
tion, Science and Technological Development of the Republic of
Serbia under the projects ON171032 and 11145018. Special thanks to
Prof. Piter Hammer, Instituto de Quimica, Universidade Sao Paolo,
Arararaquara, Brazil for the XPS data.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jallcom.2015.09.235.



872 B. Stojadinovic et al. / Journal of Alloys and Compounds 657 (2016) 866—872

References

[1] N.A. Spaldin, Science 309 (2005) 391.
[2] I Sosnowska, T. Peterlin-Neumaier, E. Steichele, J. Phys. C: Solid State Phys. 15
(1982) 4835—4846.
[3] G. Catalan, J.F. Scott, Adv. Mater. 21 (2009) 2463—2485.
[4] R. Ramesh, N.A. Spaldin, Nat. Mater. 6 (2007) 21—-29.
[5] S.-W. Cheong, M. Mostovoy, Nat. Mater. 6 (2007) 13—20.
[6] A.N. Kalinkin, E.M. Kozhbakhteev, A.E. Polyakov, V.M. Skorikov, Inorg. Mater.
49 (2013) 1031-1043.
[7] C. Ederer, N.A. Spaldin, Phys. Rev. Lett. 95 (2005) 257601.
[8] J. Li, J. Wang, M. Wuttig, R. Ramesh, N. Wang, B. Ruette, A.P. Pyatakov,
AXK. Zvezdin, D. Viehland, Appl. Phys. Lett. 84 (2004) 5261—5263.
[9] K.Y. Yun, D. Ricinschi, T. Kanashima, M. Noda, M. Okuyama, Jpn. J. Appl. Phys.
43 (2004) L647—1648.
[10] J.E. Scott, Nat. Mater. 6 (2007) 256—257.
[11] S.B. Emery, CJ. Cheng, D. Kan, FJ. Rueckert, S.P. Alpay, V. Nagarajan,
L. Takeuchi, B.O. Wells, Appl. Phys. Lett. 97 (2010) 152902.
[12] KS. Nalwa, A. Garg, A. Upadhyaya, Mater. Lett. 62 (2008) 878—881.
[13] G.L. Yuan, S.W. Or, J.M. Liu, Z.G. Liu, Appl. Phys. Lett. 89 (2006) 052905.
[14] J.H. Lee, HJ. Choi, D. Lee, M.G. Kim, C.W. Bark, S. Ryu, M.A. Oak, H.M. Jang,
Phys. Rev. B 82 (2010) 045113.
[15] G.S. Lotey, N.K. Verma, J. Nanopart. Res. 14 (2012) 742.
[16] V.A. Khomchenko, D.A. Kiselev, J.M. Vieira, L. Jian, A.L. Kholkin, A.M.L. Lopes,
Y.G. Pogorelov, ].P. Araujo, M. Maglione, ]J. Appl. Phys. 103 (2008) 024105.
[17] CH. Yang, D. Kan, I. Takeuchi, V. Nagarajan, J. Seidel, Phys. Chem. Chem. Phys.
14 (2012) 15953—15962.
[18] W. Liu, G. Tan, X. Xue, G. Dong, H. Ren, A. Xia, Ceram. Int. 40 (2014)
12179-12185.
[19] W. Ye, G. Tan, G. Dong, H. Ren, A. Xia, Ceram. Int. 41 (2015) 4668—4674.
[20] YJ. Kim, JW. Kim, C.M. Raghavan, JJ. Oak, HJ. Kim, W.J. Kim, M.H. Kim,
T.K. Song, S.S. Kim, Ceram. Int. 39 (2013) S195—S199.
[21] C.M. Raghavan, J.W. Kim, S.S. Kim, Ceram. Int. 39 (2013) 3563—3568.
[22] D. Varshney, P. Sharma, S. Satapathy, P.K. Gupta, ]. Alloys Compd. 584 (2014)
232-239.
[23] P. Sharma, D. Varshney, S. Satapathy, P.K. Gupta, Mater. Chem. Phys. 143
(2014) 629—636.
[24] N. Kumar, N. Panwar, B. Gahtori, N. Singh, H. Kishan, V.P.S. Awana, ]. Alloy.
Compd. 501 (2010) L29—-L32.
[25] SK. Pradhan, B.K. Roul, Phys. B 407 (2012) 2527—2532.
[26] M. Arora, M. Kumar, Ceram. Int. 41 (2015) 5705—5712.
[27] B. Yu, M. Li, Z. Hy, L. Pei, D. Guo, X. Zhao, S. Dong, Appl. Phys. Lett. 93 (2008)
182909.
[28] X. Wang, H. Liu, B. Yan, J. Eur. Ceram. Soc. 29 (2009) 1183—1187.

[29] ]J. Liu, M. Lj, L. Pei, ]. Wang, B. Yu, X. Wang, X. Zhao, J. Alloy. Compd. 493 (2010)
544—-548.

[30] J. Liu, M. Li, L. Pei, B. Yu, D. Guo, X. Zhao, ]. Phys. D. Appl. Phys. 42 (2009)
1154009.

[31] S. Lorentzou, K. Karadimitra, C. Agrafiotis, A.G. Konstandopoulos, in: Pro-
ceedings of the PARTEC 2004, International Conference for Particle Technol-
ogy, Nuremberg, Germany, March 16—18, 2004.

[32] L. Chen, L. Zheng, Y. He, ]. Zhang, Z. Mao, X. Chen, ]. Alloys Compd. 633 (2015)
216-219.

[33] P.C. Sati, M. Arora, S. Chauhan, M. Kumar, S. Chhoker, Ceram. Int. 40 (2014)
7805—7816.

[34] V. Singh, S. Sharma, M. Kumar, R.K. Kotnala, RK. Dwivedi, J. Magn. Magn.
Mater. 349 (2014) 264—267.

[35] S.K. Pradhan, B.K. Roul, J. Phys. Chem. Solids 72 (2011) 1180—1187.

[36] N.I. 1lic, AS. Dzunuzovi¢, ].D. Bobi¢, B.S. Stojadinovi¢, P. Hammer,
M.M. Vijatovic¢ Petrovi¢, Z.D. Dohcevi¢-Mitrovi¢, B.D. Stojanovi¢, Ceram. Int. 41
(2015) 69—77.

[37] G.K. Williamson, W. Hall, Acta Metall. 1 (1953) 22—31.

[38] X. Xu, T. Guogiangn, R. Huijun, X. Ao, Ceram. Int. 39 (2013) 6223—6228.

[39] R.K. Mishra, D.K. Pradhan, R.N.P. Choudhary, A. Banerjee, ]. Phys. Condens.
Matter 20 (2008) 045218.

[40] M.N. lliev, M.V. Abrashev, D. Mazumdar, V. Shelke, A. Gupta, Phys. Rev. B 82
(2010) 014107.

[41] M.K. Singh, H.M. Jang, S. Ryu, M.H. Jo, Appl. Phys. Lett. 88 (2006) 42907.

[42] P.Hermet, M. Goffinet, ]. Kreisel, Ph. Ghosez, Phys. Rev. B 75 (2007) 220102(R).

[43] H. Fukumura, S. Matsui, H. Harima, T. Takahashi, T. Itoh, K. Kisoda, M. Tamada,
Y. Noguchi, M. Miyayama, ]. Phys. Condens. Matter 19 (2007) 365224.

[44] M.K. Singh, S. Ryu, H.M. Jang, Phys. Rev. B 72 (2005) 132101.

[45] G.L. Yuan, S.W. Or, H.L. Chan, Z.G. Liu, J. Appl. Phys. 101 (2007) 024106.

[46] Y. Yao, W. Liu, Yu Chan, C. Leung, C. Mak, B. Ploss, Int. J. Appl. Ceram. Technol.
8 (2011) 1246—1253.

[47] M.N. lIliev, A.P. Litvinchuk, V.G. Hadjiev, M.M. Gospodinov, V. Skumryev,
E. Ressouche, Phys. Rev. B 81 (2010) 024302.

[48] A. Reetu, S. Agarwal, Ashima Sanghi, J. Appl. Phys. 110 (2011) 073909.

[49] V. Kumar, A. Gaur, N. Sharma, ]. Shah, RK. Kotnala, Ceram. Int. 39 (2013)
8113-8121.

[50] Z.Quan, W. Liu, H. Hu, S. Xu, B. Sebo, G. Fang, M. Li, X. Zhao, ]. Appl. Phys. 104
(2008) 084106.

[51] X. Li, X. Wang, Y. Li, W. Mao, P. Li, T. Yang, J. Yang, Mater. Lett. 90 (2013)
152—-155.

[52] H. Ushida, R. Ueno, H. Funakubo, S. Koda, ]. Appl. Phys. 100 (2006) 014106.

[53] P. Pandit, S. Satapathy, P. Sharma, P.K. Gupta, S.M. Yusuf, V.G. Sathe, Bull.
Mater. Sci. 34 (2011) 899—-905.

[54] G.L. Yuan, SW. Or, H.L. Chan, ]. Phys. D. Appl. Phys. 40 (2007) 1196—1200.



Ceramics International 43 (2017) 16531-16538

Contents lists available at ScienceDirect

CERAMI Cg‘

INTERNATIONAL

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Dielectric and ferroelectric properties of Ho-doped BiFeOs; nanopowders

across the structural phase transition

@ CrossMark

Bojan Stojadinovié¢?, Zorana Dohé&evié-Mitrovi¢™*, Dimitrije Stepanenko®, Milena Rosi¢”,
Ivan Petronijevic¢®, Nikola Tasi¢, Nikola Ili¢Y, Branko Matovic®, Biljana Stojanoviéd

2 Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
® Institute for Nuclear sciences, Centre of Excellence-CextremeLab "Vinca", University of Belgrade, 11000 Belgrade, Serbia

€ Faculty of Physics, University of Belgrade, Studentski trg 12-16, 11000 Belgrade, Serbia

4 Institute for Multidisciplinary Research, University of Belgrade, Kneza Viseslava 1, 11000 Belgrade, Serbia

ARTICLE INFO ABSTRACT

We have studied Ho-doped BiFeO3; nanopowders (Bi; —,Ho,FeOs, x = 0-0.15), prepared via sol-gel method, in
order to analyse the effect of substitution-driven structural transition on dielectric and ferroelectric properties of
bismuth ferrite. X-ray diffraction and Raman study demonstrated that an increased Ho concentration (x = 0.1)
has induced gradual phase transition from rhombohedral to orthorhombic phase. The frequency dependent
permittivity of Bi; _yHo,FeO; nanopowders was analysed within a model which incorporates Debye-like di-
electric response and dc and ac conductivity contributions based on universal dielectric response. It was shown
that influence of leakage current and grain boundary/interface effects on dielectric and ferroelectric properties
was substantially reduced in biphasic Bi;_,Ho,FeO3 (x > 0.1) samples. The electrical performance of
Bigp gsHop 15FeO3; sample, for which orthorhombic phase prevailed, was significantly improved and
Bip gsHog.15FeO3 has sustained strong applied electric fields (up to 100 kV/cm) without breakdown. Under
strong external fields, the polarization exhibited strong frequency dependence. The low-frequency remnant
polarization and coercive field of BiygsHog 15FeO3; were significantly enhanced. It was proposed that defect
dipolar polarization substantially contributed to the intrinsic polarization of BiggsHog 15FeO3 under strong
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electric fields at low frequencies.

1. Introduction

Multiferroics, materials which simultaneously exhibit at least two
ferroic properties among electric, magnetic, and elastic responses, are
quite rare. They are of great interest for both fundamental physics and
potential applications. Among multiferroic materials, bismuth ferrite
(BiFeO3) possesses unique property, i.e. exhibits multiferroic behavior
at room temperature. Having high ferroelectric (T¢ ~ 1100 K) and
antiferromagnetic (Ty ~ 640 K) transition temperatures, BiFeO3 is a
promising material for the applications in spintronic devices, elec-
trically controlled magnetic memories and functional sensors [1,2].
Nevertheless, problems of low resistivity and sinterability and appear-
ance of secondary phases present a serious obstacle for the application
of BiFeO3; (BFO) in devices. BFO suffers from high leakage current
which causes large dielectric loss and degradation of the ferroelectric
properties. The main cause of leakage is disorder, usually in the form of
charge defects, like oxygen or bismuth vacancies and secondary phases.
Attempts at minimizing the leakage current density through doping
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with rare earth ions at Bi sites, have led to improvement of electric and
magnetic properties of BFO [3-6]. These studies have demonstrated
that substitution of Bi sites with rare-earth ions effectively controls the
volatility of Bi** ions and the amount of defects, while suppressing the
secondary phase appearance.

Despite a significant body of work dealing with rare-earth doped
BFO [3,4,7-10], BFO doped with Ho is less investigated. There are
several studies dealing with the influence of Ho doping on leakage
current, and on magnetic or ferroelectric properties of BFO, for which
BFO is either phase stabilized [11-16] or exhibits biphasic character
with increased Ho doping [17-20]. Among these studies, only Song and
coauthors [20] showed that dielectric constant was significantly in-
creased with small amount of Ho substitution (x = 0.05, 0.10) for
which BFO retained rhombohedral structure and then decreased when
the orthorhombic phase appeared with higher doping (x = 0.15, 0.20).
They also deduced that the dielectric loss of doped samples behaves in a
complicated manner, probably influenced by the conductivity of ma-
terial. Song and coauthors did not analyse the reasons of obtaining
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Fig. 1. a) X-ray diffraction patterns and b) volume phase fraction analysis of the Bi; - yHosFeO3; (0 <x<0.15) samples.

colossal dielectric constant, nor assumed that quite often these phe-
nomena can be explained by Maxwell-Wagner-type contributions of
depletion layers at the interface between sample and contacts or at
grain boundaries. Furthermore, it is quite reasonable to assume that
various polarization mechanisms can appear in biphasic BFO and in-
fluence the dielectric and ferroelectric properties of BFO. To the best of
our knowledge, influence of structural phase transformation caused by
Ho doping on polarization mechanisms, which can exert a strong in-
fluence on the dielectric and ferroelectric properties of BFO, has not
been studied.

Herein, we investigated how the structural phase transformation
induced by Ho doping influenced the dielectric and ferroelectric
properties of Bi;_ Ho,FeO; nanopowders. Detailed analysis of the
frequency dependent permittivity, using combined model which in-
corporated Debay-like dielectric relaxation, as well as dc and ac con-
ductivity contributions, was performed. This analysis enabled us to
estimate the influence of leakage current and grain boundary/interface
effects on the dielectric and ferroelectric properties of single phase and
biphasic Bi; — yHo,FeO3; nanopowders. Origin of improved electric per-
formances of biphasic Bi;_yHoyFeOs; nanostructures, for which or-
thorhombic phase prevailed, was discussed in detail. These results may
provide new insight into modified electrical properties of BiFeO3 by Ho
doping, which can be important for potential applications.

2. Experimental procedure
2.1. Materials synthesis

Bi; _yHo,FeO5; (x = 0, 0.05, 0.07, 0.10, 0.12, and 0.15) powders
were synthesized by a sol-gel method. The stoichiometric amounts of
bismuth nitrate (Bi(NO3)36H,0), iron nitrate (Fe(NO3)39H,0), and
holmium nitrate (Ho(NO3)3'5H,0) were used. 2-Methoxyethanol and
acetic acid (CH3;COOH) were mixed and stirred for 30 min, before
adding the nitrates. Obtained solutions were stirred and heated at 80 °C.
After a partial liquid evaporation, the solutions have turned into brown
gels. The gels were dried for 45 min at 150 °C. Dried samples were
calcinated at 650 °C for 6 h. The pristine and doped samples were
named according to the Ho content as BFO, BHFO5, BHFO7, BHFO10,
BHFO12 and BHFO15.

2.2. Materials characterization

The phase composition and crystal structure of Bi;_ Ho,FeOs
samples were analysed using X-ray diffractometer Rigaku Ultima IV
with nickel filtered Cu K, radiation in the 26 range of 10-80° with the
step of 0.02° and the scanning rate of 0.5°/min. XRD pattern analysis

was performed using Powder Cell programme (http://powdercell-for-
windows.software.informer.com/2.4/) [21]. The TCH pseudo-Voigt
profile function gave the best fit to the experimental data. The surface
morphology was studied by scanning electron microscopy (SEM,
TESCAN SM-300). The micro-Raman spectra were measured at room
temperature using a Jobin Yvon T64000 spectrometer equipped with a
nitrogen-cooled CCD detector. The A 532 nm line of solid state
Nd:YAG laser was used as an excitation source with an incident laser
power less than 40 mW in order to minimize the heating effects. The
dielectric properties of the samples were examined in the frequency
range of 80 Hz to 8 MHz. The Digital Programmable LCR Bridge
HM8118 (Hameg) was used in the range 80 Hz-120 kHz, and the Di-
gital LCR Meter 4285A (HP/Agilent) was used in the range
80 kHz-8 MHz. Each sample was placed in a closed capacitor cell
housed in a Faraday cage with an AC signal of 1.5 V applied across the
cell. The disk-shaped samples had a diameter close to the diameter of
the cell electrodes (8 mm). Standard bipolar measurements in the fre-
quency range 1 Hz-1kHz were performed on Precision Multiferroic
Test System (Radiant Technologies, Inc.), using a triangular electric
field waveform. All measurements were performed at room tempera-
ture.

3. Results and discussion

Fig. 1(a) shows XRD patterns of the Bi; _,HosFeO3 (0=x=<0.15)
samples. The XRD pattern of pristine BFO matches the rhombohedral
R3c structure with a presence of weak diffraction peaks which corre-
spond to the orthorhombic BiyFe4O9 secondary phase of Pbam space
group (N° 55, ICSD #20067). XRD spectra of the BHFO5 and BHFO7
samples maintain R3c structure. No secondary peaks were detected in
BHFO5 sample, whereas the traces of secondary phase were observed in
the BHFO7 sample. Addition of Ho dopant induced a gradual broad-
ening of XRD peaks and their shifts towards higher angles. These
changes suggest structural distortion of BFO lattice and can be attrib-
uted to the unit cell contraction due to the substitution of Bi** ions
with smaller Ho®>* dopant. Significant changes with increased Ho
concentration were observed in doublet (104) and (110) diffraction
peaks at 26 ~ 32°. These peaks were shifted towards larger 26 values,
and in the samples with higher Ho content (x > 0.07) they gradually
merged into a single broad peak (BHFO15 sample). In addition, the
(006), (116) and (202) diffraction peaks of R3c phase became weak and
disappeared in the samples with higher Ho concentration (x > 0.1). In
the spectra of BHFO12 and BHFO15 samples, a new single peak ap-
peared at 20 ~ 38°, whereas additional peak at 26 ~ 25° was found in
BHFO15 sample.

Such changes have already been seen in the XRD spectra of doped
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Table 1
The lattice parameters (A), volume of the unit cell (A®) and volume phase fraction (vol%).
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Phase BFO BHFOS BHFO7 BHFO10 BHFO12 BHFO15
BiFeO3; rhombohedral R3¢ a = 5.5722 a = 5.5636 a = 5.5575 a = 5.5651 a = 5.5675 a = 5.5441
¢ = 13.8511 c = 13.8216 c = 13.8145 c = 13.8143 c = 13.8542 c = 13.8127
V = 372.45 V = 370.51 V = 369.51 V = 370.51 V = 371.91 V = 367.68
71.75% 100.00% 87.86% 53.72% 55.27% 31.45%
BiyFe 09 orthorhombic Pbam a = 7.9477 / a = 7.9769 a = 7.9501 / /
b = 8.4582 b = 8.5299 b = 8.4580
c = 6.0050 c = 5.9448 c = 5.9976
V = 403.68 V = 404.50 V = 403.29
28.25% 12.14% 25.36%
BiFeO3 orthorhombic Pnma / / / a = 5.5830 a = 5.5993 a = 5.5907
b = 7.8825 b = 7.8679 b = 7.8129
¢ = 5.4192 ¢ = 5.4540 ¢ = 5.4297
V = 238.49 V = 240.27 V = 237.17
20.92% 44.73% 68.55%
Rp 5.81 6.27 5.94 4.86 6.18 5.42
Rwp 7.44 7.92 7.60 6.14 7.92 6.91
Rexp 0.11 0.12 0.09 0.06 0.07 0.09

BiFeO3 nanoparticles [17,22], ceramics [23-25] and films [26], and
were ascribed to the presence of orthorhombic phase. All these notable
changes in the XRD spectra indicate structural phase transformation
from rhombohedral to orthorhombic phase in the samples doped with
higher Ho content (x = 0.10, 0.12 and 0.15). Bi,Fe4O9 phase is still
present in the BHFO10 sample, but with further increase of Ho doping
(BFHO12 and BFHO15 samples) the secondary Bi>Fe,O9 phase is
completely suppressed. Furthermore, the absence of diffraction peaks
which correspond to Ho oxides, even at higher concentrations, implies
that Ho ions have entered substitutionally into BFO lattice.

The measured XRD patterns were further refined using PowderCell
programme in order to calculate the structural parameters and estimate
the volume fraction of each phase. The best fits of the measured data
were obtained using rhombohedral R3c structure for BHFOS5 and
BHFOQ7 samples. The orthorhombic phase appeared in BHFO10 samples
and with further Ho doping this phase becomes dominant in BHFO15
sample. Unit cell parameters and the estimated volume fractions of
different phases are presented in Table 1 for pristine and Ho-doped BFO
samples. The decreasing trend in lattice constants and the unit cell
contraction of R3c phase confirm that Bi®** ions are substituted with
smaller Ho®>* ions. A similar behavior has been reported in Tb-doped
BiFeO3 [10] as well as in rare-earth doped BiFeO5; ceramics [27,28].
The slight increase of R3c phase lattice parameters in BHFO10 and
BHFO12 samples can be ascribed to increased strain at phase boundary
between rhombohedral and orthorhombic crystal structure. Levin et al.
have also found abrupt expansion of the R3c unit cell volume at the
rhombohedral-orthorombic phase transition in Nd-substituted BiFeO;
[29]. The results of quantitative phase analysis of the Bi; _Ho.FeO;
samples are presented in Fig. 1(b).

The influence of structural changes on surface morphology of BFO is
illustrated in Fig. 2, where the SEM images of pristine and BHFO15
samples are shown for comparison. Changes in the surface morphology
are clearly visible. Certain amount of intergranular porosity and non-
uniformity of particles can be observed in the BFO sample, including
very small spherical particles and big clumps. With incorporation of
Ho®* ions in BFO, the particles became more uniform and compact,
whereas the particle size was reduced, as seen in 10% Ho-doped BFO
[30]. In the enlarged images (Fig. 2c and d) it can be seen that pure and
Ho-doped BFO samples consist of small particles and large irregularly
shaped agglomerates.

Changes of Bi;_yHosFeOs crystal structure are reflected in the
changes of BiFeO3 vibrational properties, i.e. through the changes in
intensity, position, and width of the Raman modes. Fig. 3 shows the
room-temperature Raman spectra of Bi;_ HosFeOs; samples. Raman
spectrum of undoped BiFeO; was deconvoluted using Lorentzian pro-
files and all 13 Raman active modes (4A; +9E) of the rhombohedral

BiFeO5 [31] are observed. The most prominent Raman modes for R3c
structure (marked as E-1, A;-1, A;-2, and A;-3) are positioned at 75,
140, 171, and 218 cm ™, respectively and are related to Bi-O bonds.
The A;-4 mode at 430 cm ™! and eight E modes at 124, 274, 344, 369,
468, 520, 550 and 598 cm ™! with quite weak scattering intensity are
related to Fe-O bonds.

Raman spectroscopy is sensitive to atomic displacements. The A;-1,
A;-2 and A;-3 modes are blue-shifted due to the substitution of Bi®*
ions with smaller Ho®>" ions. Modes E-1, A;-1, A;-2 and A;-3 became
broader and of reduced intensity, whereas higher frequency E modes
(E-4, E-5) have almost disappeared. The peak broadening and reduced
intensities of Raman modes imply the distortion of rhombohedral
structure with incorporation of Ho. With increasing Ho concentration (x
= 0.1), further changes in the Raman spectra are the result of decreased
stereochemical activity of Bi lone electron pair. The intensities of A;
and E modes are drastically reduced in BHFO10 and BHFO12 samples.
These modes are barely visible in the Raman spectra of BHFO15
sample. Moreover, in BHFO12 sample three new modes approximately
at 300, 400, and 510 cm™?, are observed. Reduced intensities of
phonon modes, characteristic for rhombohedral phase, and the pre-
sence of additional modes suggest the appearance of new crystalline
phase. In the Raman spectrum of BFHO15 sample which is significantly
different from the spectrum of pristine BFO, the most prominent modes
are at ~ 300, 400, and 510 cm . These modes are characteristic for
orthorhombic perovskite LaMnO3 and YMnOj structures [32] and are
also observed in doped BFO powders [17]. All notable changes in the
Raman spectra of BHFO12 and BHFO15 samples are consistent with the
results of XRD analysis, confirming a structural transformation from
rhombohedral to orthorhombic paraelectric phase. Hence, Raman
spectroscopy is powerful tool for detecting changes of Bi—O covalent
bonds during the phase transition.

Fig. 4(a) and (b) illustrate the frequency dependence of real (¢”) and
imaginary (¢”) part of the complex permittivity ¢ of Bi;_,HoyFeO3
samples. In the lower frequency range, both ¢ and ¢” decrease with
increasing frequency and become nearly constant at higher frequencies.
Among the samples with R3c structure, BHFO5 sample has shown
pronounced dispersion at lower frequencies and higher values of ¢” and
¢” than BFO. The BHFO7 sample displayed almost no dispersion over
the whole frequency range. Among the samples with higher Ho content
in which orthorombic phase appears, BHFO10 sample displayed more
dispersive characteristic than BHFO12 and BHFO15 samples for which
permittivity dispersions were negligible.

BFO nanostructures in the form of nanopowders or thin films
usually suffer from large leakage current due to the presence of oxygen
vacancies, Fe?" ions or some other impurities. The inhomogeneity of
BFO microstructure and composition originates from the regions with
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Fig. 2. SEM images of a) BiFeO3 and b) Big gsHog 15FeO3 samples. High-magnification SEM images of the ¢) BiFeO3 and d) Big gsHoo 15FeO3 samples.

different conductivity, for example bulk and grain boundaries or from
depletion layers formed at the interface of the electrode/sample sur-
face. In addition to the dipolar or orientational polarization which oc-
curs in the frequency range of 10°~10° Hz, the grain boundary or in-
terface effects give rise to the Maxwell-Wagner polarization which can
substantially contribute to the permittivity and its dispersion at lower
frequencies [3].

The dielectric relaxation processes in pure and Ho-doped BFO na-
nopowders were analysed within a model which includes Cole-Cole
empirical expression, dc and ac conductivity terms. This model de-
scribes dielectric relaxation processes due to dipole relaxation, and the
contributions from leakage current and grain boundary/interface ef-
fects. The advantages of this model for analyzing the dielectric prop-
erties of pristine BiFeO; films have been shown by Li and coworkers
[33]. The total complex permittivity is of the form [33,34]:
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the relaxation time, anda, taking the value between 0 and 1, describes
the distribution of relaxation times. For an ideal Debye relaxation a=
0. For a < 0 the loss peaks are broader and deviate in shape from the
symmetric Debye peak [35]. The frequency-independent dc con-
ductivity contributes only to the imaginary part of permittivity (¢”)
through the term opc/wey, whilst the frequency-dependent ac con-
ductivity represented by UDR ansatz [34,35], influences both ¢’ and &”
through terms (ao/ao)lan(§)w5‘1 and (0p/gy) ™!, where gy is a pre-
power term and s is a frequency exponent which takes values between 0
and 1.

The fits of ¢’(w) and ¢”(w), based on Eq. (1), are presented with solid
lines on Figs. 4(a) and 4(b) and the values of fit parameters for
Bi; _yHo,FeO3 samples are summarized in Table 2. The values of opc
and oy for Bi;_yHo,FeO3; samples, based on the fitting results, are
presented in Fig. 4(d). BFO sample has relatively high opc value of
6.111072 Q"' em !, whereas the value of 0, is an order of magnitude
lower. These values are comparable with reported data [15,33,36]. It
can be concluded that the permittivity of BFO sample is dominated by
the leakage current contribution, whereas the ac dependent mechan-
isms are less prominent. Among the Ho-doped samples with R3c
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Fig. 3. Room-temperature Raman spectra of the Bi;_,Ho,FeO3; (0=x=<0.15) samples
together with the deconvoluted Raman spectrum of pristine BiFeOs.

structure, the highest dc and ac conductivity exhibits the BFHOS5
sample, meaning that leakage current and grain boundary or interface
effects can be a cause of permittivity dispersion and its higher value at
lower frequencies. This finding offers an explanation for the collosal
dielectric constant of Ho doped samples found by Song et al. [20]. The
opc and oy values of BHFO7 sample are much lower than in BFO and
BHFOS5 samples. Despite the fact that the amount of secondary phase in
BFHO?7 is almost the same as in pristine BFO and having in mind that
BFHOS sample is phase pure, it seems that BHFOS5 and BFO samples are
more conductive than BHFO7 sample. This fact can explain the flat
frequency dependence of ¢’(w) and ¢”(w) (Figs. 4(a) and (b)) of BHFO7
sample and imply that the presence of secondary phase has no great
influence on the BFO conductivity, but defects in the form of oxygen
vacancies and grain boundary or interface effects play a major role in
the conductivity of BHFO5 and BFO samples. A significant increase of
opc value, which is almost twice as large as in pristine BFO and BHFO5
samples, was found in a case of BHFO10. Although it is expected that
increased Ho doping reduces the leakage current due to the suppressed
concentration of oxygen and bismuth vacancies, this sample seems to be
more leaky than the pristine BFO. The op¢ value, higher than in all the
other samples, and pronounced dispersion of ¢”(w) implies that the
leakage current affects the dielectric properties of BHFO10 to a great
extent.

The changes in dielectric properties of BHFO10 sample can be re-
lated to the appearance of orthorhombic phase, because the dielectric
properties are dependent on the sample structure and therefore can be
modified near the phase transformation boundary [3]. The dc and ac
conductivities were significantly reduced in BHFO12 sample, whereas
BHFO15 sample, for which orthorhombic phase prevails, had an order
of magnitude lower dc conductivity (5.7:107°Q "' em™?) than the
BFO (6.1-10° Q™' cm ™). Therefore, we argue that higher Ho content
reduces the leakage current, and weakens the ac conductivity con-
tribution to the dielectric response. The frequency dependence of di-
electric loss (tan §) of Bi; —yHosFeO3 samples is presented in Fig. 4(c).

Ceramics International 43 (2017) 16531-16538

The dielectric loss follows a trend similar to the permittivity in the
frequency range of 100 Hz to 8 MHz, i.e. it decreases with increasing
frequency. The BFO, BHFO5 and BHFO10 samples have higher tan &
value than other Ho-doped samples with pronounced dispersion at
lower frequencies. There is an indication of dielectric relaxation peak in
conductive BFO and BHFO10 samples at frequency of 5 kHz, which can
be ascribed to the carrier hopping process between Fe*>* and Fe®* ions
inside the particles [37] or to the hopping along the Fe®*-V;, -Fe**
chain [38]. This peak is slightly shifted to lower frequency in BHFO5
sample. This low frequency relaxation can be attributed to the grain
boundary conduction [39]. Reduced tan § values and the absence of
relaxation peaks in BHFO7, BHFO12 and BHFO15 samples point at an
increased resistivity of these samples.

Polarization-electric field (P-E) hysteresis loops of Bi;_,Ho,FeO;
samples, measured at frequency of 100 Hz, are presented in Fig. 5(a).
The BFO sample has an unsaturated P-E loop due to non negligible
contribution of leakage current (opc = 6.11107°Q 'em™1). The
maximal polarization, remnant polarization (P,), and coercive field (E.)
reached the highest values in BFO sample and decreased with Ho-
doping. The BHFO5 sample has a pinched P-E loop, characteristic for
leaky materials. The permittivity analysis has shown that BHFO5 is less
resistive than BFO and that grain boundary effects and leakage current
dominate its dielectric properties. Therefore, the degraded ferroelectric
properties can be attributed to the presence of oxygen vacancies and
valence fluctuations of Fe ions (between Fe>* and Fe?"), because the
appearance of oxygen vacancies and Fe®* ions, especially at grain
boundaries, is unfavorable for the polarization switching. The study of
dielectric properties has shown that BHFO7 is more resistive than BFO
and BHFOS. This fact explains slightly improved P-E loop compared to
BHFOS5 sample, but still lower P, and E. values than in BFO can origi-
nate from a decrease in stereochemical activity of Bi lone electron pair
with increase of Ho content. P-E loops of the BHFO10, BHFO12 and
BHFO15 samples are very similar to the P-E loops of BHFO5 sample.
The degraded ferroelectricity of BHFO10 mainly originates from the
contribution of dc conductivity (opc) which is the highest among all
analysed samples (see Fig. 4(d) and Table 2). Although BHFO12 and
BHFO15 samples are more resistive than BFO and all the other Ho-
doped samples, their ferroelectric properties are degraded because of
the possible appearance of paraelectric phase regions in highly Ho
doped BFO. This is supported by the changes noticed in the Raman
spectra of these samples. Near the ferroelectric-paraelectric phase
transition, the intensities of the Raman modes characteristic for Bi-O
bonds [28] were reduced in BHFO12 sample and have almost dis-
appeared in BHFO15 sample.

Furthermore, the presence of orthorhombic phase increases the
breakdown field strength of Bi; _ \Ho,FeO3 samples (inset of Fig. 5(a)).
The breakdown in BFO and Bi; _ ,Ho,FeO3 samples with rhombohedral
structure (x < 0.1) happens at the applied electric fields of around
20 kV/cm. The BHFO10 and BHFO12 samples, in which rhombohedral
and orthorhombic phase coexist, withstand applied fields that are ap-
proximately twice as high. The BHFO15 sample in which orthorhombic
phase prevails, withstands even higher electric fields (> 50 kV/cm)
without breakdown (marked with arrow on the inset). The reason can
be found in reduced dc conductivity of BHFO15 and in increasing
number of Ho-O bonds with large bond energy, almost two times larger
than the Bi-O bond [15]. Knowing that BHFO15 sample withstands
high external fields without breakdown, the P-E loops of BHFO15
sample were measured at different testing frequencies from 2 Hz to
100 Hz under the applied field of 50 kV/cm, as shown in Fig. 5(b). It is
obvious that P-E loops exhibit frequency-dependent behavior by
showing rapid increase of P, E. and maximal polarization at lower
frequencies. Frequency dependence of the 2P, for BHFO15 sample is
presented in the top-left inset of Fig. 5(b), from which it is clear that 2P,
has the highest value of 0.21 pG/cm? at 2 Hz and rapidly decreases to
0.07 uC/cm? at 20 Hz. The P-E loops of BHFO15 measured in a high
amplitude electric field of 100 kV/cm and at low frequencies of 1 Hz
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Fig. 4. Room-temperature (a) real (¢) and (b) imaginary (¢”) part of the complex permittivity. Full lines present the corresponding fits applying the combined model (Eq. 1), (c) loss
tangent (tan §) and (d) the dependence of opc and oy values on Ho content for Bi; _ yHo,FeO3 samples.

and 2 Hz are presented in the right-bottom inset of Fig. 5(b). The 2P,
value is larger by a factor of two than the one obtained at the same
frequency in the field of 50 kV/cm. Such a behavior can be explained by
the effect of external field on the reorientation of defect dipoles and
their role in domain wall switching in BFO. The presence of mobile,
single defects (like V; , V¢, or V") or defect complexes (oxygen vacancy-
cation associated dipoles) in BFO plays an important role in the domain
wall pinning. It leads to the deterioration of polarization-switching
properties by suppression of intrinsic polarization and increase of
leakage current. The ferroelectric domain depinning can be achieved by
applying high electric field or can be favoured at elevated temperatures
and a secondary re-oxidation annealing [40-43]. On the other hand, in
high electric fields the defect complexes can orient along the direction
of spontaneous polarization and follow the domain switching, enhan-
cing polarization properties of BFO [42-45]. Inherent defect dipoles are
expected not to switch during fast field cycling, since their reorientation
takes more time than the domain switching process. Therefore, the
influence of defect dipole polarization on the overall polarization can
be seen in high fields at low frequencies, as defect complexes can keep
up with reversal of the field and contribute to the bulk ferroelectric

Table 2
The fitting parameters for Bi, _yHosFeO3 samples obtained from combined model.

polarization [40,44]. It is plausible to suppose that inherent defect
complexes like Vi, — V¢, Fei = VoorFel o, —Vy form during the
crystallization process in Bi;_,Ho,FeO; samples. Among all
Bi; _ yHosFeO3 samples, only BHFO15 sample has supported high ex-
ternal field of 50 kV/cm which can induce defect dipole reorientation.
By applying strong external field at low frequencies, defect dipoles can
orient along the direction of spontaneous polarization following the
domain switching. With increasing of the field strength to 100 kV/cm
and by lowering the frequency to 1 Hz, the effect of defect dipolar
polarization was more pronounced. Therefore, the reorientation of in-
ternal defect complexes under high external field gives rise to the en-
hancement of intrinsic polarization of BHFO15 sample.

4. Conclusions

In summary, the phase transformation from rhombohedral to or-
thorhombic phase induced by increased Ho substitution, affected to a
great extent the dielectric and ferroelectric properties of Bi; — yHoxFeO3
nanopowders. The frequency dependent permittivity was analysed
using combined model which incorporated Debye-like dielectric

Parameter BFO BHFO5 BHFO7 BHFO10 BHFO12 BHFO15
a 0.55 0.69 0.65 0.69 0.60 0.67

(s) 5.3107° 2.2107° 5.2107° 1.2107° 5.6107° 3.2107°
s 0.79 0.66 0.80 0.85 0.78 0.75
0o(Q tem™ Y 5.010°1° 1.810°° 1.110°1° 5.6101° 2.51071° 7.21071°
opc(Q T em™h) 6.1107° 7.610°° 3.610°° 131078 7.71071° 57107 1°

16536



B. Stojadinovi€ et al.

a) 415
0.10 |
NE -
© 0.05
(@)
2 i
c 0.00
i)
5% .
o phase - -
0 .10 7 phase
] 0249810121416
0.15 +———+ 11—t
25 20 15 10 -5 0 5 10 15 20 25

Electric field (kV/cm)

Ceramics International 43 (2017) 16531-16538

0.4

0.3

0.2

0.1

0.0

=
N
=]

E=50 kV/cm

=
o

[

2P, (uClcm®)
2

[=4
o
&

-0.1

-0.2 1

Polarization (uC/cm?)

Polarization (uC/cm?)

0
Electric field (kV/cm)
T

-50 50 100

T T
-20 0 20

Electric field (kV/cm)

40 60

Fig. 5. a) Room-temperature P-E loops of Bi; — yHosFeO3 samples. Inset presents breakdown fields for all samples except for BHFO15. b) P-E loops of BHFO15 sample taken at different
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response and dc and ac conductivity contributions. It was shown that
not only dc conductivity, but also grain boundary and interfacial effects
were much reduced in biphasic Bi; _ Ho,FeOs (x > 0.1) samples. The
dominant presence of orthorhombic phase in Bij gsHog 15FeO3 sample
has stabilized the perovskite structure of BFO, significantly increased
the breakdown field and improved BFO electrical performances. In high
external electric fields (50 kV/cm and 100 kV/cm), P-E loops of
Bip gsHog.15Fe03 sample manifested strong frequency dependence and
abrupt increase of remnant polarization and coercive field at low fre-
quencies. It was proposed that defect dipoles were oriented along the
direction of spontaneous polarization, following the domain switching,
and were therefore a primary cause of the enhanced polarization
properties of BiggsHog 15FeO3; sample. Although it is well established
opinion that appearance of orthorhombic paraelectric phase degrades
ferroelectricity of BFO, our study contributes to better understanding of
polarization mechanisms in biphasic bismuth ferrite.

Acknowledgments

This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia under
the projects ON171032 and I1145018.

References

[1] G. Catalan, J.F. Scott, Physics and applications of bismuth ferrite, Adv. Mater. 21
(2009) 2463-2485.

R. Ramesh, N.A. Spaldin, Multiferroics: progress and prospects in thin films, Nat.
Mater. 6 (2007) 21-29.

S.K. Pradhan, B.K. Roul, Effect of Gd doping on structural, electrical and magnetic
properties of BiFeOj3 electroceramic, J. Phys. Chem. Solids 72 (2011) 1180-1187.
G.L. Yuan, Siu Wing Or, J.M. Liu, Z.G. Liu, Structural transformation and ferroe-
lectromagnetic behavior in single-phase Bi; _yNd,FeO3 multiferroic ceramics, Appl.
Phys. Lett. 89 (2006) 052905.

G.L. Yuan, S.W. Or, H.L.W. Chan, Reduced ferroelectric coercivity in multiferroic
Big g2sNdg 175FeO5 thin film, J. Appl. Phys. 101 (2007) 024106.

J. Liu, M. Li, L. Pei, J. Wang, B. Yu, X. Wang, X. Zhao, Structural and multiferroic
properties of the Ce-doped BiFeO3 thin films, J. Alloy. Compd. 493 (2010) 544-548.
K.S. Nalwa, A. Gart, A. Upadhyaya, Effect of samarium doping on the properties of
solid-state synthesized multiferroic bismuth ferrite, Mater. Lett. 62 (2008) 878-881.
W. Sun, J.F. Li, Q. Yu, L.Q. Cheng, Phase transition and piezoelectricity of sol-gel-
processed Sm-doped BiFeOj thin films on Pt(111)/Ti/SiO,/Si substrates, J. Mater.
Chem. C 3 (2015) 2115-2122.

D. Varshney, P. Sharma, S. Satapathy, P.K. Gupta, Structural, magnetic and di-
electric properties of Pr-modified BiFeO3 multiferroic, J. Alloy. Compd. 584 (2014)
232-239.

Y. Wang, C.W. Nan, Effect of Tb doping on electric and magnetic behavior of BiFeO3
thin films, J. Appl. Phys. 103 (2008) 024103.

S. Chatuvedi, R. Bag, V. Sathe, S. Kulkarni, S. Singh, Holmium induced enhanced
functionality at room temperature and structural phase transition at high

[2]
[31
[4]

[5]
(6]
[71

[8]

[91

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

16537

temperature in bismuth ferrite nanoparticles, J. Mater. Chem. C 4 (2016) 780-792.
P. Suresh, P.D. Babu, S. Srinath, Effect of Ho substitution on structure and magnetic
properties of BiFeO3, J. Appl. Phys. 115 (2014) 17D905.

S.K. Pradhan, B.K. Roul, D.R. Sahu, Enhancement of ferromagnetism and multi-
ferroicity in Ho doped Fe rich BiFeOs, Solid State Commun. 152 (2012) 1176-1180.
S.K. Pradhan, J. Das, P.P. Rout, V.R. Mohanta, S.K. Das, S. Samantray, D.R. Sahu,
J.L. Huang, S. Verma, B.K. Roul, Effect of holmium substitution for the improve-
ment of multiferroic properties of BiFeOs, J. Phys. Chem. Solids 71 (2010)
1557-1564.

N. Jeon, D. Rout, W. Kim, S.-J.L. Kang, Enhanced multiferroic properties of single-
phase BiFeO5 bulk ceramics by Ho doping, Appl. Phys. Lett. 98 (2011) 072901.
H. Singh, K.L. Yadav, Enhanced magnetization with unusual low temperature
magnetic ordering behaviour and spin reorientation in holmium-modified multi-
ferroic BiFeO3 perovskite ceramics, J. Phys. D: Appl. Phys. 48 (2015) 205001.

Y. Wu, J. Zhang, X.-K. Chen, X.-J. Chen, Phase evolution and magnetic property of
Bi; _xHosFeO3; powders, Solid State Commun. 151 (2011) 1936-1940.

Z.L. Hou, H.F. Zhou, L.B. Kong, H.B. Jin, X. Qi, M.S. Cao, Enhanced ferromagnetism
and microwave absorption properties of BiFeO3 nanocrystals with Ho substitution,
Mater. Lett. 84 (2012) 110-113.

Y.Q. Liu, Y.J. Wang, J. Zhang, M. Gao, Y.J. Zhang, M.B. Wei, J.H. Yang, Effect of Ho
substitution on structure and magnetic property of BiFeO3 prepared by solgel
method, Mater. Sci. Semicond. Proc. 40 (2015) 787-795.

G.L. Song, G.J. Ma, J. Su, T.X. Wang, H.Y. Yang, F.G. Chang, Effect of Ho>" doping
on the electric, dielectric, ferromagnetic properties and TC of BiFeO; ceramics,
Ceram. Int. 40 (2014) 3579-3587.

W. Kraus, G. Nolze, POWDER CELL - a program for the representation and ma-
nipulation of crystal structures and calculation of the resulting X-ray powder pat-
terns, J. Appl. Cryst. 29 (1996) 301.

L. Chen, L. Zheng, Y. He, J. Zhang, Z. Mao, X. Chen, The local distortion and
electronic behavior in Mn doped BiFeOs, J. Alloy. Compd. 633 (2015) 216-219.
V. Singh, S. Sharma, M. Kumar, R.K. Kotnala, R.K. Dwivedi, Structural transition,
magnetic and optical properties of Pr and Ti co-doped BiFeO3 ceramics, J. Magn.
Magn. Mater. 349 (2014) 264-267.

P.C. Sati, M. Arora, S. Chauhan, M. Kumar, S. Chhoker, Structural, magnetic, vi-
brational and impedance properties of Pr and Ti codoped BiFeO3 multiferroic
ceramics, Creram. Int. 40 (2014) 7805-7816.

B. Stojadinovié, Z. Doh¢evi¢-Mitrovié, N. Paunovié, N. Ili¢, N. Tasié, I. Petronijevic,
D. Popovié, B. Stojanovié, Comparative study of structural and electrical properties
of Pr and Ce doped BiFeO3 ceramics synthesized by auto-combustion method, J.
Alloy. Compd. 657 (2016) 866-872.

V.A. Khomchenko, D.V. Karpinsky, A.L. Kholkin, N.A. Sobolev, G.N. Kakazei,

J.P. Araujo, 1.O. Troyanchuk, B.F.O. Costa, J.A. Paixao, Rhombohedral-to-orthor-
hombic transition and multiferroic properties of Dy-substituted BiFeOs, J. Appl.
Phys. 108 (2010) 074109.

P.C. Sati, M. Kumar, S. Chhoker, M. Jewariya, Inuence of Eu substitution on
structural, magnetic, optical and dielectric properties of BiFeO; multiferroic cera-
mics, Creram. Int. 41 (2015) 2389-2398.

P. Pandit, S. Satapathy, P. Sharma, P.K. Gupta, S.M. Yusuf, V.G. Sathe, Structural,
dielectric and multiferroic properties of Er and La substituted BiFeO3 ceramics, B,
Mater. Sci. 34 (2011) 899-905.

L. Levin, M.G. Tucker, H. Wu, V. Provenzano, C.L. Dennis, S. Karimi, T. Comyn,
T. Stevenson, R.I. Smith, .M., Reaney displacive phase transitions and magnetic
structures in Nd-substituted BiFeOs, Chem. Mater. 23 (2011) 2166-2175.

X. Xue, G. Tan, W. Liu, H. Ren, Comparative study on multiferroic (BipoRE 1)
(Fep.97C00.03)03.5 (RE = Ce and Ho) thin films: structural, electrical and optical
properties, Creram. Int. 40 (2014) 6247-6254.

P. Hermet, M. Goffinet, J. Kreisel, P. Ghosez, Raman and infrared spectra of mul-
tiferroic bismuth ferrite from frst principles, Phys. Rev. B 75 (2007) 220102.

M. Iliev, M. Abrashev, H.G. Lee, V. Popov, Y. Sun, C. Thomsen, R. Meng, C. Chu,



B. Stojadinovi€ et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Raman spectroscopy of orthorhombic perovskitelike YMnO3 and LaMnOs, Phys.
Rev. B 57 (1998) 2872-2877.

Y.W. Li, Z.G. Hu, F.Y. Yue, P.X. Yang, Y.N. Qian, W.J. Cheng, X.M. Ma, J.H. Chu,
Oxygen-vacancy-related dielectric relaxation in BiFeOs films grown by pulsed laser
deposition, J. Phys. D: Appl. Phys. 41 (2008) 215403.

P. Lunkenheimer, V. Bobnar, A.V. Pronin, A.I. Ritus, A.A. Volkov, A. Loidl, Origin of
apparent colossal dielectric constants, Phys. Rev. B 66 (2002) 052105.

A K. Jonscher, The universal dielectric response, Nature 267 (1977) 673-679.

Q. Yun, Y. Bai, J. Chen, W. Gao, A. Bai, S. Zhao, Improved ferroelectric and fatigue
properties in Ho doped BiFeOj thin films, Mater. Lett. 129 (2014) 166-169.

E. Markiewicz, B. Hilczer, M. Blaszyk, A. Pietraszko, E. Talik, Dielectric properties
of BiFeOs ceramics obtained from mechanochemically synthesized nanopowders, J.
Electroceram. 27 (2011) 154-161.

Q. Ke, X. Lou, Y. Wang, J. Wang, Oxygen-vacancy-related relaxation and scaling
behaviors of Big gLag 1Feo.0sMgo.0203 ferroelectric thin films, Phys. Rev. B 82 (2010)
024102.

S. Mukherjee, R. Gupta, A. Garg, V. Bansal, S. Bhargava, Inuence of Zr doping on the
structure and ferroelectric properties of BiFeOj thin films, J. Appl. Phys. 107 (2010)

16538

[40]

[41]

[42]

[43]

[44]

[45]

Ceramics International 43 (2017) 16531-16538

123535.

B. Li, G. Li, Q. Yin, Z. Zhu, A. Ding, W. Cao, Pinning and depinning mechanism of
defect dipoles in PMnNPZT ceramics, J. Phys. D: Appl. Phys. 38 (2005) 1107-1111.
1. Bretos, R. Jiménez, C. Gutiérrez-Lazaro, I. Montero, L. Calzada, Defect-mediated
ferroelectric domain depinning of polycrystalline BiFeO; multiferroic thin films,
Appl. Phys. A 104 (2014) 092905.

D. Guo, C. Wang, Q. Shen, L. Zhang, M. Li, J. Liu, Effect of measuring factors on
ferroelectric properties of Biz 15Ndg gsTizO12 thin films prepared by solgel method
for non-volatile memory, Appl. Phys. A 97 (2009) 877-881.

J. Lv, X. Lou, J. Wu, Defect dipole-induced poling characteristics and ferroelec-
tricity of quenched bismuth ferrite-based ceramics, J. Mater. Chem. C 4 (2016)
6140-6151.

L. Zhang, E. Erdem, X. Ren, R.-A. Eichel, Reorientation of (Mn7;-V5)X defect dipoles
in acceptormodified BaTiO3 single crystals: an electron paramagnetic resonance
study, Appl. Phys. Lett. 93 (2008) 202901.

Y. Chrishima, Y. Noguchi, Y. Kitanaka, M. Miyayama, Defect control for polariza-
tion switching in BiFeOj single crystals, IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 57 (2010) 2233-2236.



Processing and Application of Ceramics 11 [4] (2017) 304-310 (Go) BY-NC-ND |
https://doi.org/10.2298/PAC1704304M

Influence of Mg doping on structural, optical and photocatalytic
performances of ceria nanopowders

Branko Matovi¢!*, Jelena Lukovi¢', Bojan Stojadinoviéz, Sonja Askrabié?,
Aleksandra Zarubica?, Biljana Babi¢', Zorana Dohé&evié-Mitrovié?

! Institute for Nuclear Sciences, Centre of Excellence-CextremeLab Vinca, University of Belgrade,
Belgrade, Serbia

2Institute of Physics Belgrade, Pregrevica 118, University of Belgrade, Belgrade, Serbia

3 Faculty of Sciences and Mathematics, Department of Chemistry, University of Nis, Nis, Serbia

Received 21 July 2017; Received in revised form 14 November 2017; Accepted 6 December 2017

Abstract

Nanosized Mg-doped ceria powders were obtained by self-propagating room temperature reaction without us-
ing surfactants or templates. X-ray diffraction analysis and field emission scanning microscopy results showed
that the doped samples are solid solutions with fluorite-type structure and spherical morphology. Raman spec-
tra revealed an increase in the amount of oxygen vacancies with the increase of Mg concentration. This in-
creasing results in a narrowing of the bandgap of CeQ,. The photocatalytic performances of the Mg-doped
ceria solid solutions were evaluated by decomposing an organic dye, crystal violet under UV irradiation. The
Mg-doped ceria solid solutions exhibit significantly better photocatalytic activity than the pure CeO, and com-
mercial TiO,. The higher first rate constant of the Mg-doped samples demonstrated that they are much more
efficient than TiO, and CeO, under UV light. Mg** dopant ions and oxygen vacancies play a significant role
in the enhancement of photocatalytic performances of the Mg-doped ceria.

Keywords: ceria, solid solution, oxygen vacancies, UV light illumination, nanocatalysis

I. Introduction (oxygen vacancies) and to maintain at the same time a
fluorite-type crystal structure. This can be done either by
the promotion of Ce** reduction into Ce** or by doping
with transition or rare-earth elements [7]. CeO, is not

: . : . generally considered as a photocatalytic material due
a good electron acceptor, it can provide lattice oxygenin  ( its wide band gap and specific 4f electron configura-

chemical reactions because of lower formation energy  jon Despite the fact that little work was carried out in
for oxygen vacancy [2-4]. Also, CCQ% pr.omoteS the  the field of photocatalytic applications of CeO, [8—10]
chemical activity of the material by facilitating electron .. o1t studies demonstrated that improvement of ceria
transfer frgm suitable .adspe.ci.es i.nto an oxide surface photocatalytic properties can be done by proper choice
[5.6]. A higher catalytic activity is related to the type, ¢ qopant elements and their incorporated amounts [11]

size, and distribution of oxygen vacancies. It is demon- . 4,y creating surface defects as the most reacting sites
strated that surface defects were more readily formed  \1:ch can enhance the visible light activity of nanos-

in CeO, nanostructures Wlth special morphology, such . tyred ceria [12]. In addition, the preparation meth-
as cubes, nanobelts, nanowires and nanotubes. There- 45 haye also a significant influence on the ceria struc-
fore, for the design of ceria based .ma'Fer}a@s with high e (homogeneity, morphology, grain size, crystal de-
oxygen storage and transport capacity, it is important t0 fao(g etc.) and its optical and photocatalytic properties.
know how to increase the number of structural defects Therefore, tuning the band gap energy and tailoring the
 Corresponding authors: tel/fax: +381 11 3408 224 realc(:tivity of ceria-based catalysts is still a challenging
task.

Nano ceria (CeO,) has been extensively studied as an
active or supporting catalytic material due to its superior
oxygen storage-and-release properties [1]. Since ceria is

e-mail: mato@vinca.rs
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In this work the Mg-doped ceria nonpowdered solid
solutions (Ce, Mg O, ,, 0 < x < 0.4) were prepared
by facile and cost-effective self-propagating room tem-
perature reaction (SPRT). The influence of Mg content
on structural, optical and photocatalytic properties was
examined. The evaluation of photocatalytic activity of
synthesized catalysts has been carried out by degrada-
tion of crystal violet as a model pollutant. The mecha-
nism for the band gap narrowing of Mg-doped ceria and
the enhancement of the photocatalytic performances are
also proposed.

II. Materials and methods

The solid solutions of magnesium-doped samples
were prepared by a SPRT method using metal nitrates
and sodium hydroxide as the starting materials. This
technique gives the possibility of producing very fine
powders with very precise stoichiometry in accordance
with the tailored compositions [13—-16]. Preparation of
Ce, Mg O, ; powders was performed by hand mixing
chemicals according to:

2[(1 —x)Ce(NO,), - 6 H,0 + xMg(NO,), - 6 H,0] + 6 NaOH +
+ (4 -6)0, — 2Ce,_Mg,0, ; + 6NaNO, + ISH,0 (1)

The compositions of the reacting mixtures were calcu-
lated according to the nominal composition of the final
reaction product. Compositions of Ce, Mg O, ; were
synthesized with x ranging from 0.0 to 0.4. The de-
scribed reaction belongs to a group of double exchange
reactions and develops spontaneously after being initi-
ated, terminating extremely rapidly. After the mixture of
reactants (Ce(NO;),-6 H, O, Aldrich, Mg(NO;), -6 H,O,
Aldrich) was mechanically activated (by hand mixing
instead by heating) the reaction took place at room tem-
perature and terminated very quickly. The obtained mix-
tures of reaction products according to Eq. (1) were sub-
jected to a centrifuge treatment to eliminate NaNO, and
drying at 80 °C.

After drying, the composition of the solid solutions
was identified by means of powder XRD on a Rigaku
1V, XRD diffractometer with CuKa radiation at room
temperature. The average crystallite size was measured
from the 111 XRD peak using the Scherrer formula. The
values of the unit cell parameters of all the analysed
powders are calculated on the basis of the equation:

4sin0 1 R +i2+ P

VR 2
A dhkl a

2

where 6 is the Bragov angle, hk/ are Miller indices, A is
the wavelength (1.54184 ;\), and a is parameter of the
unit cell of the crystal [17].

SEM analysis using Zeiss DSM 982 Gemini scan-
ning electron microscope proved that the obtained pow-
ders were in the nanometric size range. The room-
temperature Raman spectra were obtained using a U-
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1000 (Jobin-Ivon) double monochromator in back scat-
tering geometry. The Raman spectra were excited by
the 514nm line of an Ar*/Kr* ion laser operating at
low incident power (~20 mW) in order to avoid sample
heating. The measurements of UV-Vis absorption spec-
tra of the samples were carried out on a Specord M40
Carl Zeiss spectrophotometer in a spectral range 200—
600 nm, at room temperature.

The specific surface area and the pore size distri-
bution (PSD) of the doped CeO, samples were anal-
ysed using the Surfer (Thermo Fisher Scientific, USA).
PSD was estimated by applying BJH method [18] to the
desorption branch of isotherms and mesopore surface
and micropore volume were estimated using the #-plot
method [19].

Photocatalytic activity of the synthesized Mg-doped
samples was evaluated by the degradation of crystal vi-
olet (CV) under UV light irradiation. The photochem-
ical reactor consisted of UV lamp (Roth Co., 16 W,
2.5mW/cm?, A, = 366nm) positioned annularly to
the 50 ml quartz flask. The acidity of solutions was not
additionally adjusted and pH values were in the range
from 6.7 to 7.0. The rates of photocatalytic degrada-
tions of CV were followed at initial concentration of
0.01 mmol/dm?. The amount of used catalyst was 30 +
2mg. CV photolysis test was performed prior to photo-
catalytic measurements and no significant dye degrada-
tion was observed. The prepared Ce, Mg O, ; samples
were immersed into CV solution and the solution was
continuously stirred and kept in the dark for 1h to es-
tablish adsorption-desorption equilibrium before being
irradiated. Photocatalytic activity of the Ce, Mg O, ,
solid solutions were compared to commercial standard
TiO, sample - Degussa P25 (having specific surface
area, S ger, of 56 m?/g, pore volume of 0.25 cm?/g, av-
erage pore size of 17.5 nm, crystallite size of 21 nm and
the following phase composition: anatase, 81 vol.% and
rutile, 19 vol.%) and the undoped CeO, sample.

The reaction rate constant (k) was determined assum-
ing quasi first order kinetics using the following equa-
tion:

In—=k-t 3)

where C is the initial dye concentration, C, is the con-
centration at time ¢. The slope of the In(Cy/C,) versus
time plot gives the value for the rate constant k.

III. Results

3.1. Characterization of Mg-doped ceria

XRD spectra of the Ce, Mg O, ; samples, presented
in Fig. 1, revealed that the obtained powders are a single
phase with the fluorite crystal structure. Main diffraction
peaks in each sample were significantly broadened indi-
cating small crystallite size and/or strain. New peak is
observed for the sample doped with 40 at.% of Mg, in-
dicating that the limit of Mg solubility in ceria crystal
lattice is in the range from 30 to 40 at.%. This high sol-
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Figure 2. Lattice parameter (ay) Ce, Mg O, ; samples as a
function of Mg content

ubility may be attributed to the nanometric nature of the
obtained powders. Excess of Mg is very reactive and in
contact with moisture make a brucite phase Mg(OH),,
marked with asterisks in Fig. 1. XRD spectra exhibit
very diffuse diffraction lines with increasing Mg con-
tent, which makes difficult to indicate precisely some
atomic planes (hkl: 200, 220, 311, 420).

Calculation of cell parameters (Fig. 2) based on X-ray
results, shows the linear dependence of unit cell param-
eter versus concentration of Mg?* ions. With increas-
ing of Mg?" ion concentration the cubic ceria lattice
shrinks. According to Shannon’s compilation [19], the
ionic radii of Ce*" and Mg>" for coordination number
(CN) 8, are 0.97 and 0.89 A, respectively. Thus, doping
with a smaller sized Mg?* ion and increasing of dopant
concentration, will lead to the contraction of the ceria
lattice. Also, lattice parameter (a) of doped ceria versus
Mg?* content, obeys Vegard’s law, implying that Mg>*
substitutionally entered into ceria lattice. The crystallite

size, calculated on the basis of XRD data, for all pow-
ders is less than 5 nm.

Room-temperature Raman spectra of the Mg-doped
ceria are presented in Fig. 3, whereas in the inset is
given the Raman spectrum of the undoped CeO,. Room-
temperature Raman spectrum of the undoped CeO,
sample shows the strong peak at ~455 cm™! correspond-
ing to the triply degenerate F,, mode characteristic for
the fluorite cubic CeO, structure. The red shift of this
mode compared to its bulk counterpart (464 cm™) and
pronounced asymmetry on the low-energy side orig-
inates from the phonon confinement, strain and the
presence of defects [20,21]. In the sample doped with
10at.% of Mg, Fzg mode is shifted to ~457 cm™!, due to
the substitutional incorporation of Mg, as ion of smaller
ionic radius, into ceria lattice. With further increasing
of Mg content, Fp, mode shifts to higher energies and in
the 40 at.% Mg doped sample, this mode is positioned
at ~460cm™.

Another mode of lower intensity, positioned at
~600cm™, is characteristic for nanometric ceria and is
attributed to the presence of intrinsic oxygen vacancies
[20,22], due to the partial reduction of Ce** to Ce®*.
This mode is also presented in the Mg-doped samples.
From the Lorentzian fit procedure (insets in Fig. 3), it
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Figure 3. Room temperature Raman spectra of Mg-doped
samples (insets present Raman spectrum of undoped CeO,
and Lorentzian fits of intrinsic vacancy mode)
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was obtained that intensity of this mode increases with
an increase of Mg content, pointing at increased intrin-
sic oxygen vacancy concentration [22]. In the spectra of
the sample with 40 at.% Mg, new broad, low intensity
mode around 270 cm! is observed. This mode (marked
with asterisks in Fig. 3) can be ascribed to the E, mode
of Mg(OH), (brucite) phase, which is in good agree-
ment with XRD measurement [23]. It is evident from
the Raman spectra of the sample with 40 at.% Mg that
limits of Mg solubility in ceria crystal lattice is less than
40 at.%.

The as-prepared ceria powders consist of rounded
particles with size less than 10 nm, roughly estimated
(Fig. 4). The particles are linked in the form of black-
berry, which together form cauliffower morphology.
There is no difference of morphology and particle size
between the Mg-doped ceria samples. It seems that var-
ious doping concentration has no influence on the mi-
crostructure of the powders.

The optical band gap of the undoped CeO,, which
corresponds to the O 2p —— Ce 4f° transition, was pre-
viously determined to be around 3.6 eV [24]. From the
absorption spectra of the solid solutions Ce, Mg O, ,
(x = 0.1, 0.2, 0.3 and 0.4), presented in the inset of
Fig. 5, the band gap energies of the Mg-doped samples

£ I1IOCI)nImI

20.0kV 8.6mm x300k SE(M)

Figure 4. Typical FESEM images of 20 at. % Mg-doped ceria
sample

Absorbance

(3]

§ T T S Rt were obtained using Tauc law for direct transition and

N Wavelength (nm) applying absorption spectrum fitting method [25]. The
= Ce90% Mg10%| 2.88 eV plots of (A/2)* vs. 1/ are presented in Fig. 5, where
Y Qe mg%gzz %-%‘ 2& A is the absorbance and A is the wavelength. The lin-
s Ce60% Mg40%| 2.94 eV ear extrapolation of (A/1)” to zero gives a wavelength

A, which corresponds to the optical band gap. The band
gap values can be obtained using well known relation
E, = 1240/4,. The estimated direct band gap values
(Eg) for Ce,; Mg O, s samples are given in Fig. 5. It
can be seen that with Mg doping up to 30 at.% band gap
values decreased from 2.88 to 2.75 eV due to the forma-
tion of defect (localized) levels inside the gap with Mg
doping [26]. In the sample with 40 at.% of Mg dopant
the E is slightly increased to 2.94 eV. Such an increase
can be a consequence of the presence of Mg(OH), phase
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Figure 5. (A/2)? plots for Mg-doped samples (inset presents
absorption spectra of doped samples)
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Nitrogen adsorption/desorption isotherms for the
Mg-doped samples, are shown in Fig. 6. According to
the ITUPAC classification [29] isotherms of samples are
of type IV and with a hysteresis loop which is asso-
ciated with mesoporous materials. In all samples, the

n (mmol/g)

i

~ shape of hysteresis loop is of type H3. Isotherms re-
PSP vealing type H3 hysteresis do not exhibit any limiting
0.0 02 0.4 06 08 10 adsorption at high P/Py, which is observed with non-

PIP, rigid aggregates of plate-like particles giving rise to slit-

shaped pores [30]. Specific surface areas calculated by

Figure 6. N, adsorption (solid symbols)/desorption (open BET equation, S gy, are listed in Table 1. Sppr val-

symbols) isotherms and the pore size distribution (inset)
of Mg-doped samples
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ues for all Mg-doped samples are comparable (between
110-120m?/g), i.e. the amount of dopant does not have
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Table 1. Porous properties of Ce, Mg O, ; nanopowders

S BET S meso S mic Vmic 'm
Sample
P ImYgl [m%g] [m%g] [em/g] [nm]
CeO, 70 45 25 0.013 -
Ce,oMg,,0, 114 104 10 0.003 3.7
Ce,¢Mg,,0, 110 110 0 0 4.3
Cey,Mgy,0, 120 120 0 0 52
CeyMg,,0, 113 113 0 0 44
250
—=—Ceq.9Mgo.102:
—o—Ce gMg02025
=88 ——Ce( 7Md0.3025
— —v— CeoeMJg 402.5
R
o
1S
L
>

t (nm)

Figure 7. t-plots of Mg-doped samples

an essential influence on the overall specific surface area
of the doped nanopowders. On the contrary, the undoped
ceria sample has significantly smaller specific surface
area than the doped ones. Therefore, the Mg doping
increases the porosity of ceria. Pore size distribution
(PSD) of samples possesses sharp PSD peak with most
of the pore radius between 2-20 nm (inset of Fig. 6) im-
plying that the samples are mesoporous. Values of mean
pore radius, for all samples, are presented in Table 1.

The ¢-plot, obtained on the basis of the standard nitro-
gen adsorption isotherm, is shown in Fig. 7. The straight
line in the medium 7-plot region gives a mesoporous sur-
face area including the contribution of the external sur-
face, S 50, determined by its slope, and the micropore
volume, V,,;., which is given by the intercept. The cal-
culated porosity parameters (S ;es0, S mics Vimic) are given
in Table 1. z-plot analysis confirmed that all samples
are mesoporous, although a small amount of microp-
ores (pore radius below 2 nm) was detected in the sam-
ple with 10 at.% of Mg and undoped ceria.

3.2. Photocatalytic performance of Mg-doped ceria

The influence of the dopant concentration on the pho-
tocatalytic activity of the Mg-doped ceria nanopowders
has been studied through the photocatalytic removal of
organic dye crystal violet (CV) under UV light irradia-
tion. The kinetics of degradation of CV is represented
in Fig. 8. As can be seen from Fig. 8, the pure ceria
has shown modest photocatalytic activity. With increas-
ing Mg content, the degradation of CV became signif-
icant. The samples with higher Mg content (>10at.%
Mg) have shown even better photocatalytic activity than
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Figure 8. Photocatalytic degradation of CV in the presence
of Ce, , Mg, O, ; nanopowders and TiO, (insert represents
photocatalytic efficiency after 24 h)

the commercial TiO, Degussa P25, which is known as
one of the most efficient photocatalysts for dye degrada-
tion.

The reaction kinetics from Fig. 8, follows the first
order and the degradation rate constants for 30 and
40at.% Mg-doped samples, together with TiO, and
CeO, as reference samples, are summarized in Table 2.
It can be seen that the degradation rate constant for the
Ce,, Mg, 50, s and Ce, Mg, ,0, ; samples are higher
than reference samples, implying that higher concentra-
tion of Mg in CeO, lattice improves the photocatalytic
efficiency of ceria.

Table 2. The pseudo-first rate constants for CV after
exposition time of 8 h

Sample kh'l] R?
Cey,Mgo50,, 0.081 0.980
CeoMg,0,,; 0078  0.998

CeO, 0.026 0.982
TiO, 0.056 0.910

After 24 h the photocatalytic activity of the solid so-
lutions with concentrations of 20 and 40at.% of Mg
respectively, are the same as a TiO, standard, whereas
the Ce, ;Mg ;0,_; sample exhibited higher activity (in-
set of Fig. 8). Such high photocatalytic activity of the
Ce,,Mg, ;0, s sample can be attributed to its large spe-
cific surface area, the largest one among all the studied
nanopowders, regular mesoporosity and favourable av-
erage pore size. A slightly lower photocatalytic activity
of the ceria sample with 40 at.% Mg can be explained
by the appearance of secondary brucite phase.

In Fig. 9 an illustration of the proposed mechanism
of photocatalytic reactions is given. Upon UV light il-
lumination photogenerated electrons and holes can be
trapped by dopant ions, i.e. Mg>" ions can be electron
acceptors and/or hole donors. Reduction of the band
gap of the Mg-doped samples implies that Mg?* ions
introduce states into the band gap of CeO,. In such a
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Figure 9. Illustration of the photocatalytic mechanism at
Mg-doped CeO, interface under the UV light irradiation

way, Mg doping could be effective in delay of electron-
hole recombination process, increasing the lifetime of
the charge separation. The trapped electrons can be sub-
sequently scavenged by molecular oxygen, which is ad-
sorbed on the CeO, surface, to generate the superox-
ide radical (O,*). Superoxide radicals in contact with
H, O molecules form OH™ ions and finally OH® radicals,
which attack the dye in aqueous solution leading to its
degradation. Due to high oxidative potential, the posi-
tive holes act as good oxidizing agents for dye degra-
dation. The trapped holes can directly attack the dye or
can interact with OH™ or water molecules present on the
surface of the catalyst forming hydroxyl radicals (OH®).

Ceria nanoparticles are prone to the formation of oxy-
gen vacancies (VO) which promote the formation of
Ce’" ions in the grain boundary region [30]. In order
to attain charge neutrality with Mg doping, oxygen va-
cancies will be created in the ceria lattice. This fact is
confirmed from Raman measurements. V, as defects
can also introduce localized state below the conduction
band of CeO, [24] reducing the band gap. Furthermore,
a high concentration of surface donor defects (V, and
Ce’") can serve as charge carrier traps and adsorption
sites which transfer charge to adsorbed species like O,
or H,O on ceria surface. In such a way, oxygen va-
cancies can delay the electron-hole recombination pro-
cess and support the charge carrier transfer to the ceria
surface, improving the photocatalytic efficiency of ce-
ria. Theoretical and experimental results on TiO, and
ZnO have shown that excess electrons localized on the
oxygen vacancy states affect surface adsorption and in-
crease photocatalytic activity of TiO, and ZnO [31,32].
Therefore, it is reasonable to assume that besides Mg?*
ions as trapping centres, oxygen vacancies have a strong
impact on the increased photocatalytic activity of Mg-
doped ceria.

IV. Conclusions

Mg-doped ceria nanopowders (Ce; Mg O, ,, 0 <
x < 0.4) have been successfully fabricated via self-
propagating room temperature reaction without any sur-
factant or template. The obtained samples are of fluo-
rite cubic structure, composed of rounded particles with
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size less than 10 nm with the higher specific surface
area than the pure CeO,. Substitutional doping with
lower valence Mg?* ions promotes the formation of
oxygen vacancies in ceria lattice, the amount of which
increases with an increase of dopant concentration. The
increased dopant concentration results in an effective
red shift of the band gap value of the Ce, Mg O, ; sam-
ples due to the formation of localized states inside the
ceria gap. Only the sample with 40 at.% of Mg exhib-
ited slight blueshift of the band gap due to the appear-
ance of brucite phase. The photocatalytic activity of the
Mg-doped CeO, for degradation of azodye crystal violet
was examined under UV light irradiation. It was found
that the samples with Mg content higher than 10 at.%
have much better photocatalytic performances than the
undoped CeO, and commercial Degussa P25. Localized
electronic states of Mg>* ions and oxygen vacancies can
capture photogenerated charge carriers delaying recom-
bination process, but can also serve as active sites on
ceria surface to transfer charge to adsorbed species like
O, or H,O forming reactive radicals.
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ARTICLE INFO ABSTRACT

Bismuth ferrite (BiFeO3) is one of the most studied multiferroic system with a large number of published
articles. This is mainly because BiFeO; material possesses both ferromagnetic and ferroelectric properties
observed at room temperature, which opens great possibility for industrial and technological applications. Well-
crystallized single-crystal BiFeO3 nanopowder has been successfully synthesized with the hydrothermal method.
The phase composition of the synthesized samples was determined by the x-ray diffraction (XRD) analysis, and
the results showed that synthesized material crystallizes in the space group R3c as a-BiFeO3 phase, which was
confirmed by the previous experiments. In addition, a structure prediction has been performed and 11
additional BiFeO3 modifications have been proposed. In the next phase, an ab initio optimization of predicted
structures has been performed and the structure of the y-form has been elucidated. Furthermore, electronic and
magnetic properties of BiFeO3 were investigated using combination of experimental and theoretical methods.
Spectroscopic Ellipsometry has been used to study electronic properties of BiFeOs, while magnetic behavior of
synthesized material was investigated by SQUID. Finally, theoretical studies were performed using a full
potential linearized augmented plane-waves plus local orbital (FP(L)APW+lo) method, based on density

Keywords:
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C. Magnetic properties

D. Perovskites

functional theory (DFT).

1. Introduction

In the recent years multiferroics have been an intriguing study field
due to their well-known magnetoelectric phenomena that offer a wide
range of potentially new applications including spintronics, new data-
storage media and multiple-state memories [1-5]. In the past years,
bismuth ferrite (BiFeO3) was one of the most studied multiferroic
system with a large number of published articles for this is unique
nature of BiFeOsz having both (anti) ferromagnetic and ferroelectric
properties, observed at room temperature [1-5].

Single phase BiFeOs; has received special attention due to its
ferroelectric transition temperature of 1100 K and an antiferromag-
netic Néel temperature up to 640 K [1-5]. The preparation of pure
single-phased BiFeOs is the main issue caused by the narrow interval of
its thermal stability and formation of secondary phases, such as
BiysFeO49 and BisFe,Oq [6,7]. According to the phase diagram of
Bi»03—Fe»03, BiFeOs is an incongruently melting compound [8,9] and
the kinetics of phase formation in the Bi,O3—Fe,O3 system can easily

* Corresponding author.
E-mail address: dzagorac@vin.bg.ac.rs (D. Zagorac).
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lead to the appearance of above-mentioned impurities during the solid
state reaction route [6,7]. It has also been reported that successful
syntheses of single phase of BiFeOj3 essentially may be dependent on
the purity (99.9995%) of the starting materials [7,8]. To overcome
these difficulties the other methods have been developed, such as
ferrioxalate precursor method [9], sol-gel process [10], co-precipita-
tion [11,12], spark plasma sintering [13] and hydrothermal method
[14,15].

At standard conditions, the experimentally known modification of
bismuth ferrite crystallizes in the perovskite structure type (a-BiFeO3)
with rhombohedral space group R3c (no. 161). [16-18]. A very
important structural parameter of the perovskite is the rotation angle
of the oxygen octahedron and this angle would be 0° for a cubic
perovskite with perfectly matched ionic sizes [2]. Using a Goldschmidt
tolerance (G,) factor, [19] it is possible to calculate how well the ions fit
into a perovskite unit cell. For BiFeO; compound G, =0.88 using the
ionic radii of Shannon [20], where Bi*® is in sixfold coordination (with
the 8-fold coordination G,, decreases) and Fe** is in sixfold coordina-

Received 12 July 2016; Received in revised form 10 October 2016; Accepted 11 October 2016

Available online 13 October 2016
0272-8842/ © 2016 Elsevier Ltd and Techna Group S.r.1. All rights reserved.



M. Cebela et al.

Ceramics International 43 (2017) 1256—1264

Fig. 1. Visualization of the synthesized and calculated a-BiFeOs structure: (a) sixfold coordination (CN=6) of the Bi atom by O atom; (b) sixfold coordination (CN=6) of the Fe atom by

O atom.

tion with high spin. It is known from the literature that when G, <1,
the oxygen octahedron must buckle in order to fit into a smaller cell [2].

Other important structural issues of BiFeO3; are the anion-cation
distances, angles and coordination polyhedra. There are two cations in
bismuth ferrite, Bi®* occupying A site, where the polarization is mostly
caused by the lone pair (6s> orbital), while the magnetization comes
from the B site (Fe®**) [1,2]. Therefore, the a-BiFeOs; modification is
shown in Fig. 1, where Bi®>* has sixfold coordination with truncated
prisms which are corner connected (Fig. 1a), while Fe** has same
sixfold coordination, but with corner connected distorted octahedrons
of oxygen (Fig. 1b). Finally, a very important structural issue is Fe—O—
Fe angle, because it determines the magnetic ordering temperature and
the conductivity, and in a-BiFeOs3 this angle is measured to be between
154 and 156° [17-21].

It has also been established that residual porosity location, micro-
structure, size, grain growth habit and grain boundary geometry of the
sintered specimen are very important factors in determining the
electrical as well as magnetic properties of BiFeOs; [1-6,18-21].
However, among the large number of published papers on bismuth
ferrite there are still some open questions e.g. synthesis of a pure single
phase of BiFeO3 at equlibrium or (meta)stability of non-equlibrium
phases and their influence on materials properties [1-4].

2. Materials and methods
2.1. Synthesis and characterization of BiFeOs nanopowders

The preparation of pure single-phased BiFeOj; is one of the main
issues of this compound caused by the narrow interval of its thermal
stability and formation of secondary phases [6,7]. However, in the past
years many synthesis and characterizations of single crystals and
nanopowders have been performed by the same authors [22-24].
The chemical compounds used in this work were bismuth nitrate
(Bi(NO3)3x5H,0), iron nitrate (Fe(NO3)3x9H,0), and potassium hy-
droxide (KOH) and all the chemicals were of analytical grade. The
applied synthesis route was proposed by Han [25]. The equi-molar
mixtures of Bi(NO3)3x5H,0 and Fe(NO3)3;x9H,O were dissolved in
40 mL of KOH. The molar ratio of the alkali mineralizer was adjusted
by dissolving certain amounts of KOH pellets into distilled water.

The mixture was stirred vigorously for 30 min and transferred into
autoclave. The KOH concentration was set to 8 M. The hydrothermal
treatments were conducted under autogenous pressure with tempera-
ture of 200 °C for 6 h. The produced powders were collected at the
bottom of the autoclave after cooling to room temperature. The
products were washed at least five times by repeated cycles of
centrifugation in distilled water, and dispersed in ethanol by sonicating
for 45 min. Subsequently, powders were obtained by evaporating
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ethanol in a mortar heated at 60 °C.

The structure of obtained powder was determined by X-ray powder
diffraction on a Rigaku ULTIMA IV XRPD diffractometer with Cu Koy »
radiations, at room temperature. Data for structural refinement were
taken in the 260 range 20-80°, with a step width of 0.02° 26 and 5 s per
step. The refinement was performed with the FullProf [26] computer
program which adopts the Rietveld calculation method. In the present
approach the grain size broadening was represented by a Lorentzian
function, and strain broadening by a Gaussian function.

2.2. Computational details

Our general approach to the crystal structure prediction and
optimization of structure candidates has been given in detail elsewhere
[27-29]. Only the main steps of the method will be outlined and
specific information will be provided. The Structure Prediction
Diagnostic Software (SPuDS) [30] has been used to produce new
structure candidates of BiFeOs perovskites. The SPuDS program has
been developed to predict the crystal structures of perovskites, includ-
ing those distorted by tilting of symmetric octahedra or caused by
Jahn-Teller distortions [29-31]. The stability of the perovskite struc-
tures is determined by comparing the calculated bond valence sums
and the ideal formal valences. This quantity is known as the global
instability index (GII) and it is calculated according to the chemical
composition in the 11 different Glazer tilt systems for a single B-site
cation [32].

Theoretical determination and identification of the predicted struc-
tures was performed using the KPLOT program [33]. The symmetry of
the predicted structures was analyzed with the algorithms SFND
(“Symmetry FiNDer” [34]) and RGS (,,Raum Gruppen Sucher” or space
group seeker [35]). Duplicate structures are removed using the CMPZ-
algorithm [36] and the CCL algorithm has been used in investigation of
nanosized structures [37].

The structural optimizations were performed using a full-potential
linearized augmented plane waves plus local orbital (FP(L)APW+lo)
method [38], and implemented in Wien2k [39], a program package
based on density functional theory (DFT). General calculation para-
meters were kept the same in all calculations, in order to compare the
stability of various crystal phases. The radii of the muffin-tin, non-
overlapping spheres centered at the atomic nucleus, R,,, were set to
2.07 Bohr for Bi, 1.75 bohr for Fe and 1.6 bohr for O. The parameter
that determines the number of basis functions used, R,,,:K;ax, Was set
to 8.5, and the cutoff energy between the core and valence states was
—7 Ry. Inside the muffin-tin spheres the wave functions were expanded
into spherical harmonics up to [,,,»=10, and charge density was
Fourier expanded up to G,,,»=20 Ry.

The Brillouin zone integration was achieved using tetrahedron
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method, and the number of k points was tested with respect to total
energy in each case to ensure that convergence criteria were fulfilled.
The volume of unit cell was optimized, and the investigated structures
were relaxed until the forces acting on all atoms were less than 1 mRy/
bohr. Magnetic structure of BiFeO3; was addressed by the use of spin-
unrestricted calculations. The exchange and correlation effects were
included within the generalized gradient approximation (GGA), while
“Hubbard-U” scheme with U,;=3.8 eV was used for a better treatment
of localized Fe d orbitals [40]. The core states were treated fully
relativistic, while the valence states were treated within the scalar
relativistic approximation. Self-consistency was achieved by demand-
ing that the convergence of the integrated charge difference between
the two successive iterations was less than 107 electrons. Taking into
account all convergence criteria, differences in total energy between
various phases were calculated with precision higher than 0.001 Ry.

The investigated structures were visualized using KPLOT [33] and
VESTA [41] software. A detailed summary of computational details is
presented in the Supporting information, Table S1.

2.3. Electrical and magnetic measurements

The ellipsometric measurements were performed at incidence angle
0;=65°, in the UV-vis spectral range, using high resolution variable
angle spectroscopic ellipsometer (SOPRA GES5E-IRSE) of the rotating
polarizer type. Magnetic measurements were performed by using
Quantum Design MPMS XL-5 SQUID magnetometer. DC magnetiza-
tion measurements were carried out as a function of temperature
(T=5-300K) in the magnetic field of 100 Oe. Magnetization uvs.
magnetic field strength measurements were performed at temperatures
5 and 300 K in the fields up to 50 kOe. Summary of parameters used
for experimental measurements (XRD, electrical and magnetic mea-
surements) are presented in the Supporting information, Table S2.

3. Results and discussion
3.1. Structural properties of BiFeO3; compound

3.1.1. X-Ray Powder Diffraction (XRPD) and Rietveld refinement of
BiFeO3
After synthesizing BiFeO; nanopowders data reported by Palewicz
[21] were used as starting structural model for Rietveld refinement.
The resulting x-ray powder pattern after refinement is shown in Fig. 2.
It was found out that all reflection can be indexed to a pure
rhombohedral BiFeO; crystal phase which crystallize in R3¢ (no. 161)
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Fig. 2. XRD pattern after structural refinement procedure using Rietveld’s method. Red
circles denotes experimental pattern, and black line represent calculated pattern. A
difference (observed-calculated) plot is shown beneath with the blue line. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Table 1

Space group, cell parameters and atomic positions of a-BiFeO; refined structure and
microstructural parameters after X-Ray Powder Diffraction (XRPD) and Rietveld
refinement. In addition, Bi** and Fe®" coordination number (CN), Bi-O and Fe—O
distances has been presented.

Structure parameter Value

Space group
Cell parameters

R3c (no. 161)
a=b=5.5870 (7) A
c=13.8898 (2) A
a=B=90°, y=120°

Crystallite size (nm) 29.3
Strain (%) 0.25
Goodness of refinement R.,p=7.08
Rp=5.5
Rexp=5.55
X°=1.6273
Element x y z Occupancy Temperature
factor
Bi 0.0000 0.0000 0.0000 1.000 1.024
Fe 0.0000 0.0000 0.221(4)  1.000 0.658
(6] 0.447(3) 0.018(3) 0.953(6) 1.000 1.042
Modification Space Distance Bi** CN Distance Fe’* CN
group Bi-O and mean Fe-O and mean
distance distance
a-BiFeO3 R3c 3x2.339 6 3x1.967(1) 6
(9]
3x2.433 2.386 (2) 3x2.0937 2.0302(2)
(2) (1)

space group. However it may be seen that in representation of cell
parameters and atom positions represented in Table 1, hexagonal
setting have been used. Refined structure and microstructural para-
meters show that crystal size is in the nanometric range at about
30 nm. Reasonable values of R factors (Table 1) are an indication of
good refinement and obtained results were in good agreement with
previous research, where this equilibrium phase was named a- BiFeO3
structure [1-4,16—18,21].

3.1.2. Structure prediction of BiFeO3 perovskites

Beside experimentally observed a-BiFeO3 perovskite structure (see
Fig. 2 and Table 1), SPuDS software was used to obtain 11 additional
perovskite-related structure candidates marked from BiFeOs-(1) to
BiFeO3-(11), in different space groups and sorted according to their
global instability index (GII) values (see Table 2). Based on the GII
criterion, the most stable BiFeO3 perovskite structure closest to the
experimentally observed one is BiFeOs-(1) in the space group R3c, with
GII=0.00047 (see Table 2). As the number of the structure candidates
increases, their stability decreases, and the most unstable structure is

Table 2
Calculated values of the global instability index (GII) and tilt system for 11 BiFeOs;
modifications using SPuDS software.

Name Space group Tilt system GII (a.u.)
BiFeO3-(1) R-3c aaa 0.00047
BiFe03-(2) Pnma a-b+a- 0.01123
BiFe03-(3) Imma a°b™b” 0.01592
BiFe03-(4) P,/mbm a®a°c” 0.09595
BiFe03-(5) I,/mem a®a®c” 0.09595
BiFe03-(6) P4,/nme ata*c” 0.09783
BiFeO3-(7) Cy/c abb” 0.15273
BiFe03-(8) Cmem a*b°c” 0.17060
BiFe03-(9) Im-3 a*ta*ta® 0.24293
BiFe03-(10) I,/mmm a°b"b* 0.27773
BiFeO3-(11) Pm-3m a%a®a® 0.74669
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the cubic Pm3m perovskite BiFeOs-(11) with GII=0.47669 (see
Table 2). A summary of all predicted structure candidates is presented
in the Supporting information (Table S3).

According to the literature data, at approximately 825 °C there is a
first-order phase transition from a-BiFeO; modification to a high-
temperature -BiFeO3 phase [2,4,42]. Although, there is disagreement
about the exact symmetry of the f-BiFeO3; modification [2,44-49], it
was observed that at high temperatures this a-f phase transition
changes the properties of BiFeOsz from ferroelectric to paraelectric
compound. In order to further investigate this effect the first part of our
research was focused on structural properties of BiFeOs.

Recent experimental [47-49] and theoretical results [50] show high
temperature rhombohedral modification of BiFeOs in the space group
R3c (no. 167). This recently discovered structure corresponds to our
BiFeO3-(1) predicted modification (see Table 2 and Supporting in-
formation). At similar temperatures and with influence of high
pressure (up to 10 GPa) another candidate for a -BiFeO3; phase has
been observed in the experiment [18,43,51] and ab initio calculations
[52-55] showing orthorhombic space group Pnma (no. 62). This
particular structure corresponds to our BiFeOs-(2) modification. An
alternative orthorhombic structure BiFeOs-(3) is next in the line
according to GII ranking (see Table 2) showing Imma space group
(no. 74), and has never been reported before.

Furthermore, alternative tetragonal phases of BiFeOs; have been
previously observed [45,56] and calculated [52,57] at high tempera-
tures. Our structure prediction also favors tetragonal phase in BiFeO3
compound, and four tetragonal modifications have been shown:
BiFeO3-(4) in space group P4/mbm (no. 127), BiFeO3-(5) in space
group I4/mcem (no. 140), BiFeO3-(6) in space group P4,/nmc (no.
137), and BiFeO3-(10) in space group I4/mmm (no. 139) (see Table 2
and Supporting information). The first three have the same GII index,
while BiFeO3-(10) has much higher values and therefore is more
unstable.

In the same temperature range, additional monoclinic
[18,45,46,58-60] and rhombohedral [47-50,58,61] structures in
different space groups have been reported. Our study also show the
formation of additional monoclinic BiFeO3-(9) modification in the
space group C2/c (no. 15) and orthorhombic BiFeO3-(8) in the space
group Cmcem (no. 63) (see Table 2 and Supporting information).
However, their GII indexes show that these structures are quite
unstable at equilibrium conditions indicating the low possibility of
observing these structures at low temperatures and/or low pressures.

At high temperatures above 930 °C, a cubic y-BiFeOs; phase has
been observed [51,62] and calculated in the previous research [40,52].
This y-BiFeO3 structure corresponds to our BiFeO3-(11) modification
showing space group Pm3m (no. 221). Alternative cubic structure could
exist in the space groups Im3 (no. 204) (see Table 2) or Fm3m (no.
225).[52]. However, BiFeOs is highly unstable at the high temperatures
of the B-y transition region and it rapidly decomposes into more stable
phases BisFe Oq or Fe,O3[1-6]. Therefore, there are still many open
questions regarding y-BiFeOs; phase, as well as other BiFeO3 modifica-
tions, observed in the transition regions at high temperatures and/or
pressures. In order to address some of these questions ab initio
calculations have been performed in this study.

3.1.3. Ab initio structure optimization

The set of structure candidates generated using the procedures
described above, as well as equilibrium structure from experimental
synthesis, were submitted to the ab initio local optimization. These
local optimizations were performed using full potential linearized
augmented plane-waves plus local orbital (FP(L)APW+lo) method
based on density functional theory (DFT). The exchange and correla-
tion effects were included within the generalized gradient approxima-
tion (GGA+U). A summary of our results is shown in Tables 3 and 4,
where the structural parameters and total energies of all optimized
structures on ab initio level are presented.
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As a starting point for the study of the electronic structure, the
structural parameters of the synthesized a-BiFeO3; phase were opti-
mized on ab initio level (see Figs. 1, 2 and Table 1). Obtained values
amounted to a=b=5.55 A and ¢=13.84 A, which is in good agreement
with our experimental results from the Rietveld refinement and
previous experiments [1-4,16—-18,21].

Although, the BiFeO3-(1) in the space group R-3c is the closest
structure to equilibrium a-BiFeO3 according to GII index, the index
value is close to 0, which indicates unstable structure that will be easily
converted to equilibrium a-BiFeOj3 structure and may not be found to
exist as a separate minimum. This is later confirmed in our ab initio
calculations, which are in agreement with previous calculations [29].
The reason for this particular discrepancy is found in the SPuDS
software which does not penalize Bi—O and O—O distances that are too
short [63], resulting in a GII value unrealistically low. Therefore, the
next in line was considered, which is BiFeO3-(2) in the Pnma space
group and with GIT=0.01123. Our BiFeO3-(2) structure was success-
fully compared to previous experimental [18,43,51] and theoretical
findings [52-55] of B-BiFeOj3 structure using CMPZ algorithm [36]
implemented in the KPLOT software [33] (see Fig. 3).

The BiFeO3-(2) structure can be described by edge and corner
connected dodecahedrons of oxygen around bismuth, with eightfold
coordination (CN=8) of the Bi®* cation by 0% anion, and corner
connected tilted octahedrons of oxygen around iron, with sixfold
coordination (CN=6) of the Fe*" cation by O?~ anion. It is known that
at approximately 825 °C there is a first-order phase transition from a-
BiFeO3; modification to a high-temperature -BiFeOs; phase, and this
rhombohedral to orthorombic phase transition is common in perovs-
kites [2,4,43,63]. There are some literature results describing a—f
phase transition and magnetic properties of BiFeO3 compound with Fe
octahedron tilting [1,2]. However, it is important to point Bi**
coordination changing from six fold in a-BiFeO; to eight fold in (-
BiFeO; modification, which can largely influence polarization of
BiFeO3; compound (see Supporting information, Table S4) [1,2].

With further increase of temperature above 930 °C, a cubic y-
BiFeO3 phase has been observed in the experiment [51,62], which we
have successfully compared to our BiFeO3-(11) predicted structure,
and optimized on ab initio level. Refined structure parameters of cubic
y-BiFeO3; phase are published in Table 3 for the first time to our
knowledge. The y-BiFeOj3 structure can be described by face sharing
cuboctahedrons of oxygen around bismuth, with 12-fold coordination
(CN=12) of the Bi** cation by 02 anion, and corner connected perfect
octahedra of oxygen around iron, with six fold coordination (CN=6) of
the Fe®* cation by 0® anion (see Fig. 4). It is also known from the
literature that the distortions away from the ideal perovskite cubic
structure occur according to various tilt systems, resulting in a change
of symmetry (see Table 2) [29,63,64]. Therefore, according to these
results as one of the probable high temperature and/or pressure
transition route of BiFeO3 from rhombohedral a-BiFeO3; (CN=6) over
intermediate orthorhombic f-BiFeO3 (CN=8) to cubic y-BiFeO;
(CN=12) may be proposed Fig. 4.

In addition, our structure prediction favors tetragonal phase in
BiFeO3; compound and alternative tetragonal phases of BiFeO3z have
been previously observed [45,56] and calculated [52,57] at high
temperatures. BiFeO3-(4) in space group P4/mbm (no. 127) has been
optimized on ab initio level and results are shown in Tables 3, 4 and
Fig. 5. This is the first report of this kind of tetragonal phase of BiFeO3
to be proposed to our knowledge. The BiFeO3-(4) is a very good
candidate energetically (see Table 4) located between 3 and y phases,
and structurally, with 8 fold coordination of bismuth by oxygen atom
(see Table S4 in the Supporting information) similar to the p phase,
and tetragonal symmetry, closer to the cubic y phase. Thus, it might be
considered that tetragonal BiFeOs-(4) modification can be good
candidate along f—y phase transition in BiFeOs. On the other hand,
other tetragonal candidates are less realistic, e.g. BiFeO3-(6) modifica-
tion increases Fe coordination number to 10 (CN=10).
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Table 3
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Structural data of the most favorable BiFeO3 perovskite modifications before and after ab inito optimization using GGA+U method.

Modification, space group and

Cell parameters (A), unit-cell volume Cell parameters (A), unit-cell volume (A3) and

Birch—Murnaghan EOS

‘Wyckoff position (A?) and fractional coordinates® fractional coordinates optimized with FP (L)APW  bulk moduli (GP)
+lo

a-BiFeO3 a=5.5870, ¢=13.8898 a=5.550 ¢=13.840 Bp=112.61

R3c(161) V=375.47 V0=369.192, Vp=61.53 BP=6.56

Bi 6a 000 000

Fe 6a 00 0.2208 00 0.7755

0O 18b 0.4474 0.0175 0.9528 0.08363 0.31631 0.37511

B-BiFeO5 a=5.6008, b=7.7667, a=5.662, b=7.852, B;=140.88

Pnma(62) ¢=5.395 ¢=5.455 BP=3.778
V=234.720 Vo=242.519, Vp=60.63

Bi 4c 0.5595 1/4 0.5205 0.5551 1/4 0.0119

Fe 4b 1/200 1/201/2

01 4c -0.0180 1/4 0.4016 0.9761 1/4 0.9099

02 8d 0.2957 0.0492 0.7008 0.2976 0.0452 0.2049

BiFeO3-(4) a=5.3610, ¢=4.0309 a=5.4212, ¢=4.11635 B(;=148.86

P4/mbm(127) V=115.851 Vo=120.577, Vp=60.29 BP=2.530

Bi 2¢ 01/21/2 01/21/2

Fe 2a 000 000

01 2b 001/2 001/2

02 4g 0.1596 0.6596 0 0.18917 0.68917 0

y-BiFeO3 a=4.0309 a=3.9538 Bp=162.96

ngm(221) V=65.496 V=61.808, Vp=61.81 BP=4.112

Bi 1b 1/21/21/2 1/21/21/2

Fe la 000 000

0 3d 001/2 001/2

# In the first column are the results of the experimental synthesis, while others represent predicted structures using SpuDS software.

Table 4

Ground-state energy and stability compared to a-BiFeO3; (AFM) phase calculated using
GGA+U method. The total energies (Eo) per formula unit shown in second column are in
Rydberg (Ry), while energy difference show in third column is converted to electronvolts
(eV).

Modification Eo/f.u. (Ry) Eo-Eo (BiFeO3-eq) (€V)
a-BiFeO3 (AFM) -46160.15377 0

3-BiFeO3 -46160.12874 +0.34055

BiFeO3-(4) -46160.09749 +0.76573

v-BiFeO3 -46160.05814 +1.30111

Finally, GIT ranking from BVC calculations has been compared with
ab initio energy ranking using GGA calculations (see Supporting
information, Table S5). We note that predicted structures optimized

using GGA method had great overlap with GII ranking which is in
agreement with previous theoretical studies [29]. The existence of
predicted BiFeOs structures has been further confirmed by high
precision GGA+U corrected method as shown in Table 3. It may be
seen that a—f phase transition is accompanied by a sudden volume
contraction (see Table 3), which has been observed in the literature
[51,62]. The transition is also accompanied by a peak in the dielectric
constant [2,62] which has been taken as an indication of a ferro-
electric—paraelectric transition [2]. However, volume expansion was
detected at f—y phase transition (see Table 3), which has not been
reported before. The decrease of cation-anion mean distance should be
point out if second coordination polyhedron (see Supporting informa-
tion, Table S4) was considered. Total energies and stability of predicted
BiFeOj; structures compared to equilibrium a-BiFeO3 (AFM) phase has
been shown in Table 4. Again, it is clear that GII stability ranking of

Fig. 3. Visualization of the calculated B-BiFeOj structure: (a) eight fold coordination (CN=8) of the Bi** cation by O®~ anion; (b) six fold coordination (CN=6) of the Fe®* cation by 0%~

anion.

1260



M. Cebela et al.

Ceramics International 43 (2017) 1256—1264

Fig. 4. Visualization of the calculated cubic y- BiFeOs structure: (a) twelve fold coordination (CN=12) of the Bi atom by O atom; (b) six fold coordination (CN=6) of the Fe atom by O

atom.

predicted BiFeOj3 structures overlap with ab initio total energy ranking
at GGA and GGA+U level of calculation.

3.2. Electronic and magnetic properties of BiFeO3

3.2.1. Spectroscopic ellipsometry

The pseudo-dielectric function (€) represents an expectation value
obtained directly from the measurements of ellipsometric angles ¥ and
A. Assuming the two-phase model approximation (air/BiFeO3 nano-
particles), the pseudo-dielectric function spectra was calculated directly
from the complex reflectance ratio p=tan () e'* using the Eq. [1]:

2
(e) = ¢ = sinza,-[l + tanzé‘i(l;p) ]
1+p 6]
Measurement of pseudo-dielectric function enables direct determi-
nation of the extinction coefficient k of the bismuth ferrite powder
which is shown in the inset of Fig. 6. Literature data showed that the
bismuth ferrite has the band gap value around 2.77 eV [63]. In order to
obtain the band gap energy Tauc Law was used and the plot of (aE)? vs
E is presented in Fig. 6, where a is the absorption coefficient (a=47k/\)
and E is the photon energy. The linear extrapolation of (aE)? to zero
gives a band gap value at 2.71 eV, as shown in Fig. 6., which is in good
agreement with the data obtained from the literature [63].
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Fig. 6. Tauc plots vs. photon energy E for direct band gap (Eg) transition together with a
linear extrapolation of (aE)>. Inset shows the complex extinction coefficient (n, k) of the
bismuth ferrite powder obtained from spectroscopic ellipsometry.

Fig. 5. Visualization of the calculated BiFeOs-4 structure: (a) eightfold coordination (CN=8) of the Bi atom by O atom; (b) sixfold coordination (CN=6) of the Fe atom by O atom.
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Fig. 7. Temperature dependence of BiFeO3 magnetization.

3.2.2. Magnetic properties investigation using SQUID

Temperature dependence of DC magnetization for BiFeO; mea-
sured in the magnetic field of 100 Oe is depicted in Fig. 7. Two
measurement procedures are applied: on heating after zero-field cool-
ing (ZFC), as well as on cooling in the magnetic field (FC). It can be
seen that system at about Tn=220 K shows pronounced maximum
which can be assigned to the phase transition from antiferromagnetic
to the paramagnetic state (Néel temperature). This temperature is due
to nanometric dimensions of the particles significantly lower than those
reported for bulk samples (Ty=651 K) [64]. Below Néel temperature
ZFC and FC curves are splitting, and magnetization for both branches,
increases with the temperature decrease. The same behavior was also
observed for the samples obtained by different synthesis procedures
[65,66], and can be explained due to a small presence of paramagnetic
Fe* ions. These ions probably belong to the small amount of BiysFeOso
phase which is formed during BiFeOs; synthesis. At T=50 K, ZFC
branch shows cusp which represents transition to super-spin glass
state. Similar transition was also observed for doped and undoped
BiFeO3 nanopowders [67].

M(H) dependence recorded at 5 K and 300 K is shown in the Fig. 8.
M(H) curve recorded at 5 K shows weak hysteresis behavior, without
reaching saturation up to 5 T, is a sign of antiferromagnetic ordering.
However, the small coercive field of about 300 Oe (see Fig. 8 inset)
speaks in favor of weak ferromagnetic ordering. It is well known that
this arrangement occurs when the particle diameter is less than the
period of the long-range cycloidal spiral (62 nm) which is characteristic
structure for this compound [65,68]. At the room temperature M(H)
curve is linear and M(5 T)=0.36 emu/g (0.02 ug/f.u.) which is in

O
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o7~ 5K
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Fig. 8. Magnetization curve vs. applied magnetic field at 5 K and room temperature.
Inset: Details of M(H) behavior at 5 K.
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Fig. 9. Spin-polarized total and partial density of states for the ferromagnetic BiFeO3;
spin-up states shown as positive and spin-down states shown as negative.

accordance with the literature data for the BiFeO3 nanoparticles of
the similar diameter size [65].

3.2.3. Calculations on ab initio level

Previous studies reported that the calculated electronic ground
state strongly depends on the nature of magnetic ordering, even when
spin-polarization was introduced into the calculations [40,50].
Electronic structure of a-BiFeOs is studied by observing the behavior
of its spin-up and spin-down density of states (DOS) around the Fermi
level. Fig. 9 presents total DOS, as well as DOS decomposed according
to individual Bi and O atoms, in addition to Fe d electron states for the
ferromagnetic BiFeO3. Density of states is presented for both spin-up
and spin-down states, and by convention Fermi level is set to 0 eV.
Total density of states shows the effect of spin-polarization in the
region of occupied states, mainly from —8 to 0 eV, but also in the region
of unoccupied states, from 0.5 to 5 eV. When total DOS is decomposed
according to individual atoms of studied compound, it is evident that
the spin-polarization is expressed primarily in Fe. This was expected,
considering the magnetic nature of this atom. In order to address this,
d electron states of Fe are extracted and presented in the same Figure.
Two pronounced peaks of spin-up and spin-down d states are present
in the region from -8 eV to -6 eV, and from 0.5 to 5 eV, respectively. It
should also be indicated that Bi states are located in the band about
10 eV below the Fermi level, while O states are broader and found
overlapping with the Fe d states.

In addition to studying the density of states, magnetic moment per
Fe atom was also calculated. It amounts to 3.98 uB, which is in good
agreement with experimental value for the cubic ferromagnetic phase,
3.75(2) uB [69].

In Fig. 10, total DOS, as well as DOS decomposed according to
individual Bi, O and Fe atoms are presented for the BiFeO3 obtained in
spin-polarized calculations by imposing opposite orientations of mag-
netic moments on Fe atoms and therefore resulting zero magnetic
moment of the unit cell, which is in agreement with magnetic
measurements presented in previous chapter.

Bi states are located in the band about 10 eV below the Fermi level,
similar to Fig. 9, while O states are broader and found overlapping with
the Fe states. Calculated band gap is 2.1 eV using DFT-GGA, which is in
good agreement with our electronic spectroscopy, concerning that
calculated value is strongly dependent on the value of effective
potential used in calculations and size of the measured particles, which
is in agreement with other experimental and theoretical results. [1—
6,40,50,70].

Furthermore, based on the Bader's theory of atoms in molecules
[71], charge transfer in the studied compound is calculated. The values
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Fig. 10. Spin up (positive) and spin-down (negative) total and partial density of states
for the antiferromagnetic BiFeOs.

of Bader’s charges are equal to the difference in the number of electrons
of given atom and number of electrons in the atomic basin belonging to
that atom in the studied compound. For the studied a-BiFeOs
modification, obtained values of the Bader’s charge were 1.86 for Fe
and Bi, and -1.24 for O. This result indicates that the equal charge
transfer occurred from both Fe and Bi metals to O atom, and is in
agreement with general trend that Bader’s charge follows electronega-
tivity of the atoms [72].

4. Conclusions

Nanosized bismuth ferrite powder has a potential application in the
production of lead free piezoelectric materials for actuators as well as
magnetoelectric sensors. Here we show simple, low-costing and
energy-saving hydrothermal method, which has advantages over the
conventional methods. BiFeO; powders were synthesized using
Bi(NO3)3-5H,0 and Fe(NOs3)3-9H,O as starting material and 8 M
KOH as mineralizer. It was detected that all reflections can be indexed
to a pure rhombohedral a-BiFeO3 crystal phase which crystallizes in
R3c (no. 161) space group. Refined structure and microstructural
parameters show that the crystal size is in the nanometric range at
about 30 nm. The structure prediction method has been used and 11
additional perovskite-related structure candidates in different space
groups were obtained. After ab initio optimization equilibrium a-
BiFeO3; modification was confirmed by experimental results. Besides,
-BiFeO3 and y-BiFeO3; modification at elevated temperatures and/or
pressures were identified as well as their respective transition route.
Calculations proved to be in good agreement with previous experi-
mental and theoretical results.

In addition, a novel tetragonal BiFeO3;—4 phase which has never
been reported before, was identified in this study. Finally, electro-
magnetic properties of BiFeO3 were investigated using combination of
experimental and theoretical methods. Temperature dependence of
magnetization shows antiferromagnetic-paramagnetic phase transition
at Ty=220 K, while below this temperature weak ferromagnetic order-
ing is detected. The results of this study offer an overall conclusion that
the local magnetic properties of pure BiFeO; nanoparticles mainly
depend on the particle size and their diverse morphology due to the
different preparation methods and annealing temperatures. DFT
calculations on electronic and magnetic properties of BiFeO3; show
good agreement with respective measurements studied here, previous
experimental and theoretical work.
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Abstract

Pure and La®* doped titanium dioxide (TiO,) nanopowders were obtained by sol-gel and hydrothermal methods. A precursor was titanium
tetrachloride and concentrations of dopants were 0.5 and 1.0 mol%. Procedures of both methods were the same, up to the last part of synthesis
(the transformation from the mother liquor to oxide nanopowders), in order to find the influence of applied methods on the properties of
nanopowders. XRD results have shown that all synthesized nanopowders were in the anatase phase. It was seen from DSC measurements that
anatase to rutile phase transition took place at a higher temperature with a higher concentration of dopant (La>*). The samples obtained by the
sol-gel method had a higher temperature of phase transition than related samples obtained by the hydrothermal method. Nanopowder properties
have been related to the photocatalytic activity, tested in degradation of the pharmaceutical alprazolam.

© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Advanced Oxidation Processes (AOPs) have been devel-
oped to remove the contaminants of drinking water and
industrial effluents [1,2]. Among them, heterogeneous photo-
catalysis using TiO, is regarded as a promising method for the
purification and treatment of both contaminated air and water
[3,4] due to its performance such as low cost, non-toxicity,
chemical stability, availability and the strong oxidizing power
of its photogenerated holes. The size of the titanium dioxide
particles is an important factor affecting the photocatalytic

*Corresponding author. Tel.: +38 1113713023; fax: +38 1113160531.
E-mail address: myramyra@ipb.ac.rs (M. Gruji¢-Brojcin).
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0272-8842/© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

activity of this catalyst [5,6]. Therefore, it is not surprising that
much research has been focused upon the reduction of the
particle size. Nano-semiconductor materials doped with rare-
earth elements have the ability of strong adsorption, good
thermal stabilization, electron-type conductivity and high
photocatalytic activity [7-9].

TiO, can be produced by many different methods and
among them we are particularly interested for “wet” methods
where the most representative are sol-gel and hydrothermal
methods. Because of that, in this work pure and La-doped
TiO, nanoparticles were prepared by sol—gel and hydrothermal
methods. The content of La® ¥ in our investigation was 0.5 and
1 mol%, as these concentrations have been established as the
most appropriate in photocatalytic applications [9,10].
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In recent years, pharmaceuticals have been present in the
aquatic environment as a consequence of their use in very high
quantities throughout the world. Pharmaceuticals are large
group of organic compounds which can enter the water system
by means of direct disposal and excretion. They may be present
in surface water at low concentration levels, depending on the
efficiency of wastewater treatments. Despite these low concentra-
tions, the ubiquity of pharmaceuticals in the aquatic environment
together, with their persistent biological activities explains the
concern over this specific group of water contaminants [11-13].
Until now, a large diversity of pharmaceuticals has been found in
the environment: analgesics, antibiotics, antiepileptics, f-blockers,
blood-lipid regulators, antidepressants, anxiolytics, sedatives, con-
traceptives, etc. [14].

Alprazolam (8-chloro-1-methyl-6-phenyl-4H-[ 1,2,4]triazole[4,3,-
o]-[1,4]-benzodiazepine, CAS mno. 28981-97-7, C7H;3CINy,
M,=308.765) is a short-acting anxiolytic, which belongs to the
benzodiazepine class of psychoactive drugs. It has unique clinical
and neurochemical spectrum of action among benzodiazepine full
agonists [15,16]. Alprazolam acts on the brain and central nervous
system to produce a calming effect [17] and it is mainly used to
treat anxiety disorders or anxiety associated to symptoms of
depression [18]. The extensive use of alprazolam is a consequence
of its antidepressant effect, its synergic action as an anxiolytic in
combination with antidepressants in patients with advanced cancer,
in the treatment of pathologies that imply anxiety disorders of
chronic intensity as the social phobia and other psychosocial
pathologies [16].

Since pharmaceuticals are being introduced into the envir-
onment on a continuous basis and its continuous input and
persistence to the water system may result in a potential risk
for aquatic and terrestrial organisms, special attention has
recently been paid to the degradation of pharmaceuticals as a
means of water decontamination. The aim of this work is to
estimate the efficiency of pure and La’™ doped anatase
nanopowders, synthesized by two different routes, in photo-
catalytic degradation of alprazolam, as well as to investigate
the variations in anatase structure with La** doping.

2. Experimental details
2.1. Synthesis

All chemicals are used without further purifications.
2.2. Sol-gel method (SG)

TiCly (99.0%, pure, Merck) was used as a precursor. An
appropriate amount of TiCl, was dissolved in distilled water
under vigorous stirring on an ice-bath. To obtain the hydrogel
the aqueous solution of NH,OH (29% Carlo Erba), was added
under careful control of the pH value of the solution to achieve
the alkaline conditions (pH~9). After aging in mother liquor
for 5 h the hydrogel was filtered and washed out with distilled
water until the complete removal of chloride ions (the common
analytical procedure with AgNOj). Afterwards the obtained
hydrogel was converted to its ethanol-gel by anhydrous
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ethanol. Alcogel was placed in a vessel, dried at 280 °C and
calcined at a temperature of 550 °C for 4 h.

2.3. Hydrothermal method (HT)

The whole procedure was the same as the sol-gel process
until the hydrogel was obtained (including the aging in mother
liquor for 5 h). Then hydrogel was placed in a steel pressure
vessel (autoclave) under a controlled temperature. The reaction
of hydrothermal synthesis was carried out at 200 °C for 24 h.
After that, the vessel contains were filtered and washed with
distilled water until complete removal of chloride ions. The
last step to obtain TiO, nanoparticles was drying at 105.5 °C
for 72 h.

2.4. Characterization methods

Samples of pure and La’®"-doped TiO, obtained by both
methods were analyzed by XRD using a Stoe Stadi MP
diffractometer (CuKa, radiation, primary beam Ge monochro-
mator, linear PSD detector, Bragg—Brentano geometry). Data
were collected at every 0.01° in the 10-90° 20 angular range,
using a counting time of 80 s/step. The Fullprof computer
program was used. The Williamson—-Hall Method [19] was
applied for determination of the average microstrain and the
mean crystallite sizes.

Composition/quality of TiO, has been analyzed on SEM
(JEOL JSM-6460LV, with the operating voltage of 20 keV)
equipped with an EDS (INCAx-sight) detector and “INAx-
stream” pulse processor (Oxford Instruments).

Non-contact atomic force microscopy (NC-AFM) measure-
ments were carried out using Omicron B002645 SPM probe
VT AFM 25.

The TG/DSC analysis of samples consisted in pure and
La-doped TiO, (anatase) synthesized by sol-gel method and
hydrothermal method was carried out on an SDT Q600
instrument (TA Instruments) up to 1100 °C in N, atmosphere
(flow rate: 100 cm® min~'; heating rate: 10 °C min~"). The
pure indium and sapphire were used for the calibration of
temperature and DSC signal, respectively.

The porous structure of anatase samples has been evaluated
from adsorption/desorption isotherms of N, measured on TiO,
samples, at — 196 °C, using the gravimetric McBain method.
The main parameters of the porosity such as specific surface
area and pore volume have been estimated by the Brunauer—
Emmett-Teller (BET) method and ag-plot [20]. The pore size
distribution has been estimated from hysteresis sorption data
by the Barret-Joyner—Halenda (BJH) method [21].

Raman scattering measurements of TiO, samples was
performed in the backscattering geometry at room temperature
in the air using a Jobin-Yvon T64000 triple spectrometer,
equipped with a confocal microscope and a nitrogen-cooled
charge coupled device detector. The spectra were excited by
514.5 nm line of Ar"/Kr™ ion laser with output power less
than 5 mW to avoid local heating due to laser irradiation.



A. Golubovié¢ et al. / Ceramics International 40 (2014) 13409-13418

2.5. Measurements of photocatalytic activity

The photocatalytic activity of the nanopowders was eval-
uated in the process of the degradation of the solution of
alprazolam (Sigma-Aldrich). The photocatalytic degradation
was carried out in a cell described previously [22]. A 125 W
high-pressure mercury lamp (Philips, HPL-N, emission bands
in the UV region at 304, 314, 335 and 366 nm, with maximum
emission at 366 nm), together with an appropriate concave
mirror, was used as the radiation source. Experiments were
carried out using 20 cm® of 0.03 mmol dm ™ of alprazolam
solution and the photocatalyst loading was 1.0 mg cm ™. The
aqueous suspension was sonicated (50 Hz) in the dark for
15 min before illumination, to uniformly disperse the photo-
catalyst particles and attain adsorption equilibrium. The
suspension thus obtained was thermostated at 25 + 0.5 °C in
a stream of O, (3.0 cm® min "), and then irradiated. During
irradiation, the mixture was stirred at a constant rate under
continuous O, flow. In order to determine the reproducibility
of the results, at least duplicated runs were carried out for each
condition for averaging the results, and the reproducibility of
kinetic measurements was 3—10%.

For the UFLC-DAD kinetic studies of alprazolam photo-
degradation, aliquots of 0.50 cm® were taken from the reaction
mixture at the beginning of the experiment and at regular time
intervals. Aliquot sampling caused a maximum volume varia-
tion of ca. 10% in the reaction mixture. The suspensions
containing photocatalyst were filtered through a Millipore
(Milex-GV, 0.22 pm) membrane filter. After that, a 10-pl
sample was injected and analyzed on UFLC-Shimadzu
equipped with an Eclypse XDB-C18 column (150 mm x
4.6 mm i.d., particle size 5pm, 25 °C). The UV/vis DAD
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detector was set at 222 nm (wavelength of alprazolam max-
imum absorption). The mobile phase (flow rate 1 cm’ min~ l)
was a mixture of acetonitrile (99.8%, J. T. Baker) and water
(40:60, v/v), the water being acidified with 0.1% H3;PO, (85%,
Sigma-Aldrich).

3. Results and discussion
3.1. Synthesis

In the sol-gel synthesis experimental parameters were the
same as in our previous experiments [23] except the duration
of calcination of 4 h. It was found that using the duration of 4 h
to synthesize TiO, nanoparticles (anatase phase) have the best
photocatalytic properties in photodegradation of metoprolol
[22] within samples with various durations of calcination (from
1 to 7h) and our samples have mentioned set-up of experi-
mental parameters.

In the hydrothermal synthesis experimental parameters were
temperature of 200 °C (as in [24,25], although Ti-butoxide was
the precursor, and the duration was 24 h (as in [26]). The
charge from the vessel in autoclave was the same as in the case
of sol-gel synthesis before the processes of drying and
calcination due to reveal a influence of type of synthesis on
a properties of obtained TiO, nanoparticles.

3.2. X-ray diffraction

The XRD patterns of pure TiO, and doped with La** doped

nanopowders, synthesized by sol-gel and hydrothermal
200 JHT |5
150
1 T & ~m
50 A l "vvg 1 mol% La
0 T s e e
200 A
150
100
50 ' 0.5 mol% La
0 T 7 T T T T T T
200 -}
150
100 A
50 4 Pure TiO
2
0 'N’.'N_;J' T e
10 20 30 40 50 60 70 80 90

26(°)

Fig. 1. XRD patterns of pure TiO, and La-doped TiO, nanopowders synthesized by sol-gel (a) and hydrothermal (b) methods. Characteristic diffractions of anatase
phase given in parentheses.



13412

Table 1
Crystallite size, lattice parameters, and average strain of pure and La>* doped
TiO, (anatase) obtained by sol-gel and hydrothermal methods.

Crystallite size Lattice parameters (nm) Strain
(nm) (%)
a (=b) c
SG
Pure TiO, 16 0.3788 (6) 0.9526 (4) 0.12
0.5 mol% La 15 0.3795 (7) 0.9518 (9) 0.29
1 mol% La 15 0.3786 (5) 0.9462 (1) 0.86
HT
Pure TiO, 19 0.3796 (8) 0.9530 (0) 0.13
0.5 mol% La 17 0.3794 (4) 0.9536 (2) 0.24
1 mol% La 18 0.3791 (6) 0.9501 (6) 0.08

method are presented in Fig. 1. The diffraction peaks present in
all samples coincide to the anatase TiO, structure (JCPDS card
21-1272, space group I41/amd), which is clearly indicated by
the main anatase reflection at 20~25°. Their positions are
slightly shifted, indicating a change in lattice parameters in
comparison to the bulk values for anatase (ap=0.37852 nm,
co=0.95139 nm), as shown in Table 1.

The average crystallite size of anatase nanoparticles, esti-
mated by the Williamson—Hall method, is slightly greater in
samples obtained by the hydrothermal method than those
obtained by the sol-gel method, as listed in Table 1. The
crystallite size in the range from 15 to 19 nm has been
estimated from all diffraction patterns. Significant difference
in microstrain has not been found in pure TiO, samples
synthesized by both methods. Similarly, for both samples
doped with 0.5% La®™, corresponding values of microstrain
were close, whereas much smaller microstrain (0.08%) has
been detected in the sample doped with 1% La** obtained by
the hydrothermal method in comparison to the sample synthe-
sized by the sol-gel method (0.86%).

3.3. TG/DSC analysis

The TG analysis of pure, 0.5 mol% La** doped TiO, and
1 mol% La®* doped TiO, nanopowders, obtained by SG and
HT method has been performed. After heating the sample,
from the room temperature up to 1100 °C, the total mass loss
for both pure TiO, was 3.5%, while for the 0.5 mol% La doped
TiO, and 1 mol% La doped TiO, synthesized either using SG
or HT method total weight loss was around 5%. Unlike pure
TiO,, the doped samples have a slightly larger mass loss. It
could be found that there are two main stages for all samples,
where the first step occurs from room temperature up to 200 °C
for pure TiO, and for doped samples up to 180 °C. For this
step the rate of mass loss is around 2.5% and it could be
ascribed to the release of some adsorbed water. The second
step occurs up to 450 °C and it ranges from 1% for pure up to
1.3% for all doped samples and it could mainly resulted from
the combustion decomposition of some organic matters.
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Fig. 2. DSC curves of pure and La-doped TiO, synthesized using sol-gel (a)
and hydrothermal (b) methods.

In Fig. 2 DSC curves containing two broad exothermic
peaks in general are presented. According to these curves, a
wide peak at about 100 °C could be found, corresponding to
the earlier mentioned desorption of water, as well as one
highly overlapped releasing thermal peak with maxima around
350 °C, corresponding to the combustion decomposition of the
organic matters. The interval from ~800 °C to 1000 °C has
exhibited an obvious decalescence phenomena, possibly
resulting from the phase transition from anatase to rutile
[27]. Independently, in samples obtained both by SG or HT
methods, the increasing of temperature of anatase to rutile the
phase transition with increased La®" concentration has been
observed.

It can be concluded from the DSC curves of pure (undoped)
TiO, nanopowders that the temperature of anatase to rutile
phase transitions in these samples are almost the same,
regardless of the process of synthesis. Also, the DSC peaks
maxima are shifted towards higher temperatures with increas-
ing concentration of La®> " in the samples synthesized by both
methods. Samples obtained by the SG treatment (Fig. 3a) show
higher increasing of temperature of anatase to rutile phase
transition with increasing La’* concentration, than samples
obtained by the HT treatment (Fig. 3b). This phenomenon is
directly related to the conditions of synthesis and the stoichio-
metric composition of the product, due to ability of La dopant
to greatly inhibit anatase to rutile phase transition [28].
Generally, the temperature of the phase transition can be
varied as a function of the preparation condition of the
hydroxide gel (in our case, mother liquor). Namely, it has
been found by studying XRD data of TiO, obtained by the
sol-gel method that several weak peaks from the rutile phase
appear in the sample calcined at 600 °C [29].
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Fig. 3. The AFM images of (a) pure and (b) 0.5 wt% La doped TiO, synthesized by SG method, and (b) HT-synthesized TiO,, nanopowder doped with 0.5 wt% La.

Table 2
EDS results for some TiO, nanopowders synthesized by SG and HT methods.

TiO, sample O (wt%) Ti (Wt%) La (Wt%) Total (wt%)
Sol-gel method

Pure 43.28 56.72 0.00 100.00

0.5% La 47.99 52.01 0.00 100.00

1% La 43.56 55.97 0.47 100.00
Hydrothermal method

Pure 43.16 56.84 0.00 100.00

0.5% La 43.02 56.98 0.00 100.00

1% La 43.03 56.17 0.80 100.00

Electron Image 1

f 30pm 1

30pm Electron Image 1 30pm Electron Image 1

Electron Image 1

Fig. 4. The SEM images corresponding to EDS results of (a) pure, (b) 0.5 wt La doped and (c) 1 wt% La doped SG synthesized TiO, nanopowders; (d) pure,
(e) 0.5 wt La doped and (f) 1 wt% La doped HT synthesized TiO, nanopowders.

3.4. Atomic force microscopy and (b), respectively. In Fig. 3(c) the image of 0.5 mol% La-
doped TiO, nanopowder synthesized by the HT method is

The NC-AFM images of pure and 0.5 mol% La-doped TiO,  presented. It can be observed from these images that samples
samples synthesized by SG method are shown in Figs. 3(a)  consist of small, spherical nanoparticles (~ 15-20 nm), as well
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as greater agglomerated particles, with slightly smaller parti-
cles in the SG synthesized doped sample. These results are in
good agreement with size estimation obtained by XRD
analysis (Table 1).

3.5. SEM-EDS

The chemical composition of pure and La-doped nanopow-
ders synthesized by SG and HT methods has been estimated by
the EDS method (Table 2). The micrographs of all synthesized
samples are shown in Fig. 4, whereas the EDS spectra,
collected from corresponding framed areas, are presented in
Fig. 5. The oxygen weight percent is similar in SG and HT
synthesized nanopowders (~43 wt%), and above the value in
stoichiometric TiO, (40 wt%). The La content has been
detected in the samples doped with 1 wt% of La: 0.47 wt%

a b
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in the SG synthesized sample, and 0.80 wt% in the HT
synthesized sample. In the samples doped with 0.5 wt% of
La, synthesized by both methods, the content of La could not
be detected.

3.6. BET

In order to study the effects of synthesis method and La-doping
on the pore structure and adsorption abilities of TiO, nanopowders,
BET nitrogen sorption measurements have been carried out. The
parameters of porosity, determined from the o-plots [20] obtained
from the standard nitrogen adsorption isotherms have shown that
the samples are fully mesoporous. In Fig. 6 the pore size
distributions for pure and La-doped TiO, nanopowders synthesized
by sol-gel and hydrothermal methods, obtained by the BJH model
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Fig. 5. The EDS spectra of (a) pure, (b) 0.5 wt% La doped and (c) 1 wt% La doped SG synthesized TiO, nanopowders; (d) pure, (e) 0.5 wt% La doped and (f) 1 wt% La

doped HT synthesized TiO, nanopowders.
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Fig. 6. The pore size distribution for pure and La-doped TiO, nanopowders synthesized by sol-gel (a) and hydrothermal (b) methods, obtained by BJH.

Corresponding adsorption/desorption isotherm curves given in the insets.



A. Golubovié¢ et al. / Ceramics International 40 (2014) 13409-13418

[21], are shown, together with corresponding adsorption/desorption
curves, given in the insets.

The pore parameters of the samples have been influenced by
the synthesis method and the level of La-doping: in Table 3 the
values of specific surface area (Sgg7) and pore volume (V),) for
sol-gel and hydrothermally synthesized nanopowders,
obtained by the BET method, are listed for comparison.
Namely, in the sol-gel synthesized samples, the specific
surface area is increasing with the increase of La content,
from 60 m*> g~ " in pure TiO, to ~80m? g~ ' in La-doped
samples (see Table 3). In hydrothermally synthesized samples
Sper values are lower than in the sol-gel synthesized samples.
In those samples, Sper is also increasing, from 49 m* g~ ' in
pure TiO, nanopowder to 51 and 58 m* g~ ' in samples doped

Table 3
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with 0.5 and 1 mol%, respectively (Table 3). Similar values
of specific surface area have been obtained by the BJH
method [21].

The mean diameters of mesopores, calculated from both
BET and BJH (Dggr, Dpjm, respectively) for the samples
obtained by both synthesis routes are also listed in Table 3. It
may be noticed from these data that larger pore diameters have
been registered in the hydrothermally synthesized sample.

3.7. Raman scattering measurements

The structure of synthesized pure and La-doped TiO,
nanopowder samples have been analyzed by Raman

The porous properties of pure and La-doped TiO, nanopowders synthesized by sol-gel and hydrothermal methods: specific surface area (Sger, Spsm), pore volume
(V,,), and mean pore diameters (Dggr, Dpypy) obtained from BET and BJH methods.

Sol-gel method

Hydrothermal method

Pure TiO, 0.5% La 1% La Pure TiO, 0.5% La 1% La
Sger (M2 27 =S e50 60 80 81 49 51 58
V, em’g™ " 0.133 0.222 0.161 0.241 0.194 0.203
Dger (nm) 5.7 72 5.1 12.6 9.8 9.0
Sp (m* g™ ") 62 82 81 51 50 59
Dy (nm) 5.4 7.1 52 12.5 9.9 8.5
a b
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Fig. 7. The Raman spectrum of pure and La-doped TiO, nanopowders, synthesized by sol-gel (a) and hydrothermal (b) methods, with anatase modes denoted.

Insets: the spectral region of 220-380 cm '

with characteristic brookite modes.
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spectroscopy, to reveal the influence of synthesis method and
La-doping on measured Raman spectra. The most intensive
Raman features in all spectra (Fig. 7) have been assigned to
anatase [30]: Egy (~143cm™ "), E,o) (~199em™"), By,
(~399cm™ "), Aj,+B, (~518cm™ "), and Ez3, (~639
ecm™"). Greater intensity of anatase modes, measured in the
HT samples, points to better crystallinity in these samples in
comparison to the SG synthesized samples. Besides anatase
modes, some additional features of very low intensity have
been detected in the range from 220 to 380 cm~ ' in the Raman
spectra of the samples synthesized by both sol-gel and
hydrothermal method, as shown in the insets of Fig. 7(a) and
(b). These features can be ascribed to the brookite phase [22]:
Ao (~247cm™ '), B3, (~287 cm™ '), By, (~322cm™ '), and
By, (~366 cmfl). Low intensities and large linewidths of
these modes should indicate a disorder and/or partial amor-
phization of the brookite phase [22,23], which is more
pronounced in the sol-gel synthesized samples.
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Fig. 8. The kinetics of photocatalytic degradation of alprazolam (cy=0.03
mmol dm ~?) in the presence of different types of catalyst (1 mg cm ) under
UV irradiation: (a) sol-gel and (b) hydrothermally synthesizes samples of pure
and La doped TiO, nanopowders.
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Table 4
Effect of type catalyst on reaction rate constant and reaction rate of
photocatalytic degradation of alprazolam (co=0.03 mmol dm ~3).

K x 10 R" % 10° ’~
(min~—") (mol dm > min~")
SG
Pure TiO, 7.04 2.28 0.9991
0.5mol% La 4.97 1.61 0.9966
1 mol% La 5.63 1.82 0.9995
HT
Pure TiO, 7.68 2.49 0.9938
0.5mol% La 8.22 2.66 0.9960
1 mol% La 7.80 2.53 0.9948

“Reaction rate constant determined for the first 20 min of irradiation.
Reaction rate determined for the first 20 min of irradiation.
“Linear regression coefficient.

3.8. Photocatalysis

Influence of two different routes of synthesis and concen-
trations of La®> " on the photocatalytic activity of nanopowders
was studied in photocatalytic degradation of alprazolam under
UV light irradiation. The results are presented in Fig. 8. On the
basis of these kinetic curves, a linear dependence of In(c/c() on
the illumination time was obtained in the first period of
heterogeneous photocatalysis for all synthesized samples,
suggesting that the degradation reaction of the alprazolam is
pseudo-first order kinetics (the linear correlation coefficients
varied in the range 0.994-0.999), as shown in Table 4.

As can be seen, the presence of La®™ has a negative effect
on the photocatalytic efficiency of nanopowders synthesized
by the sol-gel method (Fig. 8(a), Table 4), while in the case of
hydrothermal synthesis method La® " content practically has
no impact (within experimental error) on the efficiency of
nanopowders in photocatalytic degradation of alprazolam
(Fig. 8(b), Table 4).

When comparing photocatalytic activity of nanopowders
obtained by both methods of synthesis (Fig. 8, Table 4) it can
be concluded that the alprazolam degradation rate was some-
what higher in the case of used catalysts synthesized by the
hydrothermal method, although the crystallite size of nano-
particles in this case were a slightly greater than nanoparticles
obtained by the sol-gel method (Table 1), while the specific
surface areas were slightly lower (Table 2). However, the
catalysts synthesized by the hydrothermal method have greater
mean pore diameter (calculated by two different methods,
Table 2) than the catalyst synthesized by the sol-gel method.
These relationships confirm the crucial role of pore size
distribution in efficient photocatalytic degradation of relatively
large pollutant molecules such as alprazolam and probably this
is the reason for a slightly higher efficiency of the catalyst
synthesized by the hydrothermal method. Similar results were
obtained in the study of photocatalytic degradation of meto-
prolol by using mesoporous anatase nanopowders [22].
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4. Conclusion

Mesoporous TiO, nanopowders doped with La®" were
prepared by the sol-gel synthesis performed at 550 °C and
hydrothermal method performed at 200 °C in order to compare
structural, morphological and photocatalytic properties of
synthesized samples. According to XRD and Raman measure-
ments nanoparticles with a dominant anatase phase have been
obtained by both synthesis methods. These measurements have
shown that slightly larger crystallites, with better crystalline
structure, have been produced by HT than by the SG method.
It has been observed from DSC measurements that La-doping
shifted anatase-to-rutile phase transformation to higher tem-
peratures, giving better thermal stability to these nanomaterials
for applications in advanced technologies. Photocatalytic
activity of synthesized nanopowders has been tested in
degradation of alprazolam in water solution under UV light
irradiation. A higher degradation rate has been detected for the
catalysts synthesized by the hydrothermal method, in spite of
their slightly greater crystallite size and lower specific surface
area, in comparison to the nanoparticles obtained by the sol—
gel method. Such improvement of photocatalytic performance
of hydrothermally synthesized nanopowders may rather be
related to their better crystallinity of both TiO, phases (anatase
and brookite), as well as greater mean pore size. Also,
La-doping have slightly degraded photocatalytic efficiency of
nanopowders obtained by the applied sol-gel route in degrada-
tion of alprazolam, whereas there was no impact of La-content
on photocatalytic performance of hydrothermally synthesized
samples.
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The influence of La-doping in the range of 0.5-6.0 mol% on structural and morphological
properties of TiO, nanopowders synthesized by sol-gel routine has been investigated by
XRPD, AFM, EDS and BET measurements, as well as Raman spectroscopy. The XRPD and
Raman measurements have revealed the anatase phase as dominant in all nanopowders,
with crystallite size decreasing from ~15 nm in pure TiO, to ~12 nm in La-doped samples.
The BET data suggest that all samples are fully mesoporous, with mean pore diameters in

the range of ~6-8 nm. The specific surface area and the complexity of pore structure are

Keywords: greater in doped samples than in pure TiO, sample. The spectroscopic ellipsometry has
TiO, nanopowder apparently shown that the band gap has been gradually increased with the increase of La
La-doping content. The STM and STS techniques have been used successfully to evaluate the surface
STM/STS morphology and electronic properties of La-doped nanopowders. All investigated proper-
Optical spectroscopy ties have been related to photocatalytic activity, tested in degradation of a metoprolol
Photocatalysis tartrate salt (0.05 mM), and induced by UV-radiation. All doped samples showed increased
photocatalytic activity compared to pure TiO,, among which the 0.65 mol% La-doped

sample appeared to be the most efficient.
© 2013 Elsevier Inc. All rights reserved.
1. Introduction volume, capacity for adsorption of organic compounds, as well

as suppressing electron-hole recombination rates in La-doped

Among the semiconductors investigated for the purpose of the
degradation of pollutants in the water, titanium dioxide (TiO,) is
the most preferable material for the photocatalytic processes,
due to its high photosensitivity, non-toxic nature, large band
gap and stability ([1] and the references therein). In recent
research, doping TiO, with lanthanum (La®*) ions has been
found to improve the activity of TiO, photocatalysts [2-4]. The
reasons for such improvement in photocatalytic activity have
been generally related to increasing surface area and pore

TiO, photocatalyst during the photocatalytic reaction [2-4].
However, the variety of experimental conditions, sample
preparation and determination of photoreactivity, as well as a
lack of information on electronic structure, still make it difficult
to explain the formation mechanism of lanthanum oxides and
the changing of band gap energy with La-doping [5,6]. Namely,
most of the literature is in agreement with the fact that
La-doping is able to red shift the adsorption edges of TiO, to
longer wavelengths, usually attributed to the La** replacing Ti**
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ions in the TiO, lattice [6,7], but some recent studies have
reported either a blue shift [8] or an absence of any shift [6]. This
may be due to different synthesis conditions, and more insight
is needed to determine which conditions are responsible for the
specific behavior of the adsorption edge.

The sol-gel process appears to be the most popular doping
technique since it is a low-cost, simple, and versatile method
that can be easily manipulated. However, this process, followed
by calcination at high temperature, can allow for lanthanum
ions either to form oxides dispersed on the surface of the TiO,
nanoparticles, or to incorporate in the titania lattice, as a less
frequent outcome [7]. Therefore one of the goals of this research
was to estimate which form of La®>* ions is dominant in TiO,
nanopowders synthesized under the specified sol-gel synthesis
conditions.

The TiO, mesoporous nanopowders, pure and doped with
La** in the range of 0.5 to 6.0 mol% have been prepared by sol-
gel routine using titanium tetrachloride (TiCly) as a precursor
[9-11]. The effects of La-doping on the crystallite size, structure
and phase composition of the synthesized samples have been
investigated by X-ray powder diffraction (XRPD), energy-
dispersive X-ray spectroscopy (EDS), and Raman scattering
measurements.

The morphological properties have been studied by atomic
force microscopy (AFM) and the Brunauer-Emmett-Teller (BET)
measurements. The BET data have been analyzed by BJH
(Barrett-Joyner-Halenda) and CPSM (corrugated pore structure
model) methods to estimate the specific surface area and pore
size distribution. Also, the pore structure tortuosity factor, as a
feature of primary importance in catalysis, has been calculated
by CPSM to obtain the information on the connectivity among
the pores, which is essential to describe transport dynamics in
porous media, and consequently determine the time of the
catalytic reaction [12,13].

The electronic properties of nanopowders have been
studied by scanning tunneling spectroscopy (STS) and spec-
troscopic ellipsometry (SE), to reveal the influence of doping
on band gap energy and the energies of electronic transitions.

Experimentally observed structural, morphological and
surface modifications of TiO, nanoparticles induced by
La-doping have been related to the photocatalytic activity
under ultraviolet (UV) irradiation. The efficiency of La-doped
TiO, nanopowders have been tested in photocatalytic degra-
dation of metoprolol tartrate salt, and compared to the
performance of pure nanopowder under the same condi-
tions [10,11,14]. Metoprolol tartrate salt (1-[4-(2-methoxyethyl)
phenoxy]-3-(propan-2-ylamino)propan-2-ol tartrate (2:1), CAS
no. 56392-17-7, (CisHpsNOs), CiHeOs, M, = 684.81, MET) is
commonly used as selective p;-blocker in treatment of
cardiovascular diseases. Its continuous input and persistence
in the aqueous system, even in trace concentrations, may
result in an emerging environmental pollution [15].

2. Experimental Details
2.1. Synthesis

Anatase nanoparticles have been prepared by using a sol-gel
procedure with TiCly (99.0% pure, Merck) as a titanium precursor.

The 5 ml of TiCl, was dissolved in 150 ml of distilled water under
vigorous stirring on the ice-bath. In order to obtain the hydrogel,
the aqueous solution of ammonium hydroxide (29%, Carlo Erba)
has been added under careful control of the pH value of
the solution (9.3). After aging in the mother liquor for 5 h,
as-prepared hydrogel has been filtered and washed out with
distilled water until complete removal of chloride ions. Obtained
hydrogel has been converted to alcogel by repeated exchange
with anhydrous ethanol for several times. To convert into
nanoparticles, the alcogel was placed in a vessel, dried at
280 °C and calcined at a temperature of 550 °C for 7 h [9]. Also,
an appropriate amount of LaCls- 7H,0 (Merck) had been dissolved
in water prior to the hydrolysis of TiCl,, to obtain La-doped TiO,
nanoparticles. The pure TiO, nanopowder and those doped with
0.5,0.65,1, 2, 3,4, 5, and 6 mol% of La are labeled as TL(0), TL(0.5),
TL(0.65) and from TL(1) to TL(6), respectively.

2.2. Characterization Methods

Powder X-ray diffraction has been used for the identification of
crystalline phases, quantitative phase analysis and estimation of
crystallite size and strain. The XRPD patterns for pure titanium
dioxide nanopowder and those doped with 0.65 and 1 mol% of
lanthanum ions have been collected on a Philips diffractometer
(PW1710) employing Cu Kgp, in the scanning range of 20
between 20 and 80° with the step size of 0.06° and the counting
time of 41 s/step. The patterns of the samples doped with higher
La concentration have been collected in the same range by using
a Stoe Stadi MP diffractometer (Cu K, radiation, primary beam
Ge monochromator, linear PSD detector, Bragg-Brentano geom-
etry), at every 0.01°, with a counting time of 80 s/step. The
Fullprof computer program was used for the structure refine-
ments, quantitative phase analysis and estimation of average
crystallite sizes and strains [16]. For size-strain analysis the
instrumental resolution function was obtained by parameteriz-
ing the profiles of the diffraction pattern of a LaBg (NIST
SRM660a) standard specimen.

Composition/quality of TiO, has been analyzed on a SEM
(JEOL JSM-6460LV, with the operating voltage of 20 keV)
equipped with an EDS (INCAx-sight) detector and “INAx-stream”
pulse processor (Oxford Instruments).

Non-contact atomic force microscopy (NC-AFM) measure-
ments were carried out using an Omicron B002645 SPM probe
VT AFM 25.

The porous structure of catalysts has been evaluated from
adsorption/desorption isotherms of N, measured on TiO,
samples, at —196 °C, using the gravimetric McBain method.
The main parameters of the porosity such as specific surface
area and pore volume have been estimated by BET method
and os-plot ([17] and references therein). The pore size
distributions have been estimated from experimental nitro-
gen sorption data by BJH and CPSM methods [11,18].

The Raman scattering measurements of TiO, samples were
performed in the backscattering geometry at room tempera-
ture in the air using a Jobin-Yvon T64000 triple spectrometer,
equipped with a confocal microscope and a nitrogen-cooled
charge coupled device detector. The spectra have been excited
by a 514.5 nm line of Ar*/Kr* ion laser with an output power
of less than 5 mW to avoid local heating due to laser
irradiation.
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The ellipsometric spectra of the TiO, nanopowders were
measured using a SOPRA GES-5 variable angle ellipsometer in
rotating polarizer configuration. The data were collected at
room temperature, in the range from 1.5 to 6.5 eV with a
resolution of 0.02 eV, for the incidence angle of 65°. Bulk
calculations have been used to analyze the ellipsometric
spectra and determine the dielectric functions of synthesized
anatase nanopowders from measured SE data. The critical point
(CP) method [19-21] has been applied to identify and evaluate
the energy of the electronic transitions in nanopowders.

Scanning tunneling microscopy and spectroscopy (STM/STS)
were employed to study the formation of La,0O; on an anatase
nanoparticle surface. The measurements were performed at
room temperature using the Omicron VT UHV system. Topog-
raphy images were taken at several bias voltages in the range of
2.0-2.3 V and set-point currents with typical value of 200 pA, or
less. Spectroscopic data were acquired at various locations of
the tungsten tip above chosen nanoparticles in the range of
+4 V. The data represent an average of 100 measurements
performed consecutively.

2.3. Measurements of Photocatalytic Activity

The photocatalytic activity of the TiO, powders doped with
different amounts of La was evaluated by the degradation of the
solution of metoprolol tartrate salt (>99%, Sigma-Aldrich). The
photocatalytic degradation was carried out as described in our
previous research [10,11]. The initial MET concentration was
0.05 mM and the TiO, loading was 1.0 mg ml™". All experiments
were performed at the natural pH. Kinetics of the MET
photodegradation was monitored with liquid chromatography
with diode array detection (LC-DAD) at 225 nm (wavelength of
MET maximum absorption) [10]. The use of the gradient mode to
follow the degradation kinetics of MET was necessary in order to
separate the peaks originating from MET and intermediates, and
shorten the time of the LC-DAD analysis. In order to determine
the reproducibility of the results, at least duplicated runs were
carried out for each condition for averaging the results, and
reproducibility of kinetic measurements were 3-10%.

3. Experimental Results
3.1. X-ray Powder Diffraction

The XRPD patterns of pure and some La-doped TiO, nano-
powders, are shown in Fig. 1. The most intensive diffraction
peaks can be ascribed to the anatase crystal structure (JCPDS
card 78-2486). Structure refinements have been performed by
Rietveld method, and the lattice parameters, unit cell volume,
average crystallite size and average strain in anatase are
summarized in Table 1. The value of the anatase parameter a
varies around its reference value (ao = 0.378479(3) nm), whereas
the value of the c parameter is slightly smaller than the
reference one (cp = 0.951237(1) nm). The unit cell volume of all
samples is also smaller in comparison to the reference value,
exceptin the pure TiO,. The structural refinement has revealed
that the anatase crystallite size of doped samples is decreased
from ~15 nm in pure TL(0) to ~12 nm in La-doped samples,
whereas the strain is slightly increased with doping (Table 1).
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Fig. 1 - XRPD patterns of pure and selected La-doped TiO,
nanopowders, with characteristic reflections of anatase
phase given in the parentheses. The enlarged parts of
diffractograms of the samples TL(0.65) and pure TiO, are
shown in the insets. Characteristic reflections of brookite
and La,0; are denoted by “B” and “L”, respectively.

The presence of a low intensity diffraction peak at 26 ~ 30.8°
(denoted by “B” in Fig. 1), observed in all XRPD patterns, points
to the brookite phase (JCPDS card 29-1360). The average
crystallite size, the average strain, and the content of brookite
phase have been also summarized in Table 1. The small
crystallite size (down to 2 nm in TL(0.65)), as well as large
values of the average strain in brookite phase indicate that this
phase is highly disordered in all the samples. Therefore any
attempt to obtain reliable unit cell parameters of brookite
during the Rietveld refinement has failed. It also can be seen
from Table 1 that brookite content, estimated from quantitative
phase analysis, is greater in doped samples. A relatively large
error in estimation of brookite content (defined as triple value of
standard deviation, Table 1) is a consequence of the very low
crystallinity of this phase followed by wide brookite diffraction
peaks. Also, the lower intensity of brookite diffraction peaks in
comparison to those of anatase, as well as a number of anatase
and brookite reflections at very close values of diffraction angle,
convoluting to one diffraction maximum, make the estimation
of brookite presence even more complicated.

Moreover, very broad peaks at around 13.0, 29.5, 33.0 and
44.0° (as could be noticed from the pattern of the sample
TL(0.65) shown in the upper inset of Fig. 1), which probably point
to the presence of amorphous TiO, phase, as well as low signal
intensity and great noise (samples TL(2), TL(3) and TL(5)), are
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Table 1 - The results of the Rietveld analyses (the unit cell parameters and unit cell volume of anatase, average crystallite

size and average strain in anatase and brookite phase and content of brookite phase) for pure and La-doped TiO, (the values

in parentheses represent estimated standard deviations).

Sample Anatase Brookite
a c \% Crystallite size Strain Content Crystallite size Strain
(nm) (nm) (107 nm?) (nm) (x1073) (%) (nm) (1073
TL(0) 0.37884(1) 0.94980(5) 136.31(1) 15 3 10(2) 58 17
TL(0.65) 0.37895(2) 0.9485(1) 136.21(2) 12 4 42(5) 2 29
TL(1) 0.37880(2) 0.94780(1) 136.01(2) 10 5 24(3) 26 22
TL(2) 0.37853(2) 0.94908(9) 135.99(2) 12 8 21(1) 12 8
TL(3) 0.37823(6) 0.9471(3) 135.49(5) 12 8 21(4) 12 8
TL(5) 0.37874(3) 0.9485(1) 136.06(2) 12 8 22(2) 12 8

Reference values: ao = 0.378479(3) nm, ¢, = 0.951237(1) nm, and V, = 136.26(1) (10> nm?).

confirming that the crystallinity of synthesized materials is of
extremely low degree. It seems that La-doping induces addi-
tional disorder in both anatase and brookite phases.

The diffraction peaks at ~31.7 and 45.5°, characteristic for
crystalline La,03, have been found only in the pattern of the
sample doped with 0.65 mol% La (the upper inset in Fig. 1).
However, it does not exclude the presence of La-oxide in the

amorphous phase in the samples doped with higher La
concentration.
3.2.  Atomic Force Microscopy

The NC-AFM images of pure, 1 mol% and 6 mol% La-doped TiO,
samples are shown in Fig. 2. Note that images (a) and (c) are

Fig. 2 - NC-AFM images of pure (a) and La-doped TiO, samples: 1 mol% La (b), 6 mol% La (c) and close-up image of the sample

with 6 mol% La (d).
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Table 2 - EDS results for pure and some La-doped TiO,
nanopowders.

Sample La EDS data
(mol%) -
(o) Ti La Total
(Wt.%)  (Wt.%) (Wt%) (Wt.%)
TL(0) 0 39.46 60.54 0 100
TL(0.65) 0.65 4291 57.09 0 100
TL(1) 1 4971 49.44 0.85 100
TL(2) 2 44.59 53.45 1.96 100
TL(6) 6 4171 52.39 5.91 100

taken from the pure and 6 mol% La doped nanopowders,
respectively, pressed into the pellets, whereas the image (b) is
recorded on nanopowder TL(1), previously dispersed in ethanol,
deposited on freshly cleaved HOPG (highly oriented prolific
graphite). From these images we can observe that samples
consist of very small nanocrystals (up to 20 nm) and greater

agglomerated particles. However, in the close-up image of the
sample with 6 mol% La, as the most interesting, one could
observe a granular structure (up to 2 nm) covering the surface of
some nanoparticles.

3.3. EDS

The chemical composition of pure and some La-doped nano-
powders has been estimated by EDS method (Table 2). The
micrographs of chosen samples (pure TL(0) and doped TL(0.65),
TL(1) and TL(6)) are shown in Fig. 3(a), whereas the EDS spectra
of pure and maximally doped sample are presented in Fig. 3(b).
The oxygen weight percent in pure TiO, nanopowder sample is
close to stoichiometric TiO, (40 wt.%), whereas the percent of
oxygen is higher in the La-doped samples. The final molar La/Ti
ratio calculated from EDS data is lower than at the beginning of
the synthesis process. It is estimated at around 63% of the
starting value, except in the case of the sample doped with
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Fig. 3 - (a) The SEM images of pure TL(0) and some La-doped nanopowders TL(0.65), TL(1) and TL(6); (b) EDS spectra of pure TiO,,
TL(0), and nanopowder doped with the highest percent of La, TL(6).
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0.65 wt.% of La, where such low content of La could not be
detected by EDS method.

3.4. BET

To investigate the effects of lanthanum doping on the pore
structure and adsorption abilities of TiO, nanopowders, the
nitrogen sorption isotherm measurements have been carried
out. The parameters of porosity, determined from the as-plots
[17] obtained from the standard nitrogen adsorption isotherms
suggest that the samples are fully mesoporous. The specific
surface area (Sger) and pore volume (V,) obtained by BET
method, and mesopore diameter calculated from both BET and
BJH (Dger, D, respectively) for chosen samples are listed in
Table 3. The values of Sgr in La-doped samples (~80 m? g™')
are higher than those in pure nanopowder (58 m? g*%). Mean
pore diameters, obtained from BET results as Dpgr = 4V, /Sger
are in good agreement with the diameters obtained by BJH
method.

The pore size distribution (PSD) is estimated from the
desorption branch of the hysteresis isotherm loops by usually
used BJH method [18]. The mean pore diameters obtained by BJH
method, listed in Table 3, are comparable to the corresponding
diameters obtained by BET method. The CPSM method [12,22]
for PSD evaluation has been also applied. In this method the
pore structure is considered as a statistically large number of
independent, nonintersected corrugated pores, made of a series
of Ns cylindrical segments of equal length, with randomly
distributed diameters of mesopores [11,12,22]. The pore volume
distributions obtained by CPSM are shown in Fig. 4 (thick lines).
Note that the distributions calculated by this method are
somewhat wider than those obtained by BJH, although corre-
sponding mean pore diameters are in good agreement (Table 3).
The CPSM fitting parameter Ns, mentioned above, is also listed
in Table 3: higher values of Ns have been obtained for doped
samples, which can be associated with a more complex pore
structure in doped samples [12]. As a result of CPSM, the pore
tortuosity factor t is also estimated (Table 3), as a measure of
diffusion through porous media based on nitrogen sorption
hysteresis data [11,12]. The dependence of tortuosity factor on
the La-content in doped samples shows the same tendency as
Ns: higher values of 7 are obtained for doped samples, with the
maximum in the sample TL(0.65) (r = 5.3), pointing to the most

Table 3 -The porous properties of TiO, samples (TL(0),
TL(0.65), TL(1), and TL(2)): specific surface area (Sget), pore

volume (V,,), mean pore diameters obtained from different
methods (Dger,Dpjt,Dcpsy), GPSM fitting parameter Ns and
predicted tortuosity factor .

Sample

TL(0) TL(0.65) TL(1) TL(2)
Sger (m? g7%) 58 79 84 78
V, (em® g) 0.160 0.185 0.258 0.215
Sy (m? g7%) 58.2 79.4 83.8 78.1
Dger (nm) 7.1 6.0 7.9 7.1
Dgyy (nm) 7.1 6.3 7.7 7.5
E(_‘[JSM (nm) 8.1 6.9 7.7 7.5
Ns 8 13 12 11
T 41 5.3 44 46

80
- -=-0- -
— BJH
0] a
2 2] [N
“e 1 Q‘;N.. - TL(1 )
L S
g i IO'I T T T T T T T
=3 I
2 %7 A
s> 404 9
< 1 nt ].
o A
20 b TL(0.65)
1 O-0~"=~
0+ e s s - rrm—— o
B I ! I ! I ! I ! I ! I ! I ! I
60
40
{1 R
204 TN TL(O) (pure TiO,)
04 ! O Y i P
i T ¥ T J T ¥ T L ' T + T T T
5 10 15 20 25 30 35 40
D___ (nm)

pore

Fig. 4 - The pore size distribution for pure TiO, and some
La-doped nanopowders obtained by BJH (symbols with thin
dashed lines) and CPSM (thick lines) methods.

complex pore structure consisting of interconnected pore
segments with different diameters in this sample.

3.5. Raman Scattering

The Raman spectra of all synthesized nanopowders are domi-
nated by anatase Raman modes [11,23]: Eqy) (~143 cm™), Eg@y
(~199 cm™), Byy (~399 cm™), Ayg+ Byy (~518 cm™), and Egy
(~639 cm™), as can be seen from the spectrum of TiO,
nanopowder doped with 0.65 mol% La shown in Fig. 5. The E,
Raman mode is shifted and broadened in all synthesized
nanopowders in comparison with corresponding bulk value
[10,11]. By applying the phonon confinement model [24] on those
experimental results, the anatase crystallite size has been
estimated as ~12 nm in samples with 1-4 mol% of La, and
~15nm in the other doped samples, as well as pure TiO,
nanopowder, which is in good accordance with XRPD results.
The broadening of the experimental Raman modes, which
exceed the values ascribed to the phonon confinement effect
only, also suggests the presence of defects and nonstoichiometry
[11,24,25].

Additional Raman features, detected in the spectra of all
samples, in the range from 210 to 380 cm™* (shown enlarged in
Fig. 7), can be ascribed to the brookite phase: A4 (~247 cm™), By,
(~288 cm™), Byy (~322 cm™?), and By, (~366 cm ™) [10,11,25]. Low
intensities and large linewidths of these modes indicate great
disorder and partial amorphization of brookite in all the
samples [10,11,25].
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Fig. 5 - The Raman spectrum of doped TiO, nanopowdered
sample TL(0.65) with anatase modes denoted. Inset: the
region of 230-450 cm™" with characteristic brookite modes.

The Raman spectra of pure and representative La-doped TiO,
nanopowders (TL(0.65), TL(1) and TL(2)) in the C-H and O-H
spectral region (23004000 cm™?) are shown in Fig. 6. Few broad
features have been noticed in this region. According to many
other vibrational studies, carried out to determine the character-
istics of water molecules and hydroxyl groups adsorbed on
anatase surfaces ([26] and references therein), broad Raman
structure in the frequency range of 2800-3800 cm™* can be
assigned to O-H stretching vibration of water molecules

i,

!

] TL(1) N \

3 L My

- Mfm“wmlfﬁ&‘«“w%w‘pm M {90 ¥

5 B, M
£ Al S,

¢ | TL(0.65) o\&

— 1 ¢ 1. 5% I . .. & 0"
2250 2500 2750 3000 3250 3500 3750 4000
Raman shift (cm™)

Fig. 6 - The Raman spectra of pure TiO, and selected La-doped
TiO, nanopowders in the C—H and O- H spectral region
(2300-4000 cm™"). The mode ascribed to isolated OH groups in
samples TL(0.65) and TL(1) is marked by the arrows. The
spectra of doped samples are upshifted for clarity.

adsorbed on the surface of the particles and condensed in
the pores of TiO, nanopowders [10,27], whereas the peak at
~2940 cm™! can be assigned to the stretching mode characteristic
for CH- species [10,28]. Moreover, a low intensity peak located at
~3700 cm™! is noticed in the samples doped with low La content
(TL(0.65) and TL(1)). This peak is assigned to the O-H stretching
mode of isolated (free) hydroxyls [10,26], and can be related to the
ability of the anatase samples to form the surface O—H groups
with the important influence on their catalytic activity [10,29].

3.6. Spectroscopic Ellipsometry

The optical band gap energy has been estimated by means of the
extinction coefficient k, obtained from SE data of pure and doped
TiO, nanopowders, by using a so-called two phase model. In a
case of large band gap semiconductors, in a small energy range
in the vicinity of the optical band gap energy E,, the absorption
coefficient « is assumed to follow the well-known dependence
ahv =~ A(hv - Eg)”, where A is a sample-dependent constant
parameter, y is a constant equal to 1/2 and 2 for direct and
indirect allowed transitions, respectively, and hv is the photon
energy. Then, E; can be graphically estimated by a linear fit of
the high energy tail of (ahv)1/y [30]. The absorption coefficient
has been evaluated from the extinction coefficient k of pure
and doped anatase nanopowders, as a = 4nk / 1, where 1 is the
wavelength of incident light. In the literature, both direct and
indirect band to band transitions of nanocrystalline anatase
titania are reported (1[30] and references therein). To establish
the type of electronic transition of the synthesized samples, the
absorption coefficient data were fitted to the equation for both
indirect and direct band gap transitions. Fig. 7(a) shows the
(¢hv)/? plots versus the photon energy hv for an indirect
transition, whereas the (¢hv)? plots for a direct transition are
given in Fig. 7(b). The dispersions of («hv)/? of the samples under
examination do not show an asymptotic linear behavior in the
near-UV region (Fig. 7(a)). This finding confirms that, contrary to
bulk anatase, synthesized TiO, nanoparticles do not exhibit an
indirect type of band to band transition. In Fig. 7(b) the
dispersions of (ahv)? clearly show an asymptotic linear behavior
in the near-UV region, and the intercepts of the linear-fit
extrapolations with the horizontal axes led us to estimate the
energy of the optical band gap corresponding to the direct
electronic transition. The dependence of the optical band gap
energy on mol% of La is presented in the inset of Fig. 7(b). The
band gap values, found in the range from 3.62 to 3.82 eV, are
higher than that of bulk anatase TiO, (3.2 eV) [30], and gradually
increase with the increase of molar percent of La in titania
nanopowders.

Spectroscopic ellipsometry has been also used to determine
the room temperature pseudodielectric function spectra of pure
and doped anatase nanopowders. The features observed in the
range from 2 to 6 eV of the ¢(w) spectra are ascribed to interband
critical points (CPs) [19,20,31], which are related to regions of the
band structure with large or singular point electronic density of
states [19]. Those structures are analyzed by standard analytic
line shapes [20]: ¢(w) = C - A exp(ip)(w - E + iy)", where a CP
is described by the amplitude A, threshold energy E, broadening
v and phase angle ¢. The exponent m takes the values of -1/2
and 1/2 for one- (1D) and three-dimensional (3D) CPs, respec-
tively. Two dimensional (2D) CPs are described with m =0
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and corresponding analytical line shape is given by &(w) =
C - A exp(ip)In(w — E + iy). Discrete excitons with a Lorentzian
line shape (0D) are represented by m = —1. The values of the CP
energy thresholds have been determined by theoretical fitting
of both the second derivative and the module of the first
derivative.

The 2nd derivative spectra of the complex dielectric func-
tion, d%(w) / dw?, have been calculated by a standard technique
of smoothing polynomials to obtain the CP parameters [19]. Itis
given in analytic form as follows [21]:

d’e

X cos ((m—Z) arccos <(;T_/E> + qo)
do? — ArQm=2)/2 -E (1)
+isin ((m—2) arccos <W) + (p>

with Q = (o - E)* + 7. Note that for o # 0, A’ = —m(m - 1)A, but
for m = 0, A’ must be equal to A. The parameters A, E, y and ¢
have been calculated for all investigated nanopowders by fitting
the numerically obtained second derivative spectra of the
experimental ¢(w) to Eq. (1), considering the CPs of 2D and 3D
types [31]. The 2nd derivatives of the real and imaginary parts
(e1(w) and eo(w) respectively) of the complex dielectric function
¢(w) of pure (TL(0)) and one doped TiO, nanopowder (TL(1)),
obtained from SE experimental data, are shown in Fig. 8(a).
Corresponding fitting curves, taking into account the electronic
transitions in the range from 2 to 6 eV, according to Eq. (1) are
also shown. According to this procedure, the electronic transi-
tions with energies at about 2.72, 3.35, 3.80, 4.20 and 4.93 eV
have been registered in all samples, whereas the transition at
about 5.5 eV has been noticed in doped nanopowders only.
Thereby, the energies of the first three transitions listed above
are gradually increasing with the molar percent of lanthanum.

The module of the first derivative of dielectric function ¢(w)
for pure and several La-doped nanopowders, defined as
|de/dwf* = (der/dw)? + (dex/dw)?, is shown in Fig. 8(b). Generally,
the module of the first derivative of dielectric function shows
peaks that correspond to CPs of energy transitions of the

E (eV)

Fig. 8 - (a) The second derivatives of the real (g4(w), denoted by circles) and imaginary (g»(w), triangles) parts of the dielectric
functions of TiO, nanopowders TL(0) and TL(1), obtained by SE measurements, together with the fitting curves (lines); (b) the
module of the first derivative of dielectric function g(w) of pure and several La-doped anatase nanopowders.
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electronic band structure [19]. The shift of the most intensive
peak from 3.79 to 3.85 eV with the increase of mol% of La, is
obvious from Fig. 8(b). Similar behavior is registered for the
peak at 2.72-2.78 eV, whereas the peak at ~5.4 eV has
approximately the same position in all doped samples. The
position and behavior of other peaks denoted in Fig. 8(b) are
hard to correlate with La content systematically, mostly
because of the difficulties in precise evaluation of their
energies in the spectra.

3.7. STM/STS

The AFM results, shown in Fig. 2, point to the existence of a great
number of nanoparticles with rough granular surface (Fig. 2(d))
in the sample with 6 mol% of La. Since TiO, nanoparticles with
both smooth and rough surfaces in that sample have also been
distinguished by the STM, STS measurements have been used to
obtain information on the surface band gap in the nanoparticles
with different surface morphologies.

The tunneling spectroscopy was performed by positioning
the tip over different isolated TiO, nanoparticles and measuring
their I-V characteristics. The measurements of I-V characteris-
tics have been always repeated several times and the signal
has been finally averaged for 100 runs. The dI/dV versus V
characteristics, corresponding to the characteristic density of
states, have been obtained by numerical differentiation of
measured -V curves. Fig. 9(a) shows a typical dI/dV versus V
characteristic of isolated TiO, particles with smooth surface. The
STM image of such particle from the sample TL(6) is given in the
inset of Fig. 9(a). From the presented STS data, the surface band
gap of those particles has been estimated as ~3.2 eV, a value
close to the band gap of the anatase phase [30]. However, in the
same sample, for isolated TiO, particles covered with rough
granular structure (Fig. 9(b)), the higher value of surface band gap
(~4 eV) has been found.

3.8.  Photocatalysis

The influence of different amounts of La** in the La-doped
TiO, nanopowders on photocatalytic activity was studied
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Fig. 10 - Kinetics of MET (0.05 mM) photodegradation under
UV irradiation in the presence of La-doped TiO, nanopowders
with various amounts of La, pure TiO,, and direct photolysis.
When present, the catalyst loading was 1 mg ml>.

through the photocatalytic degradation of MET under UV light
irradiation. Kinetic curves for all investigated samples are
presented in Fig. 10, together with the results obtained using
pure TiO, and direct photolysis. On the basis of these kinetic
curves, a linear dependence of In(c/co) on illumination time
was obtained in the first period (30 min) of heterogeneous
photocatalysis for all synthesized samples suggesting that the
degradation reaction of the MET is of pseudo-first kinetic
order (the linear correlation coefficients varied in the range
0.994-0.999).

As can be seen in Fig. 10, the photocatalytic activity of all
doped samples with La** exhibited a significant increase in
the MET photodegradation efficiency compared to pure TiO,.
It can be concluded (Fig. 11) that among all tested La-doped
TiO, nanopowder samples the highest photocatalytic effi-
ciency was exhibited by the sample TL(0.65), as it led to an 87%
elimination of MET within 60 min. However, pure TiO, has
eliminated only 55% of MET for the same time. These results
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Fig. 9 - The dI/dV versus V characteristics of isolated TiO, nanoparticles of TL(6) sample, with smooth (a) and rough (b) surfaces
obtained by STS, followed by corresponding STM images in the insets.



MATERIALS CHARACTERIZATION 88 (2014) 30-41 39

1.6 1

1.4 4

e
-

/

R (uM min")
/

1
1.0 S

084 ! “H

0.6 T T T v T T T v T
0 1 2 3 4 5 6

La® (mol%)

Fig. 11 - The influence of La doping content in TiO,
nanopowders on MET (0.05 mM) photocatalytic degradation
rate determined for the first 30 min of irradiation.

are in agreement with literature data [32]. Besides, as can be
seen in Fig. 10, the addition of the photocatalysts, both
undoped and doped with La®* has markedly improved the
degradation rate of MET in comparison to direct photolysis,
i.e., in the absence of TiO,.

4, Discussion

The experimental results obtained from XRPD and Raman
measurements, presented in previous paragraphs, have shown
that synthesized TiO, nanopowders retain their anatase
structure as the dominant phase, with the brookite content
slightly varying with La-doping. Thereby, the anatase crystal-
lites in doped samples are smaller than those in pure sample
TL(0), with the strain slightly increasing with doping. The XRPD
data confirmed the formation of crystalline La,05 oxide only in
the sample TL(0.65). The absence of the peaks characteristic for
lanthanum oxide in XRPD data of other doped samples may
indicate that this oxide is highly dispersed and/or mainly
amorphized [33]. Also, retaining the position of the main
diffraction peak of anatase with La-doping (within experimen-
tal error) stands in favor of the assumption that lanthanum has
rather formed an oxide, than substituted titanium in the
anatase lattice, due to the much greater ionic radius of La3*
ions (1.22 A) than that of Ti** (0.69 A) [3,8].

Although Raman spectroscopy has rarely been applied to
study the surface complex formation of anatase nanoparticles
[27], because the Raman features are hard to resolve due to
intensive sample luminescence in C-H and O-H spectral
region, we have demonstrated the applicability of Raman
spectroscopy to identify specified surface groups. In addition to
broad Raman feature between 2800 and 3800 cm™?, assigned to
OH stretching vibrations, and the peak at ~2940 cm™* assigned to
the stretching mode of CH-species, both present in the spectra of
all samples, we have found a low intensity peak at ~3700 cm™' in
the spectra of the samples doped by low La content (TL(0.65) and
TL(1)). The peak at ~3700 cm™* is assigned to the O - H stretching
mode of isolated (free) hydroxyls, which are, according to several

authors, the most photocatalytically active among all hydroxyl
groups at the surface of TiO, nanoparticles [34].

The analysis of chemical composition by EDS method has
shown that the ratio of Ti/O content is higher in doped
samples in comparison to pure TiO,. However, this method
could not distinguish whether the excess oxygen participates
in La,O3 or in interstitial oxygen, molecular oxygen at the
surface and/or OH groups [10].

The morphological investigation of synthesized nano-
powders, performed by nitrogen sorption isotherm measure-
ments, has shown that doped samples are also fully
mesoporous, and that La-doping increases the specific surface
area to about 30%. Also, the total pore volume and pore
structure complexity are increased in doped samples, which
could be explained by the presence of La,0; accumulated on
the surface of TiO, nanoparticles, which inhibit the agglom-
eration of TiO, particles and produce more complex pores [35].

The analysis of SE data has shown that, contrary to bulk
anatase, synthesized TiO, nanoparticles do not exhibit an
indirect type of band to band transition, which confirms the
findings of many authors, that TiO, nanoparticles with small
crystalline domain exhibit a direct type of band to band
transition [30]. These results have also shown that the energy
of direct band gap transitions gradually increases with
La-doping. The literature data have shown that the optical gap
increases significantly with the increasing of La,05; concentra-
tion in TiO, [8], whereas incorporation of La®* in TiO, lattice
usually leads to the slight shift of absorption edges of La-doped
TiO, towards a longer wavelength (red shift) in comparison to
pure TiO; [36]. So, the gradual increase of band gap registered in
our doped samples can be related to increasing concentration of
La,03. Namely, when anatase TiO, is mixed with a larger band
gap Lay,O3 (~5.5eV [37]), the band gap of the composite
semiconductor TiO,/La,05 should be shifted to a higher energy
in comparison with pure TiO,. Such conclusion is also supported
by the results of the CP method. Namely, the electronic
transition registered at ~5.4 eV has approximately the same
energy for all doped samples, which implies that this transition
may be related to the band gap of La,0s.

The STS data, recorded simultaneously with the STM
topography, have provided direct experimental evidence for
the modification of surface electronic properties by La-doping.
The more prominent presence of granular structure at the
surface of TiO, nanoparticles in the samples doped with a
higher amount of La (6 mol%), as well as a higher value of
surface band gap (~4 eV) in those particles, than in particles
with smooth surface (~3.2 eV), most probably implies that the
granular structure consisted of La,0s.

All these findings point out that, under specified sol-gel
synthesis conditions, the La®** ions rather form La,0; oxide,
mainly present in the surface layer of the doped TiO,
nanopowders, than incorporate in the anatase lattice.

The investigations presented in this work have shown that
La-doping does improve the photocatalytic activity of TiO,
nanopowders, with higher efficiency obtained for lower
La content. The kinetic analysis discussed here showed that an
optimal La amount, with respect to the efficiency in photocata-
lytic degradation of MET, is 0.65 mol%, which is similar to the
literature data obtained for the degradation of some other organic
compounds ([38] and references therein). The improvement in
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photocatalytic properties of La-doped samples can be ascribed to
the formation of La,O; at the grain boundaries of anatase
nanoparticles. This effect inhibits the growth of crystal grains,
decreases anatase crystallite size and produces a more complex
pore structure [35], which is confirmed by the results of XRPD,
Raman and BET measurements presented in this work. However,
the presence of isolated hydroxyl groups on the surface of TiO,
nanoparticles, which can represent a decisive factor in high
photocatalytic activity of TiO, [39], has been registered only in the
nanopowders with a low level of La-doping—0.65 and 1 mol%.
This implies that reduction of photocatalytic activity of TiO,
nanopowders with further increase of La-doping amount may
be related to the blocking of the active centers due to the
accumulation of excess La,0; on the surface of anatase grains,
registered by both AFM and STM measurements.

5. Conclusion

Mesoporous La-doped TiO, photocatalysts, prepared by sol-gel
method, have been extensively characterized by various sophis-
ticated techniques. The photocatalytic activity of La-doped TiO,
nanopowders has been evaluated for the degradation of MET in
an aqueous solution under UV light irradiation. Doped samples
have shown a higher rate of degradation than pure TiO,,
synthesized under the same condition, with a maximum rate
for 0.65 mol% La loading. The enhanced photocatalytic activity
of La-doped TiO, is mainly due to the smaller particle size, larger
specific surface area and total pore volume, as well as higher
pore structure complexity. Moreover, the presence of isolated
(free) hydroxyls, as the most photocatalytically active hydroxyl
groups, has been registered in the TiO, photocatalysts with low
La content, which exhibit the highest photocatalytic efficiency.
This study has also shown that the spectroscopic
ellipsometry is able to determine the type of electronic
transition in TiO, materials, as well as to resolve the dilemma
of whether or not large La** ions replace smaller Ti** ions in
the TiO, lattice. Presented analysis of SE results has shown
gradual increase of direct band gap energy with La-doping,
which can be attributed to the surface modification of TiO,
nanoparticles, confirmed by the STM/STS measurements.
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