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Abstract

Perovskite fine powders that contain accurate chemical stoichiometry are highly
versatile and present a broad range of useful functionalities with unique physical and
chemical properties. The search for a facile and effective synthetic route, in terms of a single
phase that provides control of the uniform shape and size of the powders, is most
challenging. This research presents the one-step synthetic routes via surface-active etching
method to obtain the nanometer-size BaTiOs, sub-micron BaZrOs; and complex oxide lead-
free piezoelectric BaTiOs-BaZrOs-CaTiOs (BT-BZ-CT) perovskite fine powders. Various
characterization techniques were used. The phase purity and crystal structure were identified
by X-ray diffraction and Raman spectroscopy. Accurate stoichiometry was confirmed, and the
shape and size of the product particles also investigated by scanning electron microscope
and transmission electron microscope. Furthermore, X-ray photoelectron spectroscopy
technique was used for studies the oxidation state of powder products compared to powder
precursor and the optical properties were observed by UV-Vis spectroscopy.

By using chloride salts as the surface-active agent, the starting micron size precursor
of >5 um BaTiOs can be decreased to the nanometer size of about 77.5 + 2.5 nm. In addition,
its irregular shape can be changed to almost spherical shape with narrow size distribution. In
the case of BaTiOs, the tetragonal crystal structure can be confirmed, which means that its
spontaneous polarization still occurs at room temperature. Furthermore, the phase transition
at around 120°C, as observed by Differential scanning calorimetry (DSC), can be used as an
evidence of ferroelectric phase stabilization. In addition, the BaTiOs powder is shaped by
isostatic pressing and the dielectric measurement was investigated, showing the dielectric
permittivity of ~166.42.

In case of BaZrOs, it was found that the 1000 °C for 4 h is the optimal temperature
for the reducing of particle from the average particle size of 1.10 + 4.91 um to 167.87 + 22.96
nm with the oxidation state of Zr and Ti was not changed from the BaZrOs precursor.
However, XRD patterns showed that after increasing temperature to 1200°C, the zirconium
dioxide (ZrO,) was found as the secondary phase even the particle size was smaller than that
of 1000°C. The optical propertied was determined by UV-Vis spectroscopy and the calculated
energy gap of BaZrOs; nanoparticle was found to be 4.96 eV.

Moreover, the surface-active etching could be applied to the particle size reducing of
complex oxide BT-BZ-CT, lead free piezoelectric powders. The average particle size could be

decreased from > 5 um to 198 + 7.0 nm.
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meluile¥angs vlFausauansantaflanaueeninludusis iunnssluaninglutan
vuralug (Bulk materials)o19ttu @aud@ttena (mechanical) @ud®lua (electrical) auda
wilndn (magnetic) wazautiniawas (optical) Wudu Tnslanzansusenaveenlemdsdouid
laseasranuuiwasonalng wu wutSeulnniius (Barium titanate, BaTiOs) LULS81LwaS LALLA
(Barium zirconate, BaZrOs) LLU LSUULYBS LALLM L NNILUS (Barium zirconatetitanate, Ba(Zr-
\Ti)Os) wazduq I@aaﬁsﬂizﬂaULﬁdwﬁé’wagiuUizLﬂmaﬁa@l%mimﬁ"a Fafianuddaunnly
gnavnssugunsaiBianvnselinddinan duiudseq (capacitors) inesliawnas (thermistors)
9Un30In32393USI@BUNI NI (Infrared detector) way aUnsaldsd gy 0un19uas (optical
modulators) [1-3]

(g g Rt

19 s

gaman intensity (2u.)

i L L
Haman shitt {om ")

Ta ot
—

; S 200nm |

SUT 1.1 (a-e) wansdunoumawdsuuluauesinmes () uansnsldsevosnluaieisiaesii
w3suld (g) N SEM wpsaynIA BaTiOsnswa1edauunaiiund PVDF (h) SEM uasduildy
poulnaAniikiunisiedoudetaluih waz () SEM waraANTUIIUIUVRIBYNA BaTiOsu WAL
Tumsildiduiiaiaes (1)



[

Tutlaqiuian BaTiO; wazeyiusves BaTioslasuanuaulaluegrswnndmsunisuily
Uszgnaldauduianladidnninflamesiunisvieenlndniunedwesdmsuldnulugunsain
Tuaiuesisinesifinnudangu (flexible nanogenerators) Aauandlugudl 1v3elugunsalfuiu
Uszqdanguls (flexible capacitors) lugnannnssugunsaliniAunassu (energy storage
devices) [4-8] TngnsliTanflaiaesifaunoumeluszdvuluussduliifssusazanunsoan
anumuvestuiidaluneuTnanls widsannsnyfusamuavesiufiufoinisfuansaudima
il Auanndudie Sedenaliifieladidnminneuaussesningauardanismumunislih
(breakdown strength) figeiudnéae [4-8] uenannslitagflataesfifiunoumadnlused
ululnsuds anuaduane (uniform) wagnisliingnguiu (agreegate-free) vadoynialu
aoulnAndsfianuddydueganndeussansnmesunlunoulngn iesnannumainvane
vosruIaarsUIresynInazilugnaiAnsodesenineda (interfacial polarization) (4-6]
uonani autRvesansuse gnovoanlealsdoudindndeianulidedaduesduszney
(stoichiometry) 8n#ie [4-6] fatu egniesuay zusiudlunarauauguine (shape) wun (size)
N9NTZANLFIUULRE? (monodispersity) Wag FndrupsAdsznauituiin (surface composition)
yosayneuly JseidugadifguazingUszasdnanvesnisdunsiziansusznaulag Tussduuw
LuLums

Fawanugil Feilinszuaunsduesziieitmaedianegidundunumundei i
NSEUIUNISHELASIBsUDa [9, 10] lwalvesuaa [11-13] ASEUIUNISIYa-Laa [14, 15] wat
nszuILNInagneu [16, 171 udu danszuaumemaedtudunszuiunmsdaaseiilfeniu
UgnisgauaznismuauuaLarsUsveseymaTluiianuannsalunmstestunisinigiu
Junquisusnalugjazihlanniinisdaasizisensyuiunsufisenaniuzveuds viluawdn
fdseseilataruaiiauevivludiuresguiauazmuian sy roRNaANTin Lo N s
finszuiunisiafiuszgnd 19u nsldadusanirledadidegedionszuiunisleluiad
(sonochemical process) [18] nszuaunITiwa-laasnulalasinesusa (sol-gel hydrothermal
synthesis) [19, 20] NS¥UIUASIA-LasIAUNTLUIUNSRILNAL (sol-gel combustion method)
[21] way nslglulanavsiuiunssuiunislalasimesuea (microwave-hydrothermal process)
[22, 23] \Jusiu

uiagslsfinny Fnsmaaiifuidesinedunisuiu filudeswesmaiwiuiiisaiums
FousSenanmzlummaassedianssain ffulsmeusniisuniulazdmanensdauasz o1
Wy anwenia auty dadufuusiiamnsaauauldenn ey Saduniseandiasiam
ﬂizmumsmﬁﬁqmeﬁmamﬁﬁimzGﬁ’uqmmmiu wonani JymdrAgydrmiunszuiunis
duaszimaaiiduite nsfansdransenuresuineyniafiideaut’ niefifonit size
effect Ingianzeensdslunguosnladidadou BaTiosansldnszuiunisiadisndnalinamdnd
duaszvioninilanudundn Tanudunesslnueaanawuruineyma dealsiliuandn
alaiwunarguuninisdsuna 8nvis lunsdifidnslfivannududugdunisdiamed ag
AeliAntymianngulansenda (-OH group) Audnluimeuuiiufinveseyniauasunsnidiluey
aelumbeiwadvoslassatis MliiAslassadauuuidnuaghivansandfneslsdidnning
rumnivesdaduauifddyuesanslussuudnan [24, 25] Fedriamanszuiunsmeand il



va v

fAfouesmnszuiunsdieszoumaulusenlefdsfounssuiunsduiiiaruie dunouls
gae1n Igunsaluazansiaiisnangn famnsadaas evinendnlilinnauiqniae anunsaniuey
sUsmazvneseymald ldannwreamanEnaLANFDINS wasfidfaydiosanansaiamnly
Jaseiugeavngsula

nsvvIumsvisdsliiumnudenlungunisdunseiasusznoudman Tavy wu Tang
dalnsuazlunquuesansusznouwiivan Ae nszulunisees (digestive ripening process) gl

n1s3nangluaisdunsditedoau (complex organic agents) L%  hexadecylamine (HDA),

A
B

tetraoctyl-ammonium bromide (TOAB) iaig hexadecyl-trimethyl-ammoniumbromide (CTAB)
N S S o ed a ] a  Aeay v o
sy Faullevihnssnandneamgininninganasumaivesaisazangdunsenld eunialans il
unlngzgngssuazanvuInasuiaganfinuauna nssuIunsgasiazngn wazliuuin
sunanagluszAuulung [26-30] Ingvuinvesmenanilnagiuegivviinuetansdunidietou
Aglunssndndg [30] Bedenudn ludaatu nszviunisdanandaldgniunldlunseuiuns
dumsgiasuseneveenlendedeula Weowinansuseneveanleanivuinlugiuniunis
a = a o g v A Asaa S oww = a =
wissuigaumaiias vilinismansduvsgndanuwnzautduinlaen suluteeamainldluns
SrangrusnAuluNIzausaanvuIneynAretansUsEnoveen laldaudina1ila
AetiuaAdel Anwranudululdlunisansuineynavesaisusznevsenledidedou
nszaulilasiunsgseauunlumnsiIun1sgos U NIRIEUNE (surface active etching)
o v dl o = = o B | A =
mensldnisraeumalvende tngagvimsanuiedadouastoulonie Aldlunisesouuas
denasianislaunvesennaluseavunlunsiinun I wu nMsuisuslasiinuasUsinudadin
YBUNFD NIANYIBNTNAVIRAUNT kAL TE UL IUTUABUYRINITIHT TTsaNTRAMWaUSanS
YWIARATEN YN NFUFIWINEIvetaUIaeSould sluTefnuinazeSuienalnnisiia
aunAUIlUNIUNSZUIUNITAINEa1 Weliuddeiliiadunuideduuuudmniunisdaunsis
a13UsenaveanlynisdauniivualussauunlunsiiaiunsoniuaulanivuIakas dnuuen g
dugruineliiduluaudesnisuitoaanimanuisefinszuiunisanvuinazldvinli
I3 = a o ea & R T &
9eAUsENOUMALATIvRINAnSuNRn e ulUINa1sAIL FududelaiIuureanseurunisilde
N3¥UIUNITOU DNTIeNIEUIUMIITAINTaUssgndltluanannssunswisunaasdunseauunly
Igviuiiillesannnszuiunishidudounazligeenn ludnludediniasdioniuade

1.2 IngUsranvaslasenisivy

121 iieasvuineunavesansUsznevsenleddadoulungulasiadamesovalndidu
nananseavlilasunsdssauunluunsmenisldinfonaouivan

122 iefAnwinalnnsanuuauazmsiineynaasussnausenlemddeulusysuun
Tuans

123 \flefnunauessuussne 1y gamall svezian wazrllnveavde Aifldenisiin
wau3ansvesansuszneusenlusidadeou

124 iefnwinavemavesiinlseingg Wy gamgll steznan uavvliaveamde Ao
dnwagmedagnineveseymaiieoals

125  iflemuauasUsznevmaaililiiAenisfiafisuninnszuaunsio
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1.3 ¥aulUnYadlATNIIIY

131 vhnsasuureyniavesansUsznaulisdausenludlagldarsmadudy
a1sUsznaveenlenledoulungunaisonalng wu BT BZ BZT BTSnBZSn BZTS
Jusuiilunaeyneluseaulilasiuns

1.3.2  ymsfnwinalnnisanvuiakaznisineuniransusenaveantenidadeulussiu
wluunsiiguiuszem

133 yhmsfnwmavesiiuusine 1wy gamgll szeviian uazviavesvde fiildents
Anuauiqrsvesansuszneveenleidsdou

134 Ymsfnwnavesnavesnulsene Wy gumall szezian uaselnveande
fodnwurNIdusIINgweseyMATLAT oL

135  yhnmsAnnauiinennadousazantimsiiihueseymeunluiidanszsils



unil 2
N wazauIeningivas

2.1 n9u)) FUYAFIY LAZNTBULLIANANYRIIATINTIVY

dmSunsanvuInveteNIAlanemenIEUIUNITERE (digestive ripening process) th
LfJuﬂizmumﬁammmaqaymﬂmsé]”’qé]’whumzmuﬂ’ﬁ%wﬁﬂﬁ (reflux) TaeN19UHINANTDS
langidoyninvuralvgnszatedaluarsdunididedou (complex organic agent) L4u
hexadecylamine (HDA), tetraoctyl-ammonium bromide (TOAB) k8¢ hexadecyl-trimethyl-
ammoniumbromide (CTAB) [26-30] 1nanalnv8in15anvuInfI8nTEUILAINEIIAELAANIY
Funousgraheiiios 3 Sunou LLamﬁquﬁ 2.1

Ripening Agent
Reflux

= red polydispersed "« =digestive ripening
. particle i - agent
.‘ = particle capped with
digestive ripening agent

gﬂﬁ 2.1 nalnnsiinnszuIunISEee (digestive ripening process) [30]

'
aad a a

Tnendlelignmgilunisindndgaiuaudsamodfiiugevasumaesasdunididedoy
A4 arsdunidiinanasinnisvasuuagimiiidusdes (capping agent) 1 luviU Azen
Uiy wasRaeneymeaiioguinniuinlivaneenannamenguiuresoymeasuialig)
Tutumeutazlfoymeaiifiouaunndstunauiuegisuunalygfiunanansisiu uazoynavun
BniAnnmsgestesansdunas antiudoszernaninly nsvuiunsdesvesoumeedu Ay
Andulundonqdumaiulaveseyniafifivuinidn sunseits nssuiunisgosuasnszuIuNg
dulaAnlusnsUfAzenivindu ssuumsdianesiazeglunnzauna fszoznaidnan azld
oymardnfusiifivunoglussduunluunsuaziini snszaefvesuinoynineg1easLae
26-30lnsvurneyaaiilélunouaninessueg furinvosansdundsfliilu capping agent
[3018snszuIunMsiananunsranelunmsdiasgioynmauluvesansuazansusznaudminlany
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wazuslndn laglutagiu nszviumsainandiligniunldlunssuiunsduesziaisuszney

Y
'
fala

sonledidedouln easnnarsuseneveanlennivunalnguuniuniswieungamgiias il
N1sMaNsBunIgnlanuminzantwilaein sauluteguuginldduniiuly ldidieamenay
a1unsnanvuIneynIAvesasUsznevsanlenlounnanliudedielsiniu nssuiunisdey
aananany i ligadedaiudsenuduldldlunisdmdnnisuasuwifnainnssuiunisges
(digestive ripening process) 11vn1sUssgndlvidianuminzadlunIsanuIne A sUsENeY
ponlemidetou lneriinisussmarsusenaufaginunldilu capping agent unuaisusenou
dun3ddetou duide nsidndeviaeuivan

q! o QIJ £ %4 = [~ o 'S 1 a

Fanannsiagyiluresnisidindenasumalazidunisiglunsduasiziansivg azisen

dyl . = [ v A 1 I & o

N32UIUNTSHI1 molten-salt synthesis @9agtlunsldinde 19w tndenaslss dawna luinsy
wazlansanlad inniriidudinarsliarsiaduliaiunsainjisendulade Jenalnves
NTEUIUNITAINA1IHITOIAYAIUAUNUSVBINAIIUAUS I URIwaz A18lu (surface-
interface energies) YUANNIUAINGN TERINANTARULAINGD Fandenldlunszuiunisiituy
sondundenfiganasumais Weirlulinnusounynnasumaigininnioudiazainalo
indemanarvasunadluvzifeaiuiunisiiarsassusuiinujiserduduasideanis 3
indefinaslutuauisamdnlalunisudslnenisansnieuiusiaanlessu lagisuainludu
wsn avtdunisuaniusyninavaswazansaerulnedaniusiduvesuds annduiioniu
nszurunshinuiou indeaziinnisuasuiraniuveunainiaiouog uuRIvea SRR
waznflenhvildansaeiuinnisaateiuszeanudiavarenaielulessuvesansisiueglu
INAONADULIAILY IINTUUNTEUIUNIINITAAKEN (crystallization) AziinTuiilanisavangegly
4n1788UfuUVB8In (supersaturation) Ba9zdANAWNTALUNITALAIYANAIIUTITAFA
NaIINAN1ILDNMBIIALAT azneliiindandlen (nucle) 99d15IMNTIUIUNINAATU F3
aun1AfiAdleaiAntuiaslingdssuiuiy (surface energy) 89110 wagtitaNazyiinisan
nawuRInaaiievilidiue slinnuadesundu symaihndledmailduinnissiudm
fuldLiulnegesinsa Judtuinduresndakenaanui[37, 38]139lunssUINNITEULATIZIRIE
aa Y A . & A w aa @ a v v
TnsuasmmaIseinge (molten-salt synthesis) Hullfaudsiiinanadnuyazouniaila agula
o c{'
AR 1N 1 [39]



A19197 2.1 UAAINATDIFLUIANNNFDIATT L UNITEUATISHRINANNILNTZ UIUNTRADULUAY
fende (molten-salt synthesis) 1o O wanadndusulsiilua wag X wanssudsnlaiiiua

AuUs 9NIINT VUINBUNA 5Us198991N1A
\AUANTEN

RRIVRA O O 0
1381 X o) 0
UTunameanie X o) X
YUAUDILNGD o) X X
Anatn1salunisg 0 0 0
azay

ANUUANANVBIALFDN 0 X X
dadiuseninunio* o) X X

Feanuuenudauasnguiludesdull §3fedodn nsansuiavesennialaenis
UsvgndlinszuaumsdesTrensliindenaomman dullenudululfuasdilidnifelasony
famsldindevaeummdmiunmsanuineynirvesansUssnausenladidsiouseiu sniatetdas
Dunmsjaiulvlumsfnwenuduiusssnitefuusine isadedunssuiunsdiasging
waten1siinauIavs laseafrandn vurauasdnuugneduguine1veseyniauily vos
asUsznoueenledi e uidunsgild efitu navesnsidsuuUasviavoundo naves
gaunndl wagnavosszernalunsdaesied iy Seosdanuilndiiistuainnisiniwagsi
anudrlamnuduiusveasiuysdana by ay vaawalitnIduanunIneenuuunNIEUIUNIG
Fuaszitaquiluliianuuiandes wazanunsamuaud nwusnadug Ui weseymai
duaszilindulumudoinmsla LﬂuﬂiiwumamwﬂﬂwmmmaaaﬂLﬂuqﬂﬂsmmaﬂmauﬂawm
Auddey wazazidunuuegaifdniuinudsuludiuveinisdunseiaisusenoveanle
Bedulungudue

2.2 NISNUNIUITIUNTIU/E58Umd (information) MNe9a9

Infintnaraudfyfinandieduinli fauidessgldnersueenuuuisnig
duagsiasusznousenladiayeonlediBadouiiamnsaniuaudnuurmedusiuineuay
Inseadeganiaveseyniaidanizild dslunisiiounandneanlesvioeonledidetou
Tnealuiuasinieudieisuiiseraniurvends annarsdefusimanoanleduasariveiun
ntuagldenufeulunisviliasiiutuiufisotueswanysaiuarsusenouiideans
Tngi3ennszurunisdnaninnszuunsuaaled aagdsamailunisimiunalededi 800-
1,300 OCG‘?Qmmﬁm‘?im%smlé’mfﬁ%‘dgjﬁ'%mamumamﬁaﬁ‘[mﬂ"ﬂﬂLﬁuﬁmwﬁ’uﬁaguaﬁdmzﬁ
fodrfnognanssutiufodedligamailunisnfigs nwdnilmduveaudeduiudureuhli
fvurneyniavwialuguinnit 1 luasou neitldlidudedioatu fauusavisuazay
adiavefumaaiifisdndae Fafuiiodunisandeditadindn uasiiowdenlisaniaunn
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suniatanaglusgAuuilulunsiarantading199veenseuIun1sUSAsean s IR 9
NTTUIUNITNITEUATIZHLUUTILS 8N “bottom-up processes” 91T un15d AT RN
nszvIumMsnmsiniandledauliidusyna Jadundunumdidn laun nssuiunsmaed
(chemical processes) 11U nszurunIslalasimesusa (hydrothermal process) nszulunislaa
Thamesuea (solvothermal process) N5z UUNITI9A-198a (sol-gel process) hagNTzUIUNTT
ANAZNBUII (co-precipitation process) Tnensldansaadiu citrate [16] %50 oxalate [17] 1Tu
AU

nszuaumslelanmesueaidunszurumsildumnudemniaanszurunanils fadu
nsdueszianslaglinisfaufiselaeasivedlooouresasmaiuiiuaniiluarsazanenay v
Tfannsadaamesioumeuiuléfigamgln annsamuaususauazauald Snfadinisnszans
AaLuuLAY [9, 10]

Tnenszuaunisielasinesueaiiiinsfneidofuunededeiios uaslul 2015 N,
Yonghongiagaue 1Avi1n15daasIgiaynia BaTiOsmienssuiunisialasinesuealagly
ansazanenusEuAaslsn (barium chloride, BaCl,"2H,0) vinufisenivaisazanawmnedafialvm
LUR (tetrabutyltitanate,(CaHgo)aTi)ﬁszszmm 150°C15 42lus luan1iziua (pH = 14) ¥84
ansazanslfounanlsd [9] nuitkandndiduaseRlafauindnuszanm 20-50 nm wagdinig
NIAYAIMUULAY LLaméﬁgUﬁ luvaizdinszurunislealamesuea (solvothermal synthesis)
ansadunsgininansenlenldsdeulifivuineoyniadnniinszuiunisialasvesuea fnnu
atiauevesgUialaz L aﬂ‘l;léx‘l‘ETQﬁﬂ’lﬁﬂi%f\]wﬁ’smawuq@@ﬁgﬂﬁﬂLﬁ‘ULLUULLﬂ‘U \fiesannsld
fvhavanedunididadiou (complex organic solvents) Wnarlunszuaumstuanansatesiunis
inenquiuveteynale [11-13]

20nm

JUN 2.2 e TEM wansdnuaieneduguinevesandneanlondedouiuioulnniiumg
(BaTiOs) Mwseuliannnszuiunislalasmesuea [9]



TnAMIR HABIB uazanizlsinmsdansesinsadneanlodifstou BaTiOsMfvwadnuaznis
nsranefiveteymALUULAUAIBnTEUIUNsTsalumeunaIna st uLySelensonled
(Ba(OH),8H;0 v lumilealavenlas (Tio,) luasararsiovueanauth wiewvsdnunaves
paungiiuazszszianlunisdauessinuhgamgiiuasssesnaiigaiuagsilioumaiivunelg

T uaneisgun 2.3

BaTiO, Obtained at 235 "C for 1 Day

BaTiO,; Obtained at 165 °C for 4 Days

JUN 2.3 anang SEM uansdneaensdugiuinevesanineenledidedouiussulvniiug
(BaTiOs) Mwiseuldannnszuiunislealinesueaiioumgiiuasseasiadine [11]



nszurumslea-iaa iudnnsvuummisiiamnsaduasgiasusenevoenleddedou
Isgnaisravsmnuazfuisonsuiuluanii Tnsamnsamuesunneynelifiinadniios
1 20 wiluamsld Snvseumeaiiduaseilddiinuaiaefuiguiuasauarusiadnng
N52218fveI0YNATUALITAY Tneuddeues Richard L. LayANEAINNTOATILNINEN
vonledisdou BaTiOs fenszuiunslsanalasnisléansdisiusanenledidedon diunisl
Aueuiigamadl 160 °C Wunan 2 $ilus 1RnfiGedsauntsd 2.1

BaTi[OCH,CH(CH3)OCHsls + 2H,0(g) — BaTiOs + 6HOCH,CH(CH3)OCH5 (2.1

NUINNUITERINEIEN TS ENRENUluTvneun1eeg iUt 10-12 nm dauanslugun
24

JUN 2.4 n ey TEM wandnuaenadagiuing1vesandnaanlanidadoususoulnniueg
(BaTiOs) Mwseulaannnssuiunislaa-1aa [12]

wazlul 2010 Florentina Maxim lavinn1sd@aAsieiasusenau BaTiOsA8nseuIunig

lya-laauieaiu wilnisusudsalaenisidansaeiudanenlednauivaisavaie PVA livalud
=3 [ v < (% v =
BUMATNIALEN wazanunsaduaTzilavuadnlusEdy 7-10 nm Asgun 2.5
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JUN 2.5 nmany TEM wansdneaenadagiuing1vesananeanlanidadousussulnniug
(BaTiOs) Mwseulaannnszuiunislea-taalagldaisazale Poly(acrylic) acid(PAA) usivia
avane [14]

uenniedinsruiumaniszend wu nsldedudanilelintdsgeionssuiumsle
lutadl (sonochemical process) [18] sz uaun1siga-taasaunulalasinesuea (solgel
hydrothermal synthesis) [19, 20] AS$UIUATSLGa-1985IUAUNTEUIUNTIR LUE (sol-gel
combustion method) [21] way A15ldlulannTindunssuiunislalasimesuea (microwave-
hydrothermal process) [22, 23] Dudu

lnerideuazanziaglsvinsdunssinmadnsenlen uageenlandsdeulundulasas
wuumesenalnde1iigu PbZrOs BaTiOs BaZrOsikaw Ba(Zri,Ti)Osmenseuiunisialuail wuii
nszvrumslalueiiunszuiummilededinunm annsaduameginmdnoonledddoulungy
fananlvidvuneymeeglussduuluwnasld Snsmamdniidunsedlddadnnanszasiines
PATULUULAUATINUATINABING wiag1alsinnu nseurunsiananiiduwlsnaieduusidn
wiArfosnardsasioruinoymea Wy araduduresarsiaiy fuandusuil 2.6 navesaam
WnTuvesdagisluntsanagneu (precipitating agent)‘ﬁfl@i’e)ﬂ’]iLﬁﬂLWaU%?j%’éLLaSNa%a\‘i
syozgnalumsdansied daanslugud 2.7 Hudu
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=4 O BafOH) (H_O), @ Bal0, ¥ BaTiD
(a) g “T e . Ig ’ 135.131“.;11;‘l
= =) % g, e
* | £ a =
LA . A R B
. « i 1.00 mol 1"
E
A K= \
¥ " 0.50 mol L"
* | ! i * *
~ LA _._.-l-\. ik A h g A
5 ﬁ 020 mol L' e
* :
o * I E 3 k3
. 1
z 0.10 mol 1!
%i ) # g8 e e ®
2o 0.01 mol L
o Pee® @ .
‘ JCPDS No.41-0373 BaCOy
1 il Lol 4 o
JCPDS No.77-2333 Ba(OH),(H,0)3
1 | I'I | || ‘"a“l [ B I TP B A
JCPDS No31-0174 BaTiOg
1 | | L |

JUN 2.6 uandliiiiunavesrududuvesansisiuiiinasonisiinoynawazanvuen19dug1u
W vesansUszneveanlunddauluiseueslalun g Ba(ZriTi)Os [18]

Intensity (a.u.)

20 30

JUN 2.7 wandliiiiunavessresiiafiinanenisiinouninLarSnyauen19dugIuing1ves

50 60

40
20/degrees

(110)

lr—"""‘“m‘.l
& {111}
'_l""_,-_—-* (200}
= 3 (200

I, S TSNS — | S M-—-
_..A_.._.._......-Jk__..r\. A
I— - e,

‘ JUPDE No41-0373 BaCOy
l

Il. i ll II | _— 1AL

‘ JOPDS No.31-0174 BaTiOgz
ks | — |

50 6l

40
206/degrees

ansusenaunuseulnmLue [18]
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MNnLATeiIaziui fahssuiunmsmaadesdunszuiumsdansizsieyna
unluldognafivssansnin Iinsndnanuuianigs finnuashiauefuinisdndiusadusznou
wazvuIneun1a PulUlEusanIuaulaTEiwazdNwuENNEugIWINeTLs wiNTEUINNIS
mandifsnaniudinaditedinoflunaeussduitluduresnszuiunasiouiigendudon
Buogrann Snisdidulslunatsdiudiuniiendos asduiwihlinisauauaniizglunis
FuA5w9 017ty @anwanden ALy A pH Wiewinsyienandudiuvesansazanededuiiv
sldenilidondenailumsdnaszsiun Sniiansiauildsdnaung uaslvinandneensn
TuvSunmtes (Weundn 1 n¥udenisduniney 1 ade)deiIoufisuisanudunuuds
nszvunsmaaidsldmunglunsiluiaunlugageainnssy Iuilinisnee1uniionse
nszUILMsEuATIZBUY faunsoduangildneludunewdon 18 91057 Funusanunsn
dapsesinsndniidonisld nieuisliusinamandafuanefunsiaulugomhonsdaame
Yualng (large scale) ﬁ?uﬁqmLﬂuﬁﬁmmiLLazﬁmmmiﬁuﬁuaE“anmﬂuﬂdmﬁfﬂaﬁaﬂaf\gﬁu
sy Tumiddeiltsdaualanasdesnsfasinauenssuiunmsduasesisnnssuiumavieds
HuaBnsiiilaing sadr Ysndandsnuuazidelddnotes dufie n1sanvuinveseyan
fenszurunsgesiiiiany digestive ripening process

ﬂismumimiammmmaymﬂaﬁé]u’qéfué’aaﬂismumisjaEJ (digestive ripening
Process)NIFUILNITANTUIATEIDYNIAAN SR INBYN AU nalUguuineynalusduuly
wnsii foidesenulunguresnsdianmeiarsusznovuilulane (metal nanoparticles)
wazansusznouwluwiiuan (magnetic nanoparticles) wu Tud 2005 lpfinsanvuineynirves
lavenound MenIsltansanussiaiauiln tetraalkylammonium surfactants (RSH) 1usees
v3ofi3eni1 capping agent wansA NGy SEM fagUfl 2.8 wanenisiuAsusumavesasiasiu
yualngildnuazmeduguinesuisliwiuouduoynalavsdnvarmsdugiiinendu
n3enan AwnUsEana 10 wilwumsuaziinisnsyatefmvesuineumaiiuwuuuay

50 nm

5U# 2.8 2miey SEM U899UN1ANBIAY AIRUNTEUIUNT digestive ripening lagn1sly RSH
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| [

Aounflauidevinnisnyinaves capping agent fifldenisduasieinesuiauly (Au
nanoparticles) fauansluguil 2.9 nuin silnvesasdunsdidweuiihuldlunsdunszeiiy
damadovuIauazn1INsEaefveteyna lnes1891ud1 Msliansseneudunidideteuns
Tuanasuelngazdsualimaanuuaveseymavesiulssaumiudisaiuinniu uagazsil
IgayniprwInian

sUN 2.9 wansvuineyninvesalsusenevlaneilalaenszuiunisges (digestive ripening
process) @3liuinreIaTBUNIHBIToULANAIAY [27]

uazS. Cingarapu bazaas léinsAnuinavesviiaves capping agent fiflsion1sanvin
vodlanzdunsuauInlng (bulk indium shot) wui1 aunsaanvuinvedlansdutnsuliiyuin
oynnegluseiuulumsle Tnevilaues capping agent azdsnasovuInoyn1Aiild [30] foan
1A8N15aRvLINBYNIATBINEY AIBNTEUIUNIS digestive ripening process kagyiIN1TdwATIZY
NaveIszeznalunTINgndiddovuiauazguiiaveseynaidunsesild s1uidenuin
syogmfintudmaienisnsznefivasuineynia [31] annsAnenuideiiuanst
Freg1assunssuiiieadeanuii nseuiunistes (digestive ripening process) lunssuiuns
anvunarslungulane fddszaniamnszuiunisuis Fedslddnisseaudmiunisld
nsgvumssinanilunsduasginieansuneyniavesasUsznavoenlsfidedoulag §ide
Judatuanudululalunislusuimisainnis@inwnszuaunisasnanlun1siunldlunisan
yuImeyn1AvesatsUszneveenledidadeu Tnsazyiinisiudsuals capping agent 11 qn
nasumagatuiieldgumgigaulunsduasigy uagshnsfinudulssieg dnanluud
U196
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2.3 inRnsilofaseviaulfanizng

2.3.1 MsaAszRlaseadrawindremaiianisideauusedisng (X-ray Diffraction;
XRD)

Juinesilonldlunisnsiafigatiendnualilaivinansasdegna (Non-destructive
method) Tagordendnnsidsnuueesisdidng faduaduuimdnlniifanuenedudy
wauge uardisnnamzanzanigs Wedfadmnnsenuinguiesynnaziinnsayyiouvesdiyed
vhyufuszuuveseymaiugiresd fadnnnseny vinsiadienanduvesisdasviouiym
199 WisuisuAudeyaninsgiuiingrainlageadng ICOD (The Interational Centre for
Diffraction Data) \leaanansusznouusasaindsuuuulassainssdnuandety szogmesening
spuUveserneuTdaFeaiuAuAns ety miﬂizﬂamwiawﬁm?mﬁgﬂLLUUﬂ’]'ﬁL?ﬁyme%’a?uSﬂsﬁﬁ
e feyaiildanmansaiessidemaianmadonvuresisdisndassenoufedeya
yosyamAaLat (d-spacing) Layrudiesdsaingaduld Geannsnthluldlunisdunmm
Auanfisnsfines (Lattice Parameter) Tassainandnegiensnng silavealadiusing vuin
YounTU (Grain Size) Wudy [42) FaniidundnAeanfifinisdndesivesernoumelulasiatis
oddusndo  Famsdndssiweseznounsluninasddnunsussinudunsauiu G
uiagszuuegieiuduszes d fauandlugud 2.35 Fenszogaing d wilAuansefuluduiy
sysuRvendn Tul A, 1912 W.H. Brage waz W.L. Bragg Miausuunaninilessdisndnnnss
nuszuUvesernaunglunEniisuannszny (o) SEEndursdmanAnnisasiioundu (Aouuw)
fapazsiou () whiusuannsznu dauanslusuil 2,10 nuudedldeudiiusfioningues

WUsNA (Brage's Law) faaunisf 2.1

nA = 2dsinf (2.1)

o— e '®) SO

JUN 2.10 msazviouvassaddnd (43]
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2.3.1.1 MSAUIUNTUIAVBINEAN (Crystallite size)
NTAAFULUUNSALAVUSIFDNT a11n50tNIAIINMVLIANENRINAINN T

~ & v g v Y] ¢ s , . Y] a
Yaafinnsiaenuus@dndld Ingldaunisvesvesises (Scherrer's equation) flsaunisi 2.2

= K2 (2.2)
BcosO '

= YUNPLRAYVDINAN

- ANAINTUY9 0.87-1

= ANUENARUVDISIELDNG

HNGUENﬂWiLaEJ’JLUu

= © >~ X O
I

= ANUNINYRITIATNAULIATINTaYBIAINEN

(Full Width at Half Maximum; FWHM)

2.3.2 n153AsgRanUAnIsiuRIwazlaseas1eganiaflematiandasganssail
AldnATaULUUdRINTIA (Scanning electron microscopy; SEM)

ndesgansIaudianaseuluudsansnlddmsunuseaziBenvetinssaiinieusnyse

a Y] I v} :’1 Y] ] 1 o I~3 ¥ Y} v Ve LY} f-:lld M v d‘ v
RU89A19819 AILUMIBE19 LI NTUADIRATAUNY @UNSalEAn®En aamwmumiwmim ANl
nndesganssAudianasouluudesnsinvziiunmmaliou 3 I Amnudnuaziinnuanuisaly

miLLEJﬂﬁzm‘uaqaﬂwmzwumﬁuawumulmaﬂma [44]

2.3.2.1 #ANN1YIN9Y

dianmseudgugl (Primary electron) 3nnuwasinilndiannseu (Electron gun)
= 3 g.J/ 1Y o a [ 1 1% gj = = X4 J 1
Fedutiwalnaazgnisamefndlniigenaunsausuenla antudagnisgaasgiuaidaeuiy
walum (Anode plate) melanmzanunuanyyIna waziyanounugasiaud (Condenser lens)

d' v o a s v < A g a v o a @ S o ad
V]Gﬂgﬂi‘anaLaﬂmﬁ@uz%ﬂ"llu’]@Laﬂa\‘iLW@L'U'Nﬂqiw\lllﬂ'lf]ilL?J@J?J@Qﬁ']@lfﬁﬂmﬁ@u ATINUUABDLANFITIDU

dsasgeuasiuauding (Objective lens) dwimihilunisusuddidnnseulgugiiliiian

q

InAauuiafegamed uayddidnasounnnnsynuiningviesegaasiivuialuing 5-200 unly

93 LAgdYnrnaInAIuANNIINTIA (Scanning coil) inthilunisaiuauiAnan1sadeunves

0o a « = [ a o a o a '

S19LANATOUVUNURIFIDYNY VULNANBLENATOUNTENURIAIDE19LLANDUATASHITENIN

a & a A Y a a

dudnmseudgugiiiveznenvessinluinguiadiodns vinliiAndidnaseunfenll (Secondary

Y 9 9 9 Y

a a

electron) %aé’mmmmﬂﬁtﬁﬂmaum gnfitlazgnUunniaziya alu LUUﬁZUﬂﬂﬂJ‘Vﬁ\‘iaLaﬂVIiQUHﬁ

v o q U Y
) o a

wargniluasiadunmuwsenin Inedyanadidnaseulisaeiu 3 Useuan [44]

o
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1) deyrunInaInNdLannsaunszLIenau (Backscattered electron image; BEI) 3atlu

nAuBLENATEUMAANITNTZLIINE (11NNT71 90 89A1) gaydenadsnulbiivesnenluiuauiies

%
a a

UE uaznssindusenin Faindsnuanindidnaseuniendl infifiuRaseduanndd 10 w

TULUAS

'
Y a a a =

a & . A A (%
2) dYEYIUNINAINBLANATOUNABAA (Secondary electron image; SEI) LNANWUNITENY

g7

=

Lidn (LitAu 10 uluims) TneiAndusiaidussdamierdidnaseuiiom Wideyadnuasitui
LLazLﬂué’igﬁgﬂmﬁﬁﬂma%ﬁqmwﬁi%’mul,t,ws'wawmmﬁqm

3) Fyey1un nansadiBng (X-ray image; XR) fedidndfidnuazianisidunduuwingn
Idhildeanddneseulusssudulaassneg ANNTEAUNIBLATUNGINUNINNOIUNAADBNIINN
Tnas ldidnasounndulaasdaluidanunuil uazdesanssiundununisluas iifesain
SianaseuiignAsunuiissfundsinugini lnensudeendanudiuiuesnuilusady
wimdnlaih Sendunimdnlaiidfiaueneduengluwiessn Jeaunsnthanluselevdly
N153ATITYTINAINTEAUNTNIUYBIF0E19L USUInTaunInIenandyaiuniee lundes

fa & ! (%)
’i]]ﬁﬁ/liiﬂuaLﬁﬂ@i@ULL‘U‘UﬁﬁNﬂi']@]ﬂ\‘lLLﬁ@xﬂ,ug‘U 2.11

<— Incident (primary) beam

SEM

“— Secondary electrons
<+— Backscattered electrons

«— X-rays

5UN 2.11 YSunsdunsnIenandyayiausinge [45]

2.33 n153A912%N19aAnaunasRlmaiagd-AFidaaunlasalal (UV-VIS
Spectroscopy)

nsgendunamiesidfiegludiedansililelanuazidida Jsegludrenueindy
Uszanas 190-800 wiluiuns vesasinditdudiulngliun a15oundd a1suszneudedou uaz
a1sefiunis Waididuarlifid autfvesansdandnildimldianeiidudnuninuasds
USinnegneanenns e ilianuiilsmsauasuiug uasdianly (Sensitivity) a1 lagoa
yhmseszoglugvessimrielinanafld udlunsdiasinluiigadiasfduduansesls 1
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1A5985199814915 91992A9lWMATARE19DWTITIENIE TaevlUWmATANISIASIZTRRUNASIREY

' (%
! aAaa v A

Zoni gi-3adeaunlnalal dansiinsenesiiiavionlianatu avsiiddduszganiu
waslugaeidida e195endn Faaesiuns (Colorimetry) Wieliduasiipdouiiogenaiioaiuru
WlUludnglassnudwasuisdiugnganau visdiuinnisasiou UeEunIEds kagulediu
negoonly dlinamegoonluduiuduaionsyatouwas (Wu UiTavieininia) anafuas
meldumils drudimeludizondn awnasunisganiiu (Absorption spectrum) Wé“muﬁ@@ﬂﬁu
luduagsililuanaviessnoniUdsuszdundsanuainaniugiiu (Ground state) lUgan g
nseeu (Excited state)
AanTAlunsganAuLateansilelulanavesiisgagnanefsLasiind s Nz Ay
wilididnasounelusnomfanisganiuuadnydsuaouylvegluduiifss fundanugs
i1 levhnsiauinamesasiiiunieasiousnandegiaiis uiuuasainuasiidaiaan
g12nAUAIE1 aunguendes-wauid{n (Beer-Lambert) A1n3gAnduuas (Absorbance) U4
arszulsiufuduiulianadifinisganduuas dufuisausaldimadadlunisssysinuas

USunauwesanseineg Nileglusegnala

2.3.3.1 dautsznauvaaasasanlasTnlnfines

1) wnassuinuas (Lisht source) wnastniiauasluadosanlnslnlandines
wxdadisdlutismuemeauiidenisederisuaraciinaenian saumedinudy
wasiiunnwe dmsuanuerdvluiisansllemnglivasniuneSeunduunaeiiie
was Falvuaseglurag 185-375 unluiung drunasavisauaylfainugnaduasoungy
Frauasineudiuldfenus 320-2500 wluwns

2) fauenuas (Monochromator) dutsenauilifudildmuauuas Tneaevils
wasfioanunandusudauas Jadulndlasundnlddunadlulasundn Jadusauuas
wAuY wsellnuemnawiies Milawmes (nsyand) S8y (Prism) viewnsaia (Grating)

3) wadnldussvasazatemoegevizeAaamy (Cell or Cuvette) Svagiuumany
swnsuiumsldanuy ndnddalumsdonldie msirlutiuasansilloan azdady
Wwadiivihannalend (Quartz) it ilesananunsagandunadludasdansilaloanld
druwadiivinannuiagldialutuadineaduls

4) $h3udyay1al (Detector) vmhilunisiannuduvesisdfigngandulnenis
wamdanuadussddundsanulih Lfﬁ'mmwﬁ“fué’z:yiymﬁﬁﬁmﬁﬁmwl’;qq Tufe ull
USunauuasazivdsuluidntes fianunsansiadudyaaninuuandsld edesTauasiiss

Heudueglutagdu Ae nasalnladafinalgieas (Photomultiplier tube; PMT) wae

A3eedauasrindaneulalon (Silicon diode detector) [46]
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2.3.4 MFATRaauzaanBnduvaseznaudemaliadndisd Inlndianaseu an
Tnsalat (X-ray Photoelectron Spectroscopy; XPS)

wedadndisd Inlndidnaseu ainlnsalad Wumedeiieseilitadmmunuay 139
Usuna lasanunsalideyanuaiiiszduiivosianlunatsuiyy 19y slnuazdiuiusin
p9AUsznav lassastamaedl wlaiussyandl wazanuzesndinduveseznen [Wuiu lngfnw
nAmdsuBamien (Binding energy) votlnlndidnaseuiivanuasseanuiinesmneuluans
fegna uennimadadndisd lndidnaseu awunlasalad Sdldiiaseitanldunnuenas
%iin MeansUsyneuduniduazeiunss lanuay arsteiath wia flu nszan wediues widin
sy

%
a Y 1

a <@ 6 6 a < = [ = ]
wealladnglsd nladidnaseu ainlasalat WunisAnwiamginuiivesansiedis
= a - = & a Y A Y v
L19931n8LanAsouNANENINTWEIUTEUIN 10 WIlWUASIINTUNEINTAgNNTEA U
wasulvaeu nMsiandsnuvednlndidnaseunivgaesntuaiusainunnadunsimluguves
asnasuiiuugavesiia lnendanudamieanusnglufintuazdudnvasanzveusassis 1
Iaunsavvenissiinvessiniilegluaisitedisle Jeaneniuaiuaziaveandinduves
= ' a = ! ! ! [ = = =
aznounUantdeslnlndiinnsousenunaziinade jUssvesiiauazAmdsudamieiluvuey

N v & v a A o |
ﬂ'g']llQQﬂ@QWﬂmﬂquamwuﬂﬂﬂmiqﬂUUiN"ImGUENﬁ']GJVIlJ@giuaqimaaﬂqﬂ [47]

2.3.4.1 ann15%191u

a a v aa ¢ v a o A v a L4 v a & =
Lillﬁ]'mﬂ7iENi\‘iﬁL’eJﬂ“dWﬁN’]‘lJLG’I‘EJ’JVL‘UVI’Ja@VlG]ENﬂ"li’lLﬂiWS‘W laessdangtaznsiu

q
< ¢

Amdsufiniueusasidusidiondiioglunquaedionasy (Soft x-ray) wenszAuliinlnle-
Siannsou Faiindsnuaaiduluniuaunisn 2.7
[ 4 a (% v a « 4 [} = P
N9V NPBLANATOU = WAIIUYDISIADND — NAIUTANTEIVD
Sianasouluozaou (2.3)

a

NlpdlanasauNAnTUAINRITERIZANIIVTULAL INAF LUNSUARSIUIN I 0T1U04

4 'Yy Q

FTUUATIZRNE1UTDIBYNIABLANATOUAIBTEUULAUA b Taes2uuiATIsRnasIuLed
iannseuazyimtilunisterulBidnnseudauanuldudsunwesinn 9anndsuean
yoslnla-Blannsoufitals uasndsuvessidsndfinsiuauduounazanaunisa 2.7 vl
nsuhlaledidnasousniug inegndamilsaeglueznondissdundsela uasvilimauli

Jueznonveasisln [48]

19



uni 3
A5N15ANTUNI5IAY

3.1 A5N15AUUNISIY

AeildFnuniinisanuineyniavesansusznoveenlfifsfeulifvunnseduun
Tunsieindonaslsd fsasdszneveenlefifouionideidldidenuhnimaaes Téun
WULSEULNNLUS (barium titanate; BaTiOs) WULS8ULas ALUA (barium zirconate; BaZrOs)
wazuuiioulnimuniieledidnninlfarsazia BT-82-CT lnsduusnAenisinseude
nsvurunsUATeaaurreds anduiahuenlianuseusmtundenaslsdiieriinisan
yuneyA wonnisadinsihaedifueninmstinm vieaslensenduetlnsuvihng
anvuIneynIadeindonaslsfivuiu TnsasSusuosuenud arseddldlunismeaes qunsal
uaziaedilo MIawFeunnAndeIBURRTeanurveds TnevhnsAnuandfimalassairsues
asUsenouiiwdenlimeisdosianadsnuuresisdiinduazAnumeasBuavesdnunsiiui
sulvianalnlunsiinufizovesansusznevinieuldiuindonaslsdsended qansseil
Bdnmseunutdensin adsdinsiemeinisgandusasiaeiniosyiiada awnlesTnlnsives

<

a ¢ a o Y 44' & ¢ ¢ a a ¢
LAZILATITUANIUS DD NVLAVUVDIDEH DU AIYLATDILDNYLIEY IWIG]E]LaﬂGﬁE)U aLUﬂIWiNL@@ﬁ

3.1.1  asadliiidlunisnaass

3.1.1.1 WULS8uAISUBLUA (Barium carbonate; BaCOs) mmu‘%qm‘é%’aaaz 99.9
HARLAE USEW Inframat Useineansgolsng

3.1.1.2 waslaleulaeanlan (Zirconium dioxide; ZrO,) mmu%qm‘é%’aaaz 99.9
HANLAEUTEYN Inframat UseinAansgaiusng

3.1.1.3 lmndleulasanlen (Titanium dioxide; TiO,) mmu%qmé%aaax 99.9
HANLAEUTEN Inframat UseinAansgaLusng

3.1.1.4 uAal@uuAIsUalus (Calcium carbonate; CaCOs) mmu'%qwé%aaaz 99.9
HANLAY USEW Inframat Useineansgolsng

3.1.1.5 Lefialoanagea (Ethyl alcohol; C,HgO)

3.1.1.6 lafgumantsa (Sodium chloride; NaCl) ﬂmuu'%qmé”aaaz 99.5 WANLAE
USEM Loba Chemie Usginaduing

3.1.1.7 nunadeunaslsd (Potassium chlorid;, KCU) AnuuIanssosas 99.5
HERlAEUTEN Univar UselnAansgossn

Mg faegeansiailinlduandagy 3.1
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(b)

(d)

JUM 3.1 uansasiaiinildlunisnaaes (a) wuissuaisueiun (b) lweslallevlasanled (o)

wiakeanogea (d) lueuraslsn way () Inuwnadsunaslse

3.1.2 gunsaluaziaesileflilunimeses
3.1.2.1 WA WaRlaguIEen Nabertherm Useinaleasiu
3.1.2.2 919UANUTIU NARLABUIEN Fisher Scientific Ussinesingu
3.1.2.3 yergiu (Alumina crucible) wiausUn
3.1.2.4 AWaERNg1SUUANEL
3.1.2.5 gnuaweslallensenay (Zirconia milling media)
3.1.2.6 LA3BIUALDLLUUNTZUNN (Vibro-milling) W&nlae SWECO Uszine
An3goLIsM
3.1.2.7 TnnasuuInsnge
3.1.2.8 Fousinans
3.1.29 \nsesdsazifen 4 siuma 3u GR-200 Btfe AND

3.1.2.10\A38aNURELwUULwA nwTlaimSauuviausiman (Magnetic stirrer)
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3.1.2.11A5nUMa15 (Agate mortar)

3.1.2. 12180 lAsevianAnnalasaaing (X-ray diffractrometer; XRD) u D8
Advancendnlagusen Bruker-AXS

3.1.2.131A30 9T eRauTRneiuin (Scanning electron microscope; SEM) Ju
JEOL wanlagu3sm JSM-6335F

3.1.2. 103038 ans ladn Fadaaunlasinlnfined (UV-Vis
spectrophotometer) $u T60 §i0 PG

3.1.2.1513008n958 Inledidnnseu awnlnsfiwes (X-ray photoelectron
spectrophotometer; XPS) $u PHI500VersaProbll@Ulvac-PHI H&nlag
Ussnadu

“wyneins fegsgunsaluaziedosilefiliuandagy 3.2

() (d) ' (e)

JUN 3.2 uansgunsalildlunismaaed (a) 10W1a13 (b) 1N1BUANNTBU (C) LATDINIUNANUUUY

WU ANTEII NS oUW AN (d) LASPIUALBELUUNTEWNN Wae (e) LATastaazLden 4

ALY
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3.2 MawspuasHuUs sl uakazuuSBuEes laund e T U e aauzva sl

NNSLASEUAITHULS LTS LALUAINEITAIAY LULSEIUAITUDLUA hazteaslaLiteuln-

20NkYA LATLUSIUINTNILUNIINEITHINY LULSEUANSUBLUS wazlnnleulneanlen sagn1sus

naumegnualesladensinay lngldinIasundasnuunszunn ielilaasuuiseuigesiaun

Tagldefianeanagadidusinanaiadielnaisiinnisnszatedilas Inonausonsialuaunisi

3.1 kaY 3.2 MUa1NU

BaCOs (s) + ZrO, (s)

BaCOs (s) + TiO, (s)

v

BaZrOs (s) + CO, (g) (3.1)

v

BaTiOs (s) + CO, (g) (3.2)

ANUULIEITNANAINANUIVI IR las 15T UN U s Lysundnniouduliainusou

Q.II QI v = o v v v o dl v v aaa v v
unTeNsasisuuianeie Jsdldeuliuislugeu uaziharsnlaulvuiiseiniusouse

nsruuns dnshioamaiilaedonsinisiiinvesgamaiif 10 °C douil nasantuAQumngil

1450 °C 1Huian 12 Falag

3.2.1  dupaulunismssuansuuiBedlvmunuasuuteugasiaunae3sUizen

A0NUZVDILDY

3.2.1.1

3.2.1.2

3.2.1.3

3.2.14

3.2.1.5

3.2.1.6

WS EUAITHULSBUAISUBLUS (Barium carbonate; BaCOs) 971u3u 14.271
nsu wazaswwesiatfleulapanlas (Zirconium dioxide; ZrO,) I1uU
8.911 n3u UsTIasluvIAnaraAndmSuUaNaY
{Futefiaueanssedlvviugnuaiiegnelusiawaiadin
ﬁwmwmaaﬂﬁuﬁﬁgmsazmﬂwﬁa 1 g adesuntosuuunssunn
DHuran 2 $alus
Yasazarsuvinliuissenstiuniussuisudindnnde usuldaiy
S OUAUNITTIENT IS ULV

a

ntuthansiildluvinseulduislugouansiigumgivssann 100 °C
Duran 12 lus

ﬁﬂﬂﬁ?uﬁﬂaﬁﬁlﬁﬁgﬂ%mﬂlﬂL%WdﬂiSU’Mﬂ’]iLNWﬁQMMQﬁ 1450 °C uay
1300 °C &115Un15LmS 8 BaZrOs way BaTiOs Auandu tutian 12
Flus azldasuuSeueslauniifidnuazdunsden wansiogianis

AR LEAIIUN 3.3
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Temperature (°C)

room

1450°C for 12 hr

10 °C/min
10 °C/min

Time (min)

JUN 3.3 uanauwnudsSeulvaamaiinldlunisunuaaledveswuiseugeasiaiumg

3.3 N138ATUIABYNIAYBIAITUTENAUL LB BN I UALaswUTBULY RS LAl laan1 sldinge

Aavlsn

3.3.1  dupeulunisanvuinaynAkusENRaslAluAdIeINGaRaaln

3.3.1.1

3.3.1.2
3.3.1.3

3314

33.15

YINILULS B3LgasTALUA (Barium zirconate; BaZrOs) fm3oulda1nis
Ufifseraniugvosudaudiuau 0.5 ndu leiisuaaslse (Sodium
chloride; NaCl) waglnunaeunanlss (Potassium chloride; KCU) 2gn4
ag 25 N3y

thansiis 3 elenuanauruiiluasnunans warussyadludezgiun
Mnduthasuasludeergiuludhdnszuiunmsmidune 4 99l
gaunni 800 900 1000 udy 1200 °C AMENY
nEannkIutuneuntwn Jsthansludeesgiinvnnsesieyansoan
AnufuLardansisindudugnifiedranenaslsd nsndeuyIun
paslsnimaundoagluaisuuissuiwesiaunvieliniedaosiuin e
ntuhaslueuliuisiigumad 100 °C WWuinan 24 $9laa agldansi
wiskazidunsazidendun

nsanvuneunakusBilinus lamenssulunsideliuainde
3.3.1.1-3.3.1.4
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(a) (b)

JUN 3.4 uLananmuuiseuweslanignuanausiuiuindenaslsd (a) neutluie (b) ndsin
NISLHN

(@ (b)

JUN 3.5 uananmves (a) NI ULS B astAlunNuAsuiuNaaraalsn way (b) Nakutsauasa-

WANAIAINTINITaRvUIRsuiuLnaaraalsa
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Temperature (°C)

room

1200°C for 4 hr

L’ 1000°C for 4 hr

7 N
A 900°C for 4 hr N\

o e e

Z 800°C for 4 hr \\

10 *C/min 10 °C/min

Time (min)

JUN 3.6 wnudaeulvgamainldlunisunuuissageslaniuinienaslsaigamail 800 900

1000 waz1200 °C

3.4 nMsanvuInaYNATasaIsUssnauielwBianuintSansnena BT-BZ-CT

3.4.1  dussulunisanvuasuniavassuissulnmunieledianvsnliansnena

3.4.1.1

3.4.1.2
34.1.3

34.1.4

vhwswuSenlnmusiiteledidnyEnldansnyin (BT-82-CT) fduaszyian
915U ATEan Uzl $9uau 0.5 ndu letieunaslsa (Sodium
chloride; NaCl) waglnunadeunanlss (Potassium chloride; KCU) 2814
ag 25 N3y

thansihs 3 alenuanauruiiluasnunans warussgaslufsesgiun
Mnduthasuasludeergiuludhdnszurunmsmidune 4 99l
gaunni 800 850 Uag 900 °C ANuEY

n¥snEutumeunsen Juhaawanludergiuiunnseafioynnsos
anmufuLazdsendusianiiedrandenaslsd asaaeuyium
aaelsfimauvdosglunuEeslnimunfieledidnninlfansneMusoll
fhedaoslumsn mndutharslueuliuisdigamnd 100 °C Hunan 24

Flue azldansnnrwaziduniazidondud
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Temperature (°C)

900 C far & hr
- 8O0°C for 4 hr N
10 "C/min 10 *C/min
T
PO
ﬁ-
Time (min)

a o A al P P a & a Yy o v a
JUN 3.7 wnudaleulvgamgiinldlumsiuuiseulnnuaiieledidnninlsasnemiuindenas

lsdfgamadl 800 850 WAL900 °C

3.5 Anwinalnlunisanvuinauniavasansusznavsanlandsdounuisenlnniunuazuulsey
v = I3
waslawnalendanaalsa

dwananwuissnlnmusaz nuiisumeslaunfivioulann S UfAs e uzaewds 0.5

n5YU maustunulelAeuaaalsa (Sodium chloride; NaCl) waglnwnai@aumanlse (Potassium

chloride; KCl) ag1aae 25 nSu wutiedfiuiuignisiude 3.3 lagagvinisiwniigaumall 900°C

ANUSURINANLUS 8UINNLUS WAz 1000°C d1nSUNINanwUSsLasiawn Wweldailunis

BOTLANANST U A 3 5 10 15 30 wiiuaz 1 1.5 2 3 12 14 uag 48 F2lus muansu

3.6 NM1TIATIENANUUIGNSUATIATIETIWEN
MIIATIERATIES NN oNONTLTe ANuNsnlnsTines (X-ray Diffractometer) 1ng

DAINANNITLAYWUULBZNIINTLAWDITIADNG TeLilaIdLd ndnNNTeNUUUNURIVDIANTF 981

1%

iiaNInIzduazidonuy Ineyudenuuaztuegivlasiadaveandnuazssu unssdidndmnn

al

JENU AN uyunnssiiteenunazausansvdeulaidisuselassaimdnuuule Iaevin

N131IAANANNLTNYDISIENAE DU BNUTIYNAN9 WSsUIBUAUTRYANINTFIUNYIINTATITIR

TngaAns ICDD
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3.7 asnvdauenanuwallanizatemaiiasuuaiuningalnl (Raman Spectroscopy)

wadasunudusnitudaildlunisaseaeuondnvalvesas Gsefendnnisnszidueas
yaslutanagnuuuivInutseaui e faasiinszdioonunginduumioanuennaud
Wasuwladludlodisutuanueneiusuduresiasfinnnsenu v lnandudyyiasu
dusuaAseilvinnisnaaeutendnualvesnsnaniildannisiniunale Tngthansiegng
Uszanad 0.5 nfusndndaseinsossaindmsuirsossunu wevihnsiasely

3.8 Madnziiuiauaziassairsana
MeTgiuiuaslasiaigameifionsnasulasiadisganiadiendosanssei
S1dnAsauLUUERINTIN (Scanning electron microscope) Llalduteyalunisesulsfadnumy
lssainsganakazvaesansfidanszsilsnnisufisoranuzvends uazansiiniunmsily
Wnsafuinaenaslsd Insenduddidnasoudesnnasuuituinvesasietefigesnsnagou
wiguasieg1alagldmunmuuuaisusuny (Carbon tape) tharsiegnesusunu idnioelse
asuumUnmasusunszagli sy waginagliunadian W3euay (Stub) wiefsesiuans
Fr0619 udinmuadueuiinauuaiu anturinsiaeunaslfunsnszaentuasiaetis

wahltiinssisiendssganssaiBianaseuluudeinsin

3.9 MFAATILNITAANAULES

a a a

N15iATIgMnITAnduLaIniuaTetedAfida awdnlaslnladiines (UV-VIS

Y

spectrophotometer) lngafen15nTainusunauaitazA1nNUdaluY 19T d g asd 1 U9 v
! =] A o ! =i I = S - = IS L T
nearunsegnaaniulaeileg1agegluasesile lagfinnugInauLasIzdauduiusiy
YSunauazsiinvesansiegluiiegne inseudiegielngnsazatvansuuisesaasiaium 0.00553
n3u Wneldunusmnlesswdudviazats vssgansavatsuuieugoslaunadluwadussgans

fegne wahluamseisieniegd3dda anlaslnladives

3.10 AS2FRUANUALADIANYSNVBLLYIIEN

nsvdnAanIngEaNdNivg (&) warAiusenaunisgadenisladidnnin (tano)
v inild 1fsuiunsasuwUagumgiitazanud nstiesiiniidesnsmaasundals
Sunazuuuiuiaetdersesinans (Grinder—polisher) Tnegldnsznumseiues 600 waz
1000 muasiu Tildesdinfidanuvundsyann 1 Sadwns ienvareiaesiiniidaudme
wednsdanlofnidun 30 wift evldaruduiigumgii 100°C Wutaan 1 dalus thlufnna
i Wdukugudnanauagiiufivingn antuiiuvhaalii Electrode) Tngldnaduyiomn m
fivthvesesinisaesdn (neseYellidoutinameuesniing uasinluuniigumgli 750°C
Hunaunu 20 Wit sedasimsiiiu/aneumgll 5 ssrniwaea/unit Wilelsinmiiuuiuaziniy
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Auesdinlantu antuildiadianuglii wazaduszneunisagdenialadianvindae
1309 LCR meter udthAnnugliihiilaunwinmaan neeuduinslavenduaunis 3.6

dC
£ = (3.6)
gA
e g, fo AManmesNduns (Relative permittivity) v83a1360819

d Ao mnuruvesEnsiiege @ndiedy v.a.)

g, Ao Aamnuandumslugyyina (Je 8.854 x 1077 Fm™)
A e Wudvesihlilihwesansinegne Gmhedy .4.2)

C  fie A1Auglniin (Capacitance) ¥@15M10874

[y

TA8aN1ILIUNTIASIZAN G IUUITEN A

gaumilunsiesen 25-400°C

% dy a a a
9n3INTTUARAUMYT 2 DIANALT U@/ U
ANMUAN LTI UNITNAADY 1 10 wag 100 kHz
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una 4
NANISNAADY

4.1 psAneUadenuunzanlunisanvuinayniavasninanuuissalnmium (BaTiOs, BT)
neumaluszivlulasiunsguuinaynialuszauunluans

dmdunuideludind wwdunsinumanuiuldldlunsansuinoyniavesansuszney
wuidoulymiius (BaTios; BT) ansedulalasunsgaeduulumnsiunisdesainuinmi
Radu (surface active etching) Aenislanisuasuinalvesnie lagagyinnisAinutaladouay
Foulwsineg Aldluniswisuuardsmadensiduveseymealuszdunlumnsifauam Wy s
WasuuasdauazUinadaduveunde miﬁﬂm@mﬁwa%mqmmﬁLLazizaznaﬂu%ummm
5L Ao IAnEUIaVES vuauazdnunssdguAneveseymaiieienld saulude
Anwuaresurenalnnisiineyn1AuIluNIUNTEUIUNISAING T

4.1.1 NTTUIUNIIATBUNINEN BaTiO; NAlvurnaunialuszaululasiuns A2e35U{Asen
ANULVBIUTILALNIIATIVFBUBNAN WAL

| gj gj VA Y o a = . Yal

founsruIuNsanuun Tutuusniy gIdelainiswisuniandn BaTios Wilvuineunia
IwuaaiuiumuluimwmwmﬂiymumiﬂgﬂimamuuﬁumLLGZN (solid state reaction process)
MNEnTRULUTBUAUBLUR (BaCOs) warlnmidluslaoenled (TO,) feaunisil 4.1

BaCO3 + TIOZ > BaT|03 + COZ (41)

vmswuaalasansiegeiiedoulsiiielniu BaTio; fauysalignmad 1300°C 19y
a4 Falas edsnstunarasesgumgiviidy 10°C/unit 9ntuthasieduiildanns
wiluinsnsageutendnuaiiants Insnsvasunruuiavsuarlasiaiandndomaians
Aeuudediond (X-ray diffraction technique, XRD) kazinailas1u1u (Raman spectroscopy)
Mntuilunsaaeudnumemedusinefendenanismisidnasouuuudesnsim (Scanning
electron microscope, SEM) HaNTIATELaYATIRAR UENdN WAl Lanad s Tase lUT

4111 mamsnsndeumaudsusuaslasedawEnuaskendn BaTio; fagldiluasnedy
lunszuaun1sanauln d1emadian1siaealuuiediand (X-ray diffraction
technique; XRD)
n¥annldsudeyaziuuunindenvuisdiondeaninainiaios XRD uda §ideldtn

sUsumadsnvuidiendiildty uvhnsieseilaseandndeindonssuiunsinggy

Tnsead1adednuuu3nia (Rietveld analysis method) Saemansuasde JANA2006 tneidunis

feufuteyainasgiuiliaingiudeyaunsgiu Crystallographic Information y3181a% 73643

Faduteyamnsgiudmiu ansuszneumeseslalng BaTio, fillassaiiawdnuuunnsyinuea

dietuduauiaviuarlasiaimdnldusduargniesdedu uansmanisieseiiiléfgui 4.1
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=

Taganguil 4.1 o Lé*u?wﬁ’WLLamgﬂLLuumsL?TmLuu%’ﬁLaﬂsﬁﬁléfmﬂm%a XRD deyanwel “+” &
LLmLLamﬁquLmumil,??mLuu%’aﬁl,aﬂsz?ﬁlé’mﬂmﬁﬁ'lmmé’w%aWﬁLLﬁ JANA2006 tduLLnRean
Hulansszuu (h k ) LLazLﬁu?ﬂ,%mLLﬁ(ﬂﬂﬁLﬁuaﬂﬂ’J'liJLLG]ﬂGiNGUQQEULLUUﬂ’]iLgﬁl’JLUN%JﬁLEmGZ?ﬁ
IFannsinziseadeaiionasannnismuansievensuagd nadildnuin EULL‘U‘Uﬂ'ﬁLgEJ’JLUu
Yedonduasnmaniiunsuaaluifigaumgll 1300°C/ah senndestuguuunsdnuuiediond
Y03a15UsznauINesanalnd BaTio; idlassadendnuuuinnsslnuea (tetragonal structure)
MUTOLANINTFIU TnglinulanandasududeUu anduinsnseaeumuaniinisfiines
AlFannisauiasulusunsy wui @a1suseneu BaTios AldbiAuanfiswisifines a iy
3.9987(2) wag ¢ Wiy 4.0321(17) A Faaitlddulndidsstuauaniignisfimesaindeya
155U Bansiineilassaiedienssuiunsuu Rietveld 7il#i Seranudndedefilian
N193AT1E 1ABASLERIRIEAT R (Rvalue; Rops, R, Rup) WAZAIAMUKIUENTUNITIATIZLAA
FreAn X §apns1e? 8.1 uenanil AauzrIdedalaviinsiiangviniunitesneulumiheiwad
(unit cel) 09WInEn BaTiOs AlaBnaae Fauaninanisiasizilunisied 4.1 Fanudn
Amnsinosiansaudedesiegiu falndifes 1 Feoglunasmivivensuls

(110)

BaTiOa-Presu rsor

A5 (200)

- (002)

Intensity(a.u.)

-

{204)

(323)
(332)

k”f?:.*
[

« # (111)

++ (211)

26 (degrees)

Intensity(a.u.)

-
o
=

| | I I I R [ NI I

Inmwanmwm

T T T T T T T T T T T T
70 80 90 100 110 120

20 (degrees)

sUN 4.1 JURUUNITI AL UUSIENINEIINNIUN TEUIUAITIATIENLATIATIIMINTT TG
(Rietveld analysis method) ¥84a15Us¥Nay BaTiOs #atATIENAIensEUIUNTU AT a0 U
YOI HUNITHIMARLE 1300°C Mkaan 4
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uiglsAaumATANTIATIEREN vz IaNIZEe NSEsLULYesSsEend Tanunsa
as19¥ansUszneuiildfinnudundnniofinudunandt sauluieansisivsunatesunnnia
50% Tnevmidnld Sedeiludesidn viild nsdmadasudanfionsannanisiasesisiuiv
wAllA XRD ﬁaﬁmmaﬁ’%ﬂuuazLﬁmmmmﬁaﬁamaﬁa%aﬁiﬁ Fefino NI IEREImATAT

11U UEAINANITIATIZALURIUD 4.1.1.2

4112  wanslensiuazasadeuauigsuaslassadraninvasansnedu BaTio; Aaw
wadasruuaUnlnsdlal (Raman spectroscopy)
N153ATITYINeNaNvallanIgAIemATiaT UL liNaN1TIA T IE e anun Ly
sUlUUvesAUnAsNS Y (Raman spectrum) LLamﬁqgﬂﬁ 4.2

BaTiOB—Precursor

B, E(TO, +LO,)

E(TO,), A (TO,)

E(TO,), A (LO,)

Raman Intensity (a.u.)
E(LO,). A (LO,)

] L] J I L) I )
100 200 300 400 500 600 700 800 900 1000

Raman Shift (cm'1)

sUN 4.2 Usuus1muadnm sy (Raman spectrum) ¥09a15U5enau BaTiOs d9LAT 181
aaa < ! 4 o = 1Y)
nsrUIuMIUATeanuzveanle dumsiuaalel 1300°C Avian 4 Tl

1N FULUUTIUAUNATUYDININEN BaTiOs Nkandlugudl 4.2 du wudn sUluuTIuIua
o a & Y ) ) . PP o
WansuiinsranutiuaenndesiugUkuuTnuaUAnsuYasw1sUTENaY BaTiOs Nillassasiawuun
nsElnuea Fan153ATIETiNaIIngUkUUTIUaan S ludEntTuedendnnsiiasiesilag
WINTUNINNBHTLUUANNIAT (point group theory) VBINEN FadmSU BaTiOs tu Tuszuy
AUUIM5VRIATIATIMUUAITN (Pm3m; Oh') ALABUANRIABNITNTEAUAILAINNLIIATUEIY
dunlsLsa n3ai3undn IR-active (3F1, (IR) + F2) wilaianunsaneuauessiansnsedueie laser Tu
a A aa ] . . v o ° ) . pRp o =~ &

wAlATILIU %387L58NI1 Raman inactive f9tiu w1nUasWan BaTiO; NillAssasananJunuy
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Adnuhmsieniomaiasuiu Aaglivsngfievdeanasulas luvaei BaTios
Funszadlad flaseadamdnfunuuinnszinuea (Pdmm; C4,) Feiinnsideusanaindunis
duunsvesoraelnndey (T) Tudunilsoonnsz8nT0ar0900nTLaU %39 AILNLNTOS TiOs 34
dsmaliiAnnadsuulasmosaninda (polarization) ¥il#iAannsmevauasionisnsedudae
laser Turnusmpautissuy Tnsrnavesnsmevauestuntoonidu 8 Tnuadaeiu fio 41E(TO)
+ E(LO)] (IR & Raman) + 3[A1(TO) +A(LO)I (IR & Raman) + B; (Raman) [1] %aaamé’aqﬁ’ugmwu
3'1mual,ﬂﬂm%’u17mamﬂugﬂﬁ 8.3 Imaﬁﬂﬁﬂswﬂﬁuﬁnm 28-150 cm’™ aamé’aaﬁ’ﬂwmmﬁu
wuulaiufauss (soft mode) woslviaa £(TO,) [1] fafiidnuaziduiinPas (dip peak) fiusian
180 cm! denpdosiulnunnsdu A,(T0y) Seftefivsnglusundsiidufieiendnvalianizvos
Faquleslsdidnninynuia daufindnuwuridugiuning (broad peak) fiuiamsg 269 cam®
aonndosfun1sduLuuRunduld (transverse) vaalunun A(TO,) @rufiafidiunis 305 cm
donmaasiuiinn1sdusesiuun (B, ETO.+L0,)] sudufinnisduluszsvezneunuullauuins
(asymmetric vibration) 789Wusz321313 Ti-O lusumisesnasynsoavedbmiloy (Tiog) &4
finfidumisiftoduendnuaiameredasiairauuunnssinuea uavaghivsngile BaTio, i
Tassasradumdn [1, 2] dufirvuadniisiunis 473 cm™ @enndssiunisduvesivium [E(TOL)
+ A(LO))] wawaavheRefinfisnunis 521 waz 702 cm tu aemedesiunsduvesiuun [E(TO,),
A(TOs)] wag [E(LOg) + A(LOS) [1, 2] ﬁﬂﬁuﬁﬂﬂﬂ?ﬁLﬂi’l%ﬁLWﬁU%?j%‘éLLaSiﬂiﬂﬁgwwﬁﬂéfﬁlﬂ
wadan1siasnuudidienduasinailasuiu auisaduduldin nandniidaasizilgann
nszUaLMIUiATeanuzveaudsigumgiiunalend 1300°C 1ian 4 Falusthu WWuwandn BaTOs 1
fanuuians UnannawanUaoudu uarilasamdnduuumnssinuea Seanusoniing

Ay v ° ] Y]
NaﬂV]lﬂu@J']Vﬂﬂ']TVl@a@Qﬂ’]ﬁﬁ@ﬂ]u’]@lu‘ﬂum@ua@lﬂ

4.1.1.3  HAN1IATIVEIUANBALNNTUFIUINGI1VBYNIA BaTiO; AI8NADIaNTIAY
AdnATaULUUFRINTIN (Scanning electron microscope; SEM)

HAYDINITNTIVADUAN WAL NNFUFIUING I NEDI9aNTTAUBLENATOULUUEDY
N30 (SEM) wagn1sdududadiunsausenauniaiall (stoichiometry) A28inaila energy
dispersive x-ray spectroscopy (EDX) U99M9nan BaTiOs fidunsedild mﬂﬂiumumi‘dgﬂim
an1urvonda uanafagui 4.3 a) uas b) Feannaiilddu wansldifiuin 9YN1A BaTiOs 7
mLm%ﬁlmﬂmﬁﬂgﬂimamummLLmuaummmmimgagiusmulmmau IngdvuIneynIA
Tnoiadewinfu 3.7 = 1.5 um fanubishiaefuitluduvesmuiauarsusns uaslinsnzats
FvesrunoymatluluugIuniig (broad size distribution) uaglunsBuduanuaiiaueiu
maaiindedadiuesdusznau faemaiingan EDX nuin vaaesudinaiivinisnsiaauaneen
dndnosdusznouvesuuiiouselnmuion (Ba: Ti ratio) WulUlufirmadisrtulasqaaiunndud
1 uag 2 AdndiuesAusznauwed Ba: Ti AU 24.89:24.88 wag 25.31:24.37 atomic% AUaIAU
Faflen Ba/Ti Indifes 1
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Weight%
14.84
22.01
63.15

100.00

Atomic%
50.23
24.88
24.89

Spectrum 1

Weight%
14.70
21.58
63.72
100.00

Atomic%
50.12
24 57
25.31

Spectrum 2

6

0 4
Full Scale 278 cts Cursor: 0.000

JUN 4.3 a) uag b) wansnImeany SEM kagkan1insiaindndiuedusenaunienaiingiy EDS
193815U5¥N0U BaTiO; duAs1zidlanszuiun1sujisenaniusveswds iaunisimiwealal

1300°C vaan 4 F7lag

4.1.2 NITUIUNNIANTUIABYAIABYNIA BaTiO; WAzANSANYINATRsgamaiiitnensiiaum
U3qws Taseadrendin uazdnuasmeduguinenvesussdnuly BaTio, Ailé
TuduresnisanvuInoyATeINIHEN BaTiOs fenslinszuaufanseuiiufindeinde

nanlmdounnolsduarinuadounaslsfiiu Tudnusnasdunsfinuidvinavesgamgliflily

M5 Tislensiinimauiavs lassadiaman uardnuvamaduguine1vesoyniauilu BaTios

7la wananan1sidenesalul
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4.1.2.1  HAN1IATIVABUNAUTENSUALIATIASIINAN VOIHINEN BaTiOs NOULAZHAHIU
NILUIUNITANVUIAAIUNTLUIUAIAANTOUNURIABINGD Naaungll 700-900 °C
frematiannsiaenuussdiond (X-ray diffraction technique; XRD)

gULL‘uumﬁLﬁymLuu%’a?uaﬂsz?maammﬁﬂ BaTiOs WAwNLNTzUINNITAANTOUHUAY
fhewndefigamgd 700-900 °C wuian 3 dalus Wisuifleufunandn BaTiOs fusiu wanadagud
8.5 %agﬂwumﬂgmwuﬁagﬂﬁ 4.4 Hu LﬂugﬂuwﬂmgmLuui"a?ﬂ,aﬂsz?wé’asimmﬁmezﬁ
1A598519T9aNATBUUUTNE (Rietveld analysis method)

TR

3 é BaTiO,-900°C
A

P U — “
[} [} | w1 | | | Il

1 M

“ ——%ﬁ:r—h==ﬁ=rb— A AL
vy
AN
-
O
Q0
[en’
(=]
O

Intensity(a.u.)

(213)
(321)

o
&
o
@
&
0

(113)

"(31 1)
(302)

(004)
(400}

— v (222)

T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140

2-theta (degrees)

a

gihn 4.4 ﬁJLL‘U‘Umnamwmqm@ﬂmmmwaﬂ BaTiOs ‘vraqm'mﬂiumuﬂﬁﬂmmauwummamaa
mqm‘wnm 700-900°C 1Huvian 3 $alus Wisuiisufuneudn BaTios A Huanssedu donunis
AATIEALATIATNTENMEIEINNE (Rietveld analysis method)

nguuUMsAs AL RndAldRUT 4.0 duunsuandiiiudn sendn BaTios
fouLarudsHuNIEUILNITaRTUIAR BN sEUUNTiANTeuiiuindeinde figamgdl 700-900°C
Hunan 3 Halusu Tnaguuuunadsnvuessadionddasetu Taglinumaulanyasuiiniy
feaonndosiuzuuuunisdenvuiidiondues BaTiOs Allassadradunuuimnselnuen el
szuvanNnsvesHandunuy Pamm FadmnsfitnesuansAianutefieveanisiiasie
TassafsnedBimnauansdisnsned 8.1 uazwud Auaniivnisilees (a = b = o) fiiunns
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AWIMINYaNLIS JANA2006 UB9kaNan BaTiOs ﬁé’mswﬁlﬁﬁqmmﬁmm FAHNANINNHS
NAN BaTiO, Mduansasduiiiondntos Fdludrutl Undudaduiinsufuiin nandn BaTio, T
sgiaanuduanszlnuea (/) anasnmvuinveseynafidanseild waglassadandni
qmmﬁﬁawzLﬂﬁaummmmﬂﬂuaaMLfJuLLUUﬁ:JﬁﬂLﬁ'aﬁmumwmﬂLé‘ﬂmﬁﬂizmm 30 w1y
As [3, 4] wAanuan1sAuadndy o/a ludid wuindn oa ldldiinnuunnfisannnanEn
BaTIOs Rediuogaiifudndy Liosan suneymavewmandn BaTios fdueseildduiivunogluy
sedumluansiilngndy 30 uiluwes Faeznanluided 8.1.2.3 Fudunsuanmanisasindeu

anwagndFugIIngImewmaila SEM

A1519% 4.1 ATWISITLRBSNLAIINNISILATIZILASIAS19LR98NA83T Rietveld NIUTaNLIS

JANA2006
t-BaTiOs BaTiOs BaTiOs BaTiOs
precursor 700°C 800°C 900°C
Crystal tetragonal tetragonal tetragonal tetragonal
structure
Space Pdmm Pdmm Pdmm Pdmm
group
a (/&) 3.9987(2) 3.9957(15) 3.9963(2) 3.9956(16)
c (A 4.0321(17) 4.0314(19) 4.0337(3) 4.0262(2)
c/a 1.0104(2) 1.0089 (8) 1.0083 (13) 1.0076 (5)
VA)? 64.432(6) 64.364(5) 64.421(6) 64.278(5)
z(Ti) 0.52302(1) 0.52319(3) 0.51005(1) 0.519733(6)
z(0y) -0.05277(3) -0.04919(8) -0.05548(2) -0.04548(2)
z(0y) 0.48893(2) 0.50061(3) 0.52464(5) 0.49813(2)
Robs (%) 1.19 2.77 1.95 1.73
Rp (%) 8.25 8.59 9.95 7.29
Rwp (%) 9.72 11.65 12.73 9.87
X? 1.17 1.36 1.28 1.35

YONAINT A1USUINTVRIMUREwadN L aU15 LA WINTAIAM DU A8 ST TUTRA

(spontaneous polarization) saunsi 4.2

Ps = (e/V) Yi Z”\ Ag

(4.2)

\le e fAoUszadiannseu (LQ) V Ao Ysuiaswmiiewsad (cm’) 27 Aer1Uszqlosauues
Tooou | (49199991n91U398909 A. W. Hewat [6]) wag A foa displacement vaslooau i Gaua
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ASALAUNUIANAILTITA55 509 AR ININAN BaTIO, SeduiiAwinfy 59.8 LC/cm? uagndanns
ammﬂﬁaaﬂismuﬁ’mﬂ'ﬁauﬁuﬁaé’aaLﬂﬁaﬁqmmﬁ 700 800 waz 900°C fiAanaslu 44.6 40.9
wag 41.8 uC/cm? anudndiu Tnefuwnlduvesianuiidasssumafisnaladu Gululudnvae
Wenfutuamanudueaszlinuea (c/a) wezauinvesoyna sazuaasluiden1sinwdnvue
mydsinediemaia SEM dalu uanaini wuin auiandn (crystalline size) fenanasly
vuefinnnaien (attice strain) J9/uIniands Williamson-Hall (Feaunisit 4.3 way 4.4) fien
distunugungiifldlunsdaesed

€= Bhk(/4taﬂ9 (4.3)

o B unuaunsesiafiesmdswesruduiiediauls (Full width at half-maximum:
FWHM) Fagfpafiuiinunmsiliignaesssnsifieutiudn FWHM sesanssnnsgiuiildainieies
XRD 450 (lufitifoir3eas XRD U Bruker D8) F9A7 By = (B2 Observed — Binstrumental]”?
uay 6 RoyuTasnniuuy Tammumassremanaunsasualdanmauiulsaunsii 8.3
thindnBesaunsluguindléfaunsi 8.4

Brkcosd = (kM Dxgp) + detand (4.9)

dla A AoA1AueIRARnld (0.154 nm) uaz k 1udrsi Fstuegiugusisvetouna

3

a e

(% v 6

Auntld 0.89 1Wurrdmsuoyniawuunsinay) 9naunisi 4.4 dietlundenannuduiug
F¥NIN Atand Uag Brcosd hadA1AUTU (slope) LUAAIAIANNLATEAYBITAR dIUAIYUIA
NAAWUU Williamson-Hall ﬁ]ﬂﬁmﬂﬁméfmmu y (y-intercept) lABLAAIHANITATUIUVISVUIAKNEN

a o a
LAZAANULATYAAINTIN 4.2

0122  wansnsadeumlauignsuasiasadnenin vaawendn BaTio; nouwaTuasHIY
nIzUIUNMTARTLIARIBNSEUIUNISRNTauRURAR 8L Tigangd 700-900 °C
memalasuuanlngdlast (Raman spectroscopy)

wialasuumedaiianuenzaizsemasudsilmiAnn sduesiusylu

Tuana ofinsiAsuutaseuanansaluniaiiata (polarizability) Tesusasiiussiai Tnsay

wanaasanudusuiuuaanfusuuiironedosiulvunnisdusiieg Taslufid waawansus

11U (Raman spectra) T09k9HAN BaTiOs Trinun1sanuiadenszuaumssandouiufindeinde

flgamndl 700-900°C WisuifisuAunann BaTio, Mduansdadiu uansiaguil 4.5
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A(TO,), E(TO +LO )

Al(TOZ+L01)

'

E(TO,), A,(TO,)

B, E(TO, +LO))

E(LO,), A,(LO,)

, E(TO), A (LO)

Raman Intensity (a.u.)

BT-precursor

I ) I L I I I I

100 200 300 400 500 600 700 800 900 1000
. -1

Ramanshift (cm' )

‘J‘IJ‘VI 4 5 iULLUUﬁmuaLUﬂmm (Raman spectrum) UBIHINEN BaTiOs NAINIUNTEUIUNITAN
ﬂiauwummamaa maamnm 700-900°C t¥uiaan 3 Falus Wisuiieuiunandn BaTios 74Ty
ARy

ﬁmg‘uquamﬂm%ﬁﬁﬂmﬂugﬂﬁ 4.5 wud gﬂufuuaLﬂﬂm%“zmmuﬁlﬁuamLWaU%qw‘ﬁgﬁum
BaTiO Viamun Tnsfigaumndl 700°C nawdn BaTio, fiduiasgildfidnumuesuuuuaaniusiunu
pssfufuFULIUAAR ST I TRSHIHAN BaTiO, Tl Tuasdisiu uandliiuiseuatosves
Tassadauvunnsginuea ffiaseguiazkunsligamgilud 700°C antdu wWevhnisdann
sUnuvalansuswUIsuiguiugamgil 800 wag 900 °C u WUAUUANA9YDIFULUY
awansusnuiliietusgedniauiidumisuina 170-280 cm! Adugud iAranawusues
nsdn3eadnveternouANANLYEU WiaTi3unin preferential orientation Inganatianivgn
Mnnsfieumevestskdntuiivninanas Jeiliimsdnesivesesnonfiuandaly dansdu
voslnun A(TOy) fiduniis 180 cm! Suasifuendnuaianeiitulensstuaureulunis
fnFusmesogmauiiognnasdusiosuy (5] uonani mnuuandeesgUuuUAUARTITILIY
fanan Ssorafivemasnanaraandunelutan (ntemal stress) SeflaAdeddlfifiuin n1sil
fieluwnpudefinfingu (dip) sesmsdululnun A,(T0,) aansaideulddufinuussedinue
M98 [A(TOy) + E(TO+LOy)] Téitu L‘“ﬂuwaﬁuLﬁaﬂmmﬂﬁfa@ﬁmmmLﬁumduﬁqﬁu [4, 6]
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4.1.23  NANSATIVADUANWAUZVINEUgIWINEIIEndasanssAlBidnasaunuudainsia
(Scanning electron microscope; SEM) Ua4NdNan BaTiO; NdULASWAINIY
NITUIUNMTANTUIARILATZUIUNTAANTBUNURINIBINGD Ngaungil 700-900 °C

dvisnavetsgumaiintdlunisduaseiniinednvagneduguing dulaun aun
JUTUAENINTE8MIU0ITUT A IUIAYBIBLATA BaTiO; AAU LUSEUEURUNINANMRIHIY
nsrUvIUNIsARNToUNuEIAIBINdoNgamgil 700-900°C Wanafagu# 4.6 (a) - (d)

i
:
1
i

U 4.6 nweny SEM wosuandn BaTios Al fuansdedu (a) uasndariunszuiunisanuun
fheTiianseuiiufingaeinde faamail 700 (b) 800 (o) waz 900°C (d) turaan 3 Falus (Mane
i Adsenediniunm (a) dutesnidauenedmiunin (o) () uas (d) ilesneuneiils
fuwauanaeivegiauin Jeldannsaldmaseeseauideaiule)

9n3U7 4.6 () nud1 ayma BaTio; Ml uasieduiuiizuiesoynaliutueu
fueauazguisveseynaliadnaeiu lasvumeynelaeiadewindu 3.7 + 1.5 um uagi
SnwarniInsgareivesauineynaiduuuuniig (broad size distribution) ndsaniaiadu
nIUIUNMIanUUIAREIENsinouiiuideindefigamgd 700°C (3UT 4.6 (b)) wuh aymeA
BaTiOs tufivuineynialasiodsanasain 3.7 = 1.5 um 1Ju 3855 + 120.4 nm uazfinnu
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asavefuisgUstuazuinvaseyennIeyna BaTio, il duansdiu ndsniiudle
Fugamginisdansiesiligatudu 800°C iiansiUdsuntasasdnunsnsdug e ves
oynmeehafiulidn neguiisweseynmandsnisdansizd Wasuanmsiliaansaszyguss
yosaymafiutiueuld sdunisiisuiweseymeaidunuulndifssmsanay (nearly-spherical
shape) daiivuineynalneiadewiniu 87.3 + 14.2 nm (37 4.6 () wagfiddydsiinanszane
fvesvuneyMAAsuINMsEdnYaEAINTENR YR IIABYMALUUFIUN T (broad size
distribution) TudnwazLUUg LAY (narrow size distribution) ndaantudelfgamailunis
Fuasrwidfistuluii 900°C (3U 4.6 (d)) wudnuaugmadnguine ﬁy’agﬂﬁ'mmwmmm
oynafdaaseildianuunndaiueynin BaTiOs duaszsifigamgil 800°C ipaldntes
wihttu Felsidefieuuandnetuogaiiioddy Tnefouneynialnaedowity 77.5 + 4.1 nm
vianileTgidnvasmedagineud auzdidoddldinsinsgitaginmsnmaaeuiile
fududndrussdusznousenitauuuiounaglnniiloy (BaTi ratio) veasynia BaTiOs 7
duareildfgamnd 900°C fewnalingan EDX uansfaguil 4.7

Spectrum 1
s 10 12
Spectrum 2
8 10 12
Spectrum 3
Instats. O Ti Ba |’ ;
| Yes 4325 2820 2855 i f, V\f\,\_
Yes 43.11 28.08 28.81 s ; : ; - -
Yes 4534 2764 27.02 | Speckiand
Yes 4537 26.93 27.70 5
Yes 4576 27.19 27.05 e
Yes 4404 2765 28.31 T
4457 2762 27.91 n
128 049 077 S|
All results in atomic% r?-m m:ﬁm Cursor ;000 ’ * » # keV

sU#l 4.7 A SEM waznanisnsiaiadndiuedusenousening BaTi 91nmada EDX 6
U3 9aakenEn BaTiO, ndsHunszuIuMIanuuIndeIsfnnieuiiufiafeinde fgungd
900°C 1funan 3 Falug
NnraTilduMTIATIEsiLar AT 9E0U ST @ LTI T ReaL U A I T
74 6 U3nautu annsnszyAdndiuesnonves Ba/Ti tasiadeldivntu 1.01 + 0.05 atomic% s
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feanulndfssfudndiuesdusznau Ba/Ti fildanuanan BaTios M4 duansiadu Jsamnsa
gudulaindndiunsauseneu (stoichiometric composition) U8 INIHEN BaTiOs BaINIY
nsvuIunsinnseuituiageinde tuliiinnisiasundadluandnaiuesdusenousewing Ba/Ti
YOIHINAN BaTiO; M Tuansdsdu Feideindudeldiuiouniinmsdansizidensyuiunised
3uq lnsaniz3zlalasimesusa (hydrothermal method) waz3§n1sanmenousau (co-
orecipitation) 3slaeaulngjarlinndnfifidndiuesdusenausening Ba/Ti Iumauqmﬁ’mﬁﬁm
Yoo 1 esnanmsldansasduiiluansazanonauvedlenou BaZ way Ti** Fdlaeiiiluud
ToppuvaaUiey wio Ba? tuiisnsnisazasuaznisundsangandn Tit* (5] fatu nszuiunis
anvumeymannszdulilasunslioglussduuluunsiemstandoufiuiniadunssuiunis
Felaivinanennuuians ldvhanelassaiiendn uarliviaedndimesdusenouresansiedu

4.1.2.4  WANIIATIVFDUANBAULINNAAUFIUINGWINADIYaNTIABLANATOULUUHAB NI
(Transmission electron microscope; TEM) ¥84H9Nan BaTiOs NoULAZHAIHIY
v o ' H a v a o a °
NITUIUNMTANTUIARILATZUIUNIAANTBUNURINILINGD Ngaungil 700-900 °C
JUM 4.8 wansn1meny TEM v89dnyzuaIaunIa BaTiOs lngsiu dnyuzUes
BUNALAEINTDUTIANBUENITIALTBIVDINUIBLEAE (lattice fringes) WAL UANININEIENIT
LAYIUUBENATOUBUULEBNNUT (selected area electron diffraction; SAED) ¥89KanEn BaTiOs
VAIHIUNITANTUINDYNIAMIENTZUIUNTARNTEURURINIaaMAR 900°C LTuszazan 3 4alud
lagnudn oynA BaTios Iagsiu ddnwuriusielndiAsamsansy (spherical shape) 11A4
avnanedullludnvasiferiuiomun wasliwneumagdenndesiuruineyniaiialdainndes
qansIMIdianasauLUUdeIngIn (SEM) Mananiluudrdnsiu drusynianeriulansliiiunis
Jnsvsreanuisieas (lattice fringes) WU TEU¥UIITENINTEUNU (d-spacing) dAviniy 0.28
nm Fevinn1sinlaeldgenduas image J F95288W9TENINeTEUUNLAL donndeeiuTEuyUig
FENINITLUIUVBITTUIU (110) ¥4 BaTiOs Nillassaianvunnszlnuea wenani sUkuunis
& a s a A Y [ I 1 !
Wevuvesdanasouluusiaaidenianie (SAED pattern) wanslviliudnwazidugndoading
agetnaL Fududnwazanizvesgluuunmsifeauudianaseuremaniidn vz lundnien
(single crystal) laendloyinn1saasieiidedniiusugadesainddusdiunuiiefigy wuandy
sUkUUNISdRsaIidenAdeiussuIy (100) kag (100) Fe.dudnwneianisved BaTiOs Ml
lassasrawuumnselnuea Aty 39830791 HaNdn BaTiOs NHvuIneunAlagLadeyiniu 77.5 +
4.1 nm nasuNsTUINNSAANsauuURendefigamgll 900°C Wua 3 drlustu 1Jundn
a A a o = = v Y] a & o a ¢
Wweandlassasinanidunuuenselnuoa JaannassiumaAlan1saeuusdLend (XRD) way
wiatasmuaUalasalntd (Raman spectroscopy) fanariluuwaalutnesiu
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Mic HV  Mag Camera Length
JEM-2011200 kV20000 x 400 mm

Ul 4.8 nMwene TEM wanadnuwazveseynialaesin syniaismiondnuuzmsdnfosmie
waa (lattice fringes) LarAMENNISIAELULEIENATeULUUEeNTIUR (selected area electron
diffraction; SAED) U89n9Kan BaTiOs ‘wé’qm'ﬂumiammmmgmﬁéﬁ’wﬂszmumiﬁ@ﬂiauﬁuﬂ'gﬁ
gamail 900°C Wuszeziian 3 il

4.1.3  n1sAnwINavassEazIan tunsduATIzRndden1siamauians aseasnwan was
AnWENFUgIUIMEIvaWINENUI LY BaTiO; #ila

Tud U989 15ATLINOUAATEIRIHEN BaTIOs Fren1sldnszuaudansouiiui
feindonasluounaslsduarinunadounaslsdiu ludiiaesiuandunsinudvinaves
szoziaililunisien AddenisiAamauiand lassadrendn wasdnvuenisduguine1ves
oumewly BaTiOs ilé wanwmansidedareluil
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4.1.3.1  wan1snsIvdauwauignsuazlasaiiwdn daamatianisideauusediond
(X-ray diffraction technique; XRD) 49 9WIWaN BaTiOs NOULAZHAIHIU
NSTUIUNITANVUIAAIBIDINADRADUWANTZEZLIAT 3-72 B9

s JL J ﬁ | 900°C/72 h

— 900°C/48 h
-] o
o |/ o J'\ . J\ p e
: A j\ 900°C/12 h
A
2 :
AT N
m Ju | ) jk 900°C/3 h|

BaTiO, precursor

(111)
(211)

(200)

(=]
(
8 -
e
(210)
Y (220)
1 koo
(310)
(311)

2 40 50 60 7 80

2-theta (degrees)

(=]

i‘U‘VI 4 9 i‘ULL‘U‘Uﬂ’ﬁLﬁEJ’JLUUS\?ﬁL@ﬂ%“U@QNQNaﬂ BaTiOs NAINIUNITAAYUIAAIENTLUIUNITAN
ﬂiEJUWUN’JG]’JEJLﬂa@ mammm 900°C LU‘L!?“EJ“L’J@’] 3-72 °U’JI§JQ WS HUNBUAURIKEN BaTiOs ‘VIGL"U

Lﬂumimmu

nsUuUUNMsAs LYo dondildfuandugy 4.9 wui mawdniidaasesildlunn
sppaIMIdNATIEA donndesiuguuunsdnuuidionduemandn BaTiOs fifllasaasg
wuuianszlnuea lnglinuilaudanyasuduqiiovu deanzdiduldiinisduinsuiandn
(crystalline size) wazAIAMLLASEA (internal strain) WAAINANIIAILIUFINSI9T 4.2 wud e
¥mstiuszeznatlunmsduaset twendnazdvunalnaiuluvasfidanueionilatiaanas

s
4132  wan1InslvdaulnauIgnsuazlaseainendn aqeinalins1u1u (Raman
spectroscopy) Ya4KINEaN BaTiOs NOULAZHAINIUNTZUIUNITAAVIUIAAYAD
- = &
nFanasNmaINTTELLIan 3-72 Yl
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wd IS sRiemadasuiutiy HANTIATIERAzLaRIanU T lugULUUTesaUNATY
U LLamé’agUﬁ 4.10 Imag‘dLl:uuat:dﬂm%’mwmuﬁiéfuamLWaU%qmémaq BaTiO, viavun landi
SguglIan 3-8 %aiuaﬁuwummLLmﬂsmsuaagULLUUﬁLUﬂm%’mwmuﬁLﬁmﬁuadwa%’mwuﬁﬁ%mm
USLI 170-280 cm’? 6’?’5@L‘flumammﬂgﬂLLUUm’iﬁ“f@L%fm&maqawammmwmau (preferential
orientation) wagn1siinrandunelutan (intemal stress) figstiu Seaanndosfuruineyniad
fapsdvurnian LLazgﬂLLuuaLUﬂm%’mﬂmuﬁlé’ﬁmL’;mmiéﬁmﬁwﬁ 12-72 Falusanui sULUY
aAnSuTUASIAUTURUUAUARTUT I UYRIHIHEN BaTiOs M uansdsdu tiesanursues
aymm%ﬁmum‘tmpjﬁu Imamsa%mmmwaﬁﬁm%uﬁu Wuldludnwagiguipeiiunisesuie
MsAnwBvEnavesgumnd Jeasulih stozailumsdaasizsiliidamasiensiinmauiavbuas
1AT9ES1NANVDININEN BaTiOs

A4q(TOy)

ETOq;

AqTOq)

B1, E(TOg + LOY)
(TO4), A4(TO3)

TO3+LOg), AqLO1)
ELO3), Aq(LOg)

900°C/72 h

900°C/48 h

900°C/24 h

900°C/12 h

900°C/8 h

Raman Intensity (a.u.)

900°C/6 h

900°C/3 h

BT-precursor

100 200 300 400 500 600 700 800 900 1000

Raman Shift (cm'1)

JU# 4.10 gUuUUTWUaUARSI (Raman spectrum) YBHIHEN BaTiOs NEINIUNITaATWIAGIY
Y ' L a v A oA a o & Y N = @

nszUIUNIsAaNsauuiiclinte Neamgil 900°C 1usreziian 3-72 $alus Wisuiiguiung

W& BaTiOs Ml duanssissiu

4133  WAN1IATIVHOUANBMEVINTUgILIVEIGIendasgansIAlBuAnaTaULUUERINTIA
(Scanning electron microscope; SEM) ¥84WIN&aN BaTiOs NoULAZRAIKNIUY

Yy ad o a &
NITUIUNTTAAVUIANIYITINADNADNULKRANITYSLIAT 3-72 ?1'313]\1
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16.0kV X30.000 100nm WD 16.1mm EMRS« SEI 16.0kV X30.000 100nm WD 13.0mm
B 3 o Y
p - : - [
> i} Y

T
g™
£

E.x
i
£
4,
£

£ .

15.0kV X30.000 100nm_ WD 15 6mm SEI
b

3 3

Particle size distribution (%) 3
v f s ¥ ¥ &

&8

SEI 16.0kV X30,000 100nm WD 12 9mm RS SEI 16.0kV X30.000 100nm WD 152mm

sU#l 4.11 Awdng SEM 993uesayn1A BaTiOs n&sHmNIzUIUNITAAnTauiiuia figanad
900°C 3382171 (a) 30 u#l (b) 3 Falwa () 8 Falwa (d) 12 Falwa (e) 48 Falus uag (f) 72 Falus

1 v [

MNNsAnENATesTEEYIaTTiTlodn v IuIng1veseyA BaTiOs NEIN1Y
nszUILNTaRTIRREIENsiAnseuuidende wanafanimdis SEM (Ul 4.11) iletianm
YUALALIRAYBIBYNA LAAINAFIANT1SA 4.2 WU szeznansdunsizsiluausn (30 i)
oA BaTio; Miduaneld a ey Svueasadlowfioutuawn 3.7 + 1.5 um vesoyme
BaTiOs s 18U 1.53 + 0.15 um fe3ufl 4.1 (a) TneilofiansanegaziBon wuin fiudin
fiuRnveseyniatu Usngoymesuindnlussduuluuns (suanUszana 5-10 nm) innengu
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o

ffueg Fsannsneyumilédn Turawsnvesnsieu§isertu indenauaaslsd viudhildudavi
UfiSeniiamth (surface active agent) lddnluvhnisianseusuiiufinvessyniassiuluyniie
v i dueyniavuadnuaneenaninignduiutinuiavih veseymensiudigniansou
vuziu ez Tuthsssegiausnvesnsduanesiiddnnenisnszneiesuineynaluly
anwag 2 UUUUBYIIMAN 130138NI1N15NTEINEAIVIVUIABYAIALUY bimodal size
distribution uagiilesregiaailunsduameiiiudulud 3 $2lus Snwareyniaiild (FagU 4.11
(b)) uaARIANALANANAINEN BT BYNATILATISzEZIIaN 30 WiTiegsdalau naaFe @m1TaTey
sUs19v830YNA BaTiO; fiduATleiildnvazgunsslndidssmsenan (nearly-spherical
shape) LLazﬁmimzmaﬁwawumaymmﬂmwmaEJ:; (mono-dispersed size distribution) Wy
yuneymaianuaiiauefulneivinoymalasadewindu 77.5 + 2.5 nm waziiloszeiian
Tunsdaenesifisdudu 8 $21us wuth UssuassuAveseyma BaTios Aild finnulndifes
funazvumeymalagindglutig 8 daludldiviniu 84.8 + 2.5 nm Flalldfirnuunnsnaiuegned
Fodda Sty ludasszoznadaus 3 - 8 $alus Sedeldinduszeznanlumsdunssvidasin
flgnfianunsnanvuinveseyna BaTiO3Iﬁagiuizé’UUWIumeiLLazﬁmimgmﬂﬁ’gﬁ%gﬂiwuas
pavesaymMAlLLILLAY dunnUAsunlanesdnunsisdugine g iesauaiiy
Aetuegedmaudnaiuileviinisduanesifiszernaniutudy 12 9l wuh syniafinnig
i’mﬁaﬁ’uﬂuagmﬂﬁﬁmmﬂwﬁu Imsmis’mﬁ’;ﬁwﬂmagmﬂé’qﬂdﬁaﬁuLﬂulﬂiué’ﬂwmzmQQﬂﬁ
du liiYuszifeunarlifinnasiaseifu (non-uniformed particles) lagfluwneymelagiads
¥y 135.8 + 17.5 nm nntugtuveseymearesdsuluauliannsnssysusdld wasd
yualnadudu 1358 + 17.5 nm 155.3 = 45.1 nm wag 205.5 + 65.0 nm Woifiugumndlud
24 48 uay 72 il mMudIFU Faanmsaneaeudnuarn iU weseYMATIdLAT
Ifszozianmafuil Mldasuanuduiusvesauinoynia BaTios fiduasesdldifieuiu
syognalumsdansiuanafagui 4.12

EN

A15199 4.2 Lansn1siUSeuisuruiangn (crystalline size) wagA1AuLAIEA (lattice strain) 7
A1alAIN3s Williamson-Hall waguuineuniaiilaainnalin FE-SEM auan1igiitdlunis
duasien

Samples Williamson-Hall Method FE-SEM
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Reaction Reaction Crystalline 4 Average particle size

temperature  time (hours) size (nm) (x 107) (nm)
(°O)
precursor - 119.4 1.8 3.7+ 1.5pum
700 3 114.7 2.2 385.5 + 120.4
800 3 56.9 3.2 873+ 14.2
900 3 55.6 33 775+ 25
900 6 55.0 3.4 822+ 32
900 8 60.8 3.1 84.8 + 4.1
900 12 67.3 2.9 1358 + 17.5
900 24 69.5 2.6 140.6 + 11.5
900 a8 73.9 2.5 155.3 + 45.1
900 72 75.2 2.3 2055 +65.0
= 1800 <
=
£
]
‘N 1000 =
7y
Q2
2
=
]
o
@
(o))
©
S
Q
> / E A
< e (W e Optimum size achieving
70 1 | | I I I I I | I IIII | I I I 1
-1 01 2 3 4 5 6 7 8 9 30 40 50 60 70 80

Reaction Time (hours)

sUT 4.12 uansruduiiudseninsdnuasmedagineiweseyma BaTiOs fiszoziian 10 Ui
feszozinan 72 Halug
414 asAnundudwavesslinveanionasldiifidoniaiamauignd Taseadrandn uas
ANYUENINTUFIUINGIVININAN BaTiOs NEINTEUIUNITNITAAVUINBYNIARIY
FBnstansouiufindasine
TusAddniaginsfnudndnaveswiavonndenaslsdiifsonisifnima
U3avs Tnseadandn uazdnuasmedng i vesnsdn BaTios HdNsanuuIneyMAHIUMS
fansoudioinde dsazvinsdunsevilasidsuvinveunderdu leidounaslsd (Nacy
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Inunadennastsn (KCU) wazinasnausenindamsunaslsawazlnwnadounaslss (NaCl + KCU)
Trnan1sidesesalddl

4141  nsfnwravessiiaveunienaslsdiidenmaiamauiguiuasiaseadandn dae
wadian1siisuuuidiond vamandn BaTiO; HENITUIUNIINTANTLIABYATA
#aedsnnsianseuiiufindasinde

gﬂﬁ 4.13 (a) uay (b) LLE’WNETJLL‘U‘Uﬂ’liLgﬁl’JLUu%J\‘i?ILaﬂGZ?GUENNQNﬁﬂ BaTiOs el
nszuruMsianfeuiiuinveseumadeindelufivunaslsduazindenansewirdlufunaslss
warlnunadounaolsd audidy nanisiinseinui fennswisudendeludeunaslnnie
inFonaslusnandufmngautu lidwaronsAamauiavsvosnndn BaTios Aiduaseild

Tesuuvunmsiisnvuisdionddléiomn aonndosiugluvunisdenvuisdionduenandn

BaTIOs Tl Huasdediu uaraonadesiuguuuunsdnuuisdiondues BaTio, fillassadauuy

WAsElNUea 31NTayauInIgIu JCPDS vianeay 03-0699

NaCl salt (a)
900°C

i

=

SR
S
é\ J' A A 800°C
2 \ A

2
= 700°C

BaTiO, precursor

(200)
@11

W
%@AAM
gz

20 30 40 50 60 70 80

SUN 4.13 (a) kanaguluuNIsagRULSIALeNGURININEN BaTiOs NAIHIUNTEUIUNITAANTOU
WuiveseuMAGLnGoleRuNAaslsANgumgl 700-900°C
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NaCl + KCl salt (b)

N

LJAJ+L£

BaTiO, precursor

Intensity (a.u.)

20 30 40 50 60 70 ' 80
2-theta (degrees)

<2

1 4.13 (b) wansgULuuNISaENVUTIFDNGUDININEN BaTiOs NAINIUNTEUIUAITAANTOUY
a v = ' = I3 = ¢ a o
wiveteuMALInderausEnilfeunaslsdLaslnuvadsnnaelsangumgil 700-900°C

=

4.1.42  nsAnwnavasviinvanfanaslinnlidenisiiawauignsualaseaiiamansae
WALATINIY VOSRIKEN BaTiOs MEINTLUIUNITNITANYUIABYNIARILATNISNA
NIBUNURIAIBINGD

91n3U7 4.14 (a) kag (b) FauanaguluuaanTuTIIUYDIHINGN BaTiOs a4
Y ] & a v = a sl a o o @
nszuIuNIsinnTaunurmenielefeunaslsaNiaamgll 700-900°C LagnaINTEUIUNITAN
] & a v = ' a I3 = 5 a ° '
nseuUNURIMmeINGeNausenitlufeunaalsdwaslnuvadeunaslsngamgll 700-900°C WU
awansusununlaainindensassviinlinadenadesiudaennaesivaisusenau BaTio; Nl
lassasrudumaselnuea Jawanisnsiadadlaanmaiasuiuiaenndssiunanlaainns
avdnmemalian1sidenuussdiond dulu Jeaguladn nmsvinssuiunisindenasumailagly
indesaviaiu llddamasdonslaundaunauiansuaslaseadandnvenangn BaTios
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[4,TO)] [B,. A(TOHLO)]
X NaCl

—~ | 1mo.zaon

= \

&

2

w2

£ o
& 800°C
=

=

<

= ;
o‘_g‘ 700°C

BT (um) precursor

e B F B m e E e ESEL AN E m e e m
100 200 300 400 500 600 700 800 900 1000

g o NaCl+KCl

E. [4,(TO)]

!

[4,(T0), Z0L0)]
14, ELO)]

~ 900°C
5 f
&
=
&
2
=
s
Z
= 700°C
5
[
BT (xm) precursor

-——

100 200 300 400 500 600 700 800 900 1000
; -1

Raman Shift (cm ™)

SUN 4.14 uanegUuuuaansusuuYesenin BaTiOs naenszuiunisinnsauiiuianiginge
lainsunaslsnnagamall 700-900°C (a) wasinderauseninluisunaslsnwaglnunadounaslsn
Migaumnail 700-900°C (b)

4.1.43  n1sAnwINaVRIBlavaIndanaslIanlidaanwasNIedugIUINEIAI8NaBg
ganssABIannTauLUUEaINTIA (SEM) U8%0un1A BaTiOs WHINIEUILNIINTAA
YUINBUNIARIETINITAANTDUNURIABINGD

AMENY SEM fagufl 4.15 (a) uag (b) Wansdnuwaen1adug AN Y0 aNIKNEN
BaTiO; daiasngwiigaimail 700°C Wuran 3 $alus nudnssdniiiunsansuineyniaseinde
lofsunaslsfuavinfonausynitaundeleisunaslsduaslnunadeunaslsduansliiiuniy
LANFsYDsd YL NIdug VI a9 datau Tngayn1a BaTiOs MH1UNTEUIUNITARYLA
aumamenslfindenausenirluiounaslsduasinunadounaslsd dvunoymadnnitedi
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un Tneflvmeymalagiadeinifu 89.3 + 14 nm luvagnsldindenaslsdifissyiinielay|#
DUMPEININAN BaTiOs Aifluunalvgind Fswuhilvuaadeiiu 3855 + 120.4 nm visiloa
Humszamnvesgavasumaveanienaslsdfld dundelufennaslsdiiganasuinadogi
801°C lusaurfinFelnunaidounnolsdiiyavasumaiogi 600°C Maduiilovinderisansiinn
nanfuludnsduiimngavasililngungiveoumanenndeanasain 801°C feu 13
LﬁmmswaaumawaaLﬂé‘a%aLi‘]uwmzﬁ’]é’iﬂuﬂﬁﬁﬂﬁlﬁ@Ug’jﬁ'%a'm'ﬁaiaaﬁu%nmﬁuﬁaé’uﬁa A
wgannsafntuldfigumgisias Juduanvglinisldindenauseninsleidounaolsduas
Tnunadennaslsatuszansamlunsanvunneynavesnssdn BaTios ldunnniuasigamgd
NI

EMRSc CMU. SEI 16.0kv X60.000 100nm WD 15.2mm

&
- s R
e N e

EMRSc CMU. g 16.0kV X60.000 100nm WD 12.9mm

=

U 4.15 (a) Mweng SEM v830un1A BaTiOs N1UNTEUIUNITAATLIABUAIAMEITN1TANTEU

NuRmendelgiReuaaalss (NaCl) way (b) argindanauseninalameunaslsa (NaCl) way
Tnunadeuraslsn (KC) iruaamall 700°C 1luszeziian 3 9alus
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4.2 WNANNSANEINITANVUIARINANLULSBMLYasTALUR (BaZrOs)

421 n1sasredeulaseadnawdndlemaianisiaeuuyesiediing (X-ray diffraction;
XRD)
wasaninsduasizinandniuissuwesiaunlaisuiisedauzveuisaudnisi

NanAnLULsBalgaslaa luTinduindenaslsa wazinlunsiaaeulaseastawan sauluis

mnaaummu%qw%aammﬁmLLUL’%&JNL%%‘L@]Lumﬁ'ﬁwiﬂLmi"mﬁumﬁaﬂaalﬁmﬁluqmmﬁﬁma@m

aaa <

AuSsumeuiunandnuuissugeslalundaseilaanisujisenan1usseuds sewmain

= a

M3deruureesdiand efnwnavesgamgisevunnveswandnuuiieuwesiaun aurfny

NALNNITAAVUIANINANLULS 8BS LALURLABNTS I TNADARD LA

* Monoclinic ZrO2
JL 1200°C
% | % l
, I\ i ~
3 1000°C
[3+]
~ A A A
=
% k 900°C
1 P N S JL A
- N l 800°C
=) = fm Precursor
= .. 8 3 s
2 U N
_.i._,JL A A
20 30 40 50 60 70

2-Theta (degrees)
JUN 4.16 UanagULuuNISae UL SIASn 90 sena N U BLLED S LALURTDIA SRR ULALNINEN
LuSsailawmTin U TN uINAenaslsaniaamgil 800 900 1000 wag 1200 °C

Wuran 4 s

= & = IE-S 1 =2 = s o v oA
NFUN 4.16 JULUUNITEEUUUTIEONG VD ININANLULTE UL YR SlALUAYB AN THIAUT
daumsziivy WerhlwSeuleuiudeyauinsgiu ICDD nuewa 06-0399 Jadudeyaunsgu

= PRy o ¢ . P ¥ P I3
voshuisEagaslaun Nillassarauuuinesenalngd (Perovskite) uazillassaiandnuwuugnuaes

a1 a

(Cubic) fifuaniignisnilmes a=b=c Wity 4.1930 A waziinquuToll (Space group) A Pm3m

¥ o =2

WU NAF1AYNINUATLARTULUIA AN DINULAT NINANLULTI LY O SLALUANAILATIZ UL

[
[ Y

lassasamanuuugnuien lnguansiiad Ay ianun 6 d1umni fisyunu (100) (110) (111) (200)

o

(211) hag (220) ANUAIFU LHDUNHINANLULSHULYDS LALUATNNIUNISIH1TIUAULNADAaD LSAN
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gamdl 800 900 uaz 1000 °C uan 4 Falus lUhmsasaeuiemaiansidenuuressed
Bnd nuindledsuulaeumgilunissssdnuuisoueslaiunduivindenaslss suuy
miLgmLuu%’qﬁLé‘ﬂsﬁmaammﬁmwL’%‘&Jmszjaﬁmumﬁmumumﬁ'mﬁ’uLﬂﬁaﬂaaliﬁﬁqmmﬁ 800
900 waz 1000 °C \Juvian 4 $alus fifind 1y 6 fin WwRsatuiunmdnuuiseueeslaiund
Fuaszainy inuirvennauvandaeuiintunazldifinnisdousiumis (Shift) vasiin faudnd
Tugudi 4.15 FeamnsadusuldilaseawosssdnuuiSenmeslawaiiniunisimsuiuinge
aaslsAigamndl 800 900 waz 1000 °C 1Jurian 4 lus Sansiilassadamdndulassarauuy
gnunen udlethuandnuuiFoaeeslausdiiunsnimiuindenaslsafigumai 1200 °C 1Ju

9 Y

a1 4 s Wesaraeumemnalinnsidenunvessadond nausingingueuunsidenuussd

a

Onduoimandniuisugeslawnfiiun s uIndenaslsaigungll 1200 °C 1Uwan 4

Y

(% Y L3

FlusuUisuwdadll iwesannuiirvewauvanUasy 3 in uanssiedyansal aanduns (%)
FapvosawlanUasuintuduwaveagesladeulaoanled (2r0,) Allassadsmdnduwuy
luluadiin (Monoclinic) uanainiifanunsideusiunisvesfiniigamail 1200 °C LNATUAILARS
lusun 4.15 Beaeprdasiunsmenurainauluneusiu inuiinveaawlanUaou i gaumgil
1 1200 °C TnginanvanUasutna1Uaiwanon 15180 uA LMD NANIHE NLULS BN LYo STALUG
' < v = = = Y =2 = -
9619l 31MUATIAT K ANV HINANKUIT U9 SLALUAYEIAN SHINULAL HIHANLULS B TR SLALLAT
HIunIsITIniundenaslsdigumgd 800 900 uaz 1000 °C 1Uuwian 4 Falustulaiinng
WasuwUas uideiiasuwdasfierininudy (ntensity) vesiia lagainguil 4.15 dunauiuld
9ETALIUINAIANUTU VD ININAN W UL B BD S L AUAYD AN TASAUTLT RGN I HIHEN LU B S
TAAfIHIUNSWTAY InFeaaalsd wimMANILTNTaIiAINNINENKULS LD TIALATHIUNTS
wnmfundenastsd igamgll 800 900 waz 1000 °C 1Wuian 4 Falus TAanaanuaisu 819
nanlainAmANuduYesiafianatiy Weawnannsidaamgilunsmananiuiseuwesialug
' Y - e a X
Swuinfenaslsaiiiuy
v v & -4 = = °
Mndeyailianguiuunsidenvuiididndvesrananiuisegoslaug a1u1saf1uIu
Auaniiensdnes (a b uay o) lnenisiwnauanisnisfivesiluluauansnisaiuanen

wansnineivedlassaawaniuUgNuIAn faunsi 4.5

1

1
il Ol S b @5)

G hkl Ao sruunmsdvuvuseddng ﬁﬂiﬂﬂaiugﬂLLUUﬂﬂiLgEJ’JLuu
abc A ANuEMYBAY a b way ¢ lulasadawan sasenINALan-AYnIS)
Anes
d  AD  STELUINTEUINTTUIY
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wanndandeyanlaaingusuunisideanuussdidnduoinmdnwuiiouwosiaiug
ANUNT0AUIUIUIANENAIINENNITVR YD $L503 (Scherrer's equation) ASANATTT 2.2 T19AU B9

LAASNANTITAUIULARINNSI9N 4.3

M9efl 4.3 uansruaniismsiinesuazruandnuesdniuidosweslaunvesasieiuuas
wendnuuSsuweslauniiunsinismiuindenaslsdfigumgiiuandaiy 10y
nan 4 lus TaeiSuiiisuauaniismsfinesfidnaldiudeyaunsgu (COD
nueLaY 06-0399)

wanigwIsimes (A)

aamiifild .ﬁ
T ANEN (nm)
Tun1swn (°C) a=b=c
ARy 4.1941 113.2
800 4.1943 77.6
900 4.1942 67.3
1000 4.1909 49.5
1200 4.1922 172.6
ICDD 06-0399 4.1930

Pnuadwanfislivesiarnandniimwnlianuiuunsaenuussdiondue g
HANLUSEULEDSLALLRYBIEIAIFULAZHINENWULSBUwRsIAWATIHIUNISIHN SR LN GonaalsaTl
a ! LY [ Y [ d' ' ! a a s o 14
gauiuandeiu Wua 4 Filus dswandunisei 4.3 wuiduaniie wislmesiduinla
IndiAgaiuiuALanfignsiiinesveedoyau1nsgu ICDD vunglay 06-0399 uananiaiuan
frnslmesnauinlavessndnuuissuweslaunduasziaeisUfisaa Uz veulslas
HaNANLUS e slAUnNEUNTIT iU Fenaslsiigamall 800 900 way 1000 °C 1luwaan
4 Flus dalndiAesdiunin Fausuenlaimandniuisenigaslaunidinsisinlgisufisen
< =2 = A ! LY A s a

A0TUYVRIMTIALHINANLUISBNRSALURTHIUN TS UINAoraalsafiaamgll 800 900 way
1000 °C laiinnisivdsuuwdadlaseadne lnedsnsiilassasanuumesonalndniilassasimdnuuy
anuian uaganlassadenbiivasunuastuandiiuimandnuuLsoueslaLumn ANIuN 1546
Jwfduinfenaslsalidilessuvenndonaslsd (Na® K" CU) trldununlulassadiamdnuuy

aaa

ANUIAR WATNUIVUIARANVDININANLUS BRI IALLATIALAT 12 E3TU NS0 s e T
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uazHIHANUUS e slalumTkun s ImAuInAeraslsATigamgTl 800 900 uaz 1000 °C 1y
a4 %"ﬂmﬁmmmLé‘ﬂaﬂmmé’ﬁwaaqmwgﬁﬁlﬂumiLm Fevavendennudundniianasves
HNANWULS B35 LALUA uaﬂmﬂﬁgmwumiL?}u&JaLuu%fﬁLSﬂ%‘TummﬁﬂLLUL%famjaﬁmumaamﬁ
fauuaznamdnuuiFougeslauniihunamsuiunderaslsdfigumaiuandstu Huoe 4
Fluatu evihms3suifisuauaniisnisfwesfiduniunuiseves AAimable wazaae
[21] FivhnsdaasziiuidougeslaunfenszuILnsIeALseu (Hydrothermal) Tnanisi
ansdsduantrin Ao wesladloueondlunsmeneslamsauazuuionlensenlodluvinnisty
wiss Ereaeinsmanlessuruifiondunans suurs wasmnigamgl 900 °C WWuiian 2
Flua TnoAuanfismnsiimoiainaAdetiviiiy 4.1983 A uaglndifestuanuiseves Thitirat
Charoonsuk wazam [14] FevinnsdaasiviuuBeumeslaundeialaluadl Tnenstanss
Fudesria fo uwuSsuraslselalawsauaziwoslaousondaaslssunauiy vinistunmuiy
nan 20 Wit Teausanilsdndidunan 3 Wit Jusissauinnisanazneu d1edetiusean
looau puwsiigamndl 80 °C Teruanfinsifimesiildanemiafeduintu 4.1800 A uenainil
Tuanu3dgves H. Padma Kumar wazamy [49] LaYiNn15&9iAs1eiluls ouLgaslalunmag
NSTUILN TV URB e TneanssaduillunsdauasesiuuSoumaslaum wisuainnsed
p3nfifdndruveuuizenlossunaziweslaioulossusglumsazaty uazidunsalusiniduduas
U anduihansuauiaaaluiinislianufouiigumgl 250 °C lasAuanfisnisdinesi
Aoy 4.1940 A Faannslsudisunidseiammaiinanunludnediu wuii
Auandisnisimeslulasinuiieeil Sanuaenadostufunuideilaiandiouiiouimue
¥ldmsuinnszuaunisidentdlulasenufivewt aunsaduasieiuudoumedlaunld way

1Asaas9vasnULssgaslawaliinswdsuwlausagnale
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s Slggs s ¢ g
g R/l ds, 2 SE s
] | . T
" L N A A 12hr
~
s: __)\.._ 3 hr
o) A \ 2 hr
—’ . ‘
? . A A 60 min
E N A A 30 min
-
e N ) “A_‘ h A 10 min
. l A A 5 min
. J A \ 3 min
g S = S = & precursor
= = ~ (j‘“_L - A
|| ] ] )
20 30 50 60 70

40
2-Theta (degrees)

JUT 4.17 UsUUNsEenuussddnduesnandnuuissusaslaunve @ SR ULaEHINE NLUIS Y
waslaunfiiunsIsmiundenaslsigamaliaadl 1000 °C 1Wuaan 3 5 10 15 30

60 W7 2 3 12 24 waz 48 Flag

lun1sAIuANaAnINSIRINEN LU BRas AR W AUINGoAaalIA g T AL
1000 °C waziUdguwlaaiarluniski Ae 3 510 15 30 60 WI¥ 2 3 12 24 uag 48 Hilus Live
=2 ] = a I3 9 =i ]
ANYINAYRIIAHBYUIAVDININANLULT B SlALUA Auanslugui 4.17 wudl JUkuunIs
& = I =2 = a ] 1Y) = &l a A
WeuusddnduesmmdneussugesialuninIuN s undenaslsanaungiag 1000
°C \Jwian 35 10 15 30 60 w1l 2 3 waw 12 Hlus WedluwSeuifisuiunamdniuiseuieesia
LUATDIANIHIAULAL TOLALIATEI ICDD MHeBaY 06-0399 Julludoyaunsgiuveuuiiunees

lawun Nlassasrawvunesenalng wasilassairwdnwuugnuian da1uanfisnisndnes

I £% [%
[ Y = &Y

a=b=c \i1iu 4.1930 A wagiinguuigiiAe Pm3m wuirfiaddgyianuaiilinuiuiianing
denndediulasiIndnLUTsuweslauaNIUN TSI UG onaalsaigumgiaf 1000 °C

Huaa1 3 5 10 15 30 60 W7t 2 3 wag 12 $alus
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[
[ Y

flassasamdnuuugnuiad Tnsuansiiadfyyianun 6 fwmis Aszunu (100) (110) (111) (200)
(211) wag (220) AuaIRU suslinufinvewlauanUasuintunasliiinnisideusumises
fin agalsfinulassasendnvosmendnuuSsueslauaiiiiunmswisuiuindenas lsddune
3510 15 30 60 U7l 2 3 uay 12 FlushilsiAnnsiasundamwesssunuiia uiasiuasuulas
ABAIAINULTNYBINA Imamﬂgﬂﬁ 4.17 Funaiulaog1atmauinAANUL TN UBIHINANLULS B
L%aﬂﬂLum%aﬂﬁﬂigﬂﬁuﬁuﬁﬁﬁ@ﬂﬂjﬂwﬂwﬁﬂLL‘UL%‘EJEJL“ljaﬁﬂLumﬁﬁ\i’luﬂWiLwﬂfﬁuﬁULﬂaaﬂaaliﬁ el
AruLvesiinanraanwUS suweslawaTiH U underaslsimduian 3 5 10 15
30 60 W7 2 wag 3 Falug dAnanatmudIeu lunensstuduAANLLTLTD IR A INNIKED
wuSsgaslaundiniunswnsmsundenaslsdfunan 12 $lus ﬁﬁhqﬁu anananleiaad
Tlunsmendnuuisugesiaunsudundenaslsdiinaserauduvesiinog difod @i
nanlunswmsndnuuSsuwesTaunsuiundonaslss 3 5 10 15 30 60 uft 2 uaz 3 Halus
TngAauduresfinanaiieldinalunisnrmdnuuiSonwodlaunsusuinienaslsaunuiu
et nLuS s-woslAlUATIHIUNSIHS R UInAonaslsaTiian 24 way 48 Halu U
AsIvEeUMBIATANSIATIL UL ELENT waﬂsﬁﬂg’ngﬂLmeiLgmLuu%’qﬁLSﬂsﬁmmmmﬁﬂ
LS sueslauniiunsimisufuindenaslsdiinat 2¢ uas 48 $alusturdsundasly
Hosannufinvessiantantasy dsiinveanaulandasuiintuidumays sy sua$usiun
(BaCO») waztwasiaaulnoanlys (Zr0,)
mndeyaildnnguuuunsisnvuiididnduommanuuiFomgesiaun annsafuin
Auanfignnsfiees (a b uar o) lnenisiwaAanfivnsfivesdulunugasnisiuimen
waniiynsniliwesvedlasaasimdneuugnuinan FaaunIs 4.5 uaﬂﬂﬂﬂﬁﬂﬂﬂﬁagaﬁlﬁﬁlﬂﬂgﬂLL‘U‘U
M3LagNULSIEEndre maNENLUE e slALA 811150 AN IRRAR IR NANNN SR ILeS

1505 AIAUNITN 2.2 WARINANITAIUIILIAINITIN 4.4
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M990 4.4 LaAIAILARTITNITHRD TLAY VU ANANYDINIHAN UL TD T ALUAYRIAN TAIAULAY
HIHFNWULS BN aTlAATNIUNSWITAUINGoRa e lsATigaumgias 1000 °C Tu
nauand1eiy lagilSeuiisuauaniisnisnimesndnalanudeyauinsgiu

(ICDD suneLaY 06-0399)

il wanfign1sines

1 YUIARAN (NmM)
UNTILANT °

a=b=c (A)

ansmasy 4.1941 113.2
3 U9 4.1941 90.5
5 Y19 4.1953 90.4
10 W9 4.1996 91.8
15 w9l 4.1938 81.6
30 W 4.1804 79.9
60 W 4.1752 73.3
2 s 4.1734 72.8
3 Flag 4.1737 60.6
12 F7lag 4.1931 74.7
24 4l 4.1957 80.6
48 4l 4.1999 82.2

ICDD No.06-0399 4.1930

NAITNN 4.4 WU ALERTNINITITLADTNAILIULAUDININANLULS BB S LA UAUDIANT
o v =3 = & A ' ) - & a °
AIAULATHINANLULS B SLAWATHIUN TSN ULING aRaabsagumngll 1000 °C Tuiian
wanseiudarlnaiagatuiuawaniisnisilinesvestoyaunigu ICDD nunelay 06-0399
wanniawanfisnsfiwesnauinliveiandniuissuigesiaunidinsenmeIsu e
ADULVDILTIAZNINENULULS B RSl AL UATHIUN S SA U D AaslsAdwIan 3 5 10 15 30
60 U 2 way 3 Talad delnaAseiunin wandl AN A NwULS s DS LAl UATIAULASIZ oY

ad aaa 4 = = A ] Y] a ¢
jﬁﬂaﬂiﬁqﬁﬂqugsﬂaﬂwﬂﬂLLaSNQNaﬂLL‘ULiEJﬂJLeﬁaﬁﬂLUGW]N']UﬂqﬁLNqﬁ'JlIﬂ‘ULﬂﬂaﬂﬂf’ﬂﬁﬂLUunaq 35
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10 15 30 60 W1l 2 wag 3 s WiiAamaUAsunladlasang nednaillassaiauuuinesers
lndfiflassairssdnuuugnuind nanldinaildlifinaselasiairsndnvesnsndnuuibouimesla
e uannifmuiunsdnvemendnuuiiesiveslaundiduaszifieiTuiisenanius
vosudanazrandnuuiFoneslaniiunsmnsmiuindenaslsdidunan 3510 15 30 60
udt 2 uar 3 Faluety Sewadnasmudifureanardllunismn Fevsvenisanudundnd
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Bpm ' Electran Image 1

Ir Spectrum 1

Element_1 Weight% Atomic%
CK 8.98 29.30
OK 18.55 45.41
ZrL 32.10 13.78
BalL 40.36 11.51
Totals 100.00
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YIS INNTEAUTUNAU 3d WeSeuliisudeyaiuauide 2 nuidy wudteyaiaiy

A9APADINU 1A891UIT8Yad Tian-Nan Ye wazane [53] F9911n15ANwINTEAUNaIudailen
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Youusu nafiladeamdsnudaudsivesudenlosouviatu 7789 uay 794.5 Bidnasou
Tad warsuidea09 V. V. Atuchin wazany [54] F9vn1sanwfiszsundsaudamiiorves
wuiseuloosuituiy nafildfea mdsuiamisivesuiSonlosowsindu 779.3 uay 794.5
didnnseulaad andeyailiannnsnsnnaousemaiadndsdlnlndidnnseu ainlasalad
anunsananlénanuzeandinduvete neuveswuideulossuvesndnuuissugesTaun i u
eI miuindenaslsafigamgil 1000 °C Wuwan 4 $lus lsiAnnsiAsuuasiiusnmiui

WIoLUS UL g UNUNIHNANLULS 81LY DS LALLAYDIESHIAU

~— 71 180.69 ¢V

7t 182.60 eV

- Zr"'179.81 eV

7r 18232 eV,

o BaZrO, nanosize
Q
BaZrO, precursor
T T T T T T T T T T T
186 184 182 180 178 176 174
Binding energy (eV)

JUN 4.27 XPS alnasuved Zr 3d vesmandnuuiseagesiauniiiunsisiuiuindenaslsai

gamail 1000 °C Wunian 4 Falue wWisuileuiunamdnuuisugeslaunresansesu

¥ a < L4 a @ =l = = 6"
INN15ATIFBUMENALALDNTLSIININBLANATEUALUNIATALATVBININANLULS BLLYDS LA

o v e = A \ ) A &l a °
LUATDIANTAINULATNINAN LU BLLER S LALUATIH UM TSN UINGoAae LsATigangl 1000 °C
et 4 9alus dawandlugun 4.27 wud nendniuiseueesiauniiiunsiisiuiuinienas

Lsdigaumall 1000 °C tUutaan 4 Halue ARNAUTINGNUIIUNURIIILA 2 RALTUFEITURINGN

9 Y

LULS 8L Y03 LALUAYRIATTAAU LagUsingiialiseaunasudniniled 180.69 wag 182.60

<

dianmsauliad aduszaunadsnudamievengesiadeulosouy (2% Zr") waziduiinvossn

(%
v [

woslAlauNTAUTUNS U 3d IWeLUTeUNBUAUIIUITET0 Sanghoon Ji Wagaady [55] &4
yMNsEnuIRsERUNSIUEateIvaeasiael wanlareA NS UlauteIvaYaslAL Tt
lopuilAvindu 180.85 waz181.92 diannsauliad wuindelnatdesnu luunns1sdusenadl
HodAy S lndAeiUuIdeuee A, Barrera uagAg [56] G9vin15ANEINTEAUNSIUDA
~ & ~ W A va \ ) P ~ ~ VW
Witleveaaasletdourunu nanlansandsuisrieltveayesiafdeulseauiniu 181.17
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way 183.46 didnesouliad %Wﬂﬁﬁayjaﬁlﬁmﬂﬂ’lim’i’maauéj’JﬁlLﬂ/lﬂﬁﬂL‘Sﬂ%L’iEﬁWT@@LSﬂGﬁ@HﬁLUﬂ
Insalal @1unsananilananugeandiadureserneuvoaaesialioulooouve HIHANLUS oY
woslauafiiiunissuiuindenaslsafiguug 1000°C 1duian 4 Falua ldifnnig
WasuulasiiusnaiuinsieSsudisufunamEn wuSsuwedlaumuesansaady Jiaonndoety
nanwadaEndiss- Wladdnaseu awnlnsaladveseznovesuiionloosuiinailitiediu

faduandeyailldannissaaeudemaiadndsd Iledidnnsou anlnsalad &
uamsluguil 4.26 uazguil 4.27 anansanamldhassdnuuBengeslawaiiinunsnimiuinge
aaslsAigamdl 1000 °C Wunan 4 lus liiAanisiAsunUasanugeandiaduuiinniiuiia
waztsveniliiinnisidsunlasdndvessananuuiFoeeslauniiiunanfasianrneg G
wa@nd b ANIINTINIRENRULS RS lalnSiuLn deraslsa ldiinatuaaursonBinduas
oxneuvaLUSelosauazwodlaiisyloosuusnaiuiy JwdenadasiunNaanadniagIsy
519 (Energy dispersive x-ray spectrometer; EDS) é'fmamlugﬂﬁ 4.6 FvhnUSEULTUNeHEn
wudsumaslaunvesansifulasnananuUS oo laaitunswsufuindonas lsAd
gaum il 1000 °C Hunan 4 $lus Tnsnannmaiaiianeisiuandndiuszninesinuuise
YoansnAnLUsLwe SlaATesEsRsT LA AN BB SlAATIRIUN SN TR UINABRaD

LsAigaungll 1000 °C WWuian 4 Fluadilndifesiiu

4.3 M3anvuavaIINanLUEElnuaieleBiann3nl3a1snena (BT-BZ-CT)
4.3.1 n1sasradaulaseddrandnftemaianisidediuuvessedidnd (Xray
diffraction; XRD)
°o & = a = a
NNAFSTIUNITANVUINDUNIARINENKULTBLBSLALA AU S ININENLULS BB STA
] Y = ¢ =X & an = oV i & ao A 1w v - |y v
wesfundenastsa uduisnisiiarunsailaieuazduisnisilidudeu Wesanludedd
4 = sl v O v J= o Yo I3
guUnsalianizniegunsalndisnmiung fsumergiiadiunyssendldivaisusenaveanlys
a v A o v 1% a £ Y o a =~ ad a vy Y
\Wedouiiinnududauvedlasiasiauingsdu taun wuseulnniun- Weledidanninliansnzia
Fanasaninisdanszinaaniudeu usiiieledidnn3nliasnenilaeisuiisenanus
o = ° =2 = =~ a & a vy Y ] Y = &
YaIudasunsumndnwusen luaieledidnnintiaisns Aalumnswiuindenaalsd i
gamaiiuansiu launfaamall 800 850 900 war 950 °C Wunian 4 Hilus wagtilunsiaaey
lassadrandn suludsmseaeuanuuiandvessnanuussnlmmusiisledidnninlfarsnzs i
ilumnswiuinfenaslsalugaumginuandesdudiouiisuiunandniuisoulnniunielsd

'
1Y

ansntiansnsnindaunsiedilaannisufisenaniuzaeudanemaianisaeuuresssdiond

'
a1

\efinwavetgamginsevuinvesmndnuussulnnuaieledidinninliasnena
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2 950°C
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é, 900°C

= 0

st 1 0 .
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e 800°C
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o e
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20(degrees)

JUN 4.28 uwaniguiuunisideauuididnduemandneudenlnnunieledidnvinldasaeia

S v = = ~ ad a vy O A ' 9 44 sl
YoeAIAULaEHIHANKUS sl lnmuaigleBianvinlSansneminrunsinTuiuindenaslsan
a9 800 850 900 waw950 °C tHukian 4 alus

P —~ !
- — (=2
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! 950°C : 950°C
oy i
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2
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[y |

nsduaTzinandnsusulnmunieledidnvsnliansesMldiinisidendadou
0.87BaTi0-0.13BaZrOs-CaTiOs losaniidndrudsnaniiuansautifiolsd dnvinfindanly
31378999 Manoon Sutapun wazauy [57] lnadndau 0.87BaTiOs-0.13BaZrOs—CaTiOs Land
lassadrsmannaniusgninglassasiunnsglnuoa (Tetragonal) wazlaseasrssonludnsea
(Rhombohedral) mﬂgﬂﬁ 4.28 gﬂLLU'UmiLﬁymLuu%’ﬁLé‘ﬂ%maqmmﬁﬂLLUL‘%EJalem MIEISTRIC

v

lann3nldansnenvetasiedunduasizriu weurliSeuleuiuanul 98999 Manoon

v ' Yy v
v v a a = o A

Sutapun tagame [57] wuandiadAgyyiareilinTutuiaiudenrassiunayrsnanuuisedlnm

o

Y
62 IS

weieladlannsnlaisnzMnduasizriuilaseasrananiusesnindassasrunnselnuoaiay

o
[ Y

laseas1esouludnseoa TauLanINAd AL YIINNA 12 AWK 192u7U (100) (110) (111) (002)
(200) (210) (211) (220) (300) (301) (310) waz (311) arua1au egrelsAnunuirdinveuna
wlanUasuvesuuisaua1susiun (BaCOs) tindu athrendnuuiSeulnmuaiieledidnninls
ansnzmikIumMsswiuindenaslsaiigamgl 800 850 900 waz 950 °C Wuwian 4 Falus T
° v a & Y- ] dll a A
MNIATIRARUMEMALANISIALWULYRIENS NausIngd WawdsuuUasgamgilunisiun
= a ~ a a vy & Y] 2 s & v A&
HanAniuSedlnmua-ieledidnninliansaeiisiuduinienaslsd suluunsiaeuusedand
= a =~ a & a Yy & A ] ) a s a
YorandnkusBL-lnnuaigledidnninliansnenindunisnsuiuinienasls Ngaumgil
800 850 900 wax950 °C \Huian 4 Falus AfimdAy 12 fie Wwuiefuiuaswaniuiseulnm
a a a yy O Ao X | I = a = a & a o
weanielg-BianninlsarsnzMiduasizvu aglsiaunsmansuiienlmiusielesianninls
a1s-nziafiunIssudundenaslsdiioumgll 950 °C \waan 4 alus wufinvela
wlanUasuveaweslaisulaeanlas (2r0,) 1AnTu wenandlinunisidousimils (Shift) vasiia
Aanandluguil 4.28 Mian1svenegluuunisideauusiddndfissuiu (111) way (200) vile
N1TundenIsideudunievesiia naflaauisadudulainlassadisvessnaniuisonlniv
waieleBianysnliansnemiiiunsiniswiundeaaslsifigamall 800 850 900 uay 950 °C
I o [ = 12 = [ 12 (% J 2/
Wuan 4 9alus Jemsiilassasiandnidulassasanannussninglasigsng wasslnusanay
lpssadaseuludasea atlonmeunulainnelulassadsvesmsdnwudonlmmuniieledidany
nlfarsnznitulifiezneunlandasulagidnuiununnislulassasievosnsnaniuisoulnm
a a & a yy Y 1 & & v & ¢ = =
waiieleBidnnintfansnen eglsfinmuaingluuumsidenuy Saddndveanandnuuiseuly
wuaielgdianninliansaym nuhaernuduvesintduanas JalaadliiuiuuaNanIoImwa

= = = a & a Yy U a <
NaﬂLLULiEJiJI‘VlL‘VlLUC‘]LWEJI"?]@Laﬂ%iﬂiﬁaqimgﬂ?ﬂlﬁﬂaﬂ

4.3.2 nM3nsIvdaudugIuIvet laendasganssAaudidnasauwuudadnsa (Scanning
electron microscope; SEM)

salunintiuiiosnnlassuiirwiuszavanududalunsansuinaisussnavoenles
Betou wuiSsuwelawslnonsliindonaslss duuiddihasusznovsenladiifiaududeu

11034 suldunnutssulnmuaiisladidnnsnlsaisneniuiaswinnisanvuinssndanaslsa
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Wiy nmagainndeganssatdidnaseunuudesnsinvasuuiBenlnimundiisleBianyinlians
pei Tuguil 4.30 Adaasesildanisufisenanuzvosuisuazihlunsmiuindenaslsnd
gl 800 850 WA900 °C LHuan 4 Falus sy naftldnudoumaisiuneufiasgniily
wfuindenaslsdiu Suwafllngluseaulalasuns Feuinoymaadsvoseynefeiusiiy
272.83 + 108.71 lailasiuns wudeynatuidnuasnignguiu udilothluensutunienas

136 Ngaumnd 800 °C punafivwaiiinas esanvuwineynaaienlituuanaagn 2.01 +

0.77 lulasiuas wiillethuUIeuisuiunisinsiuduindeioumgll 850 °C aziiuladng

D

a

gaungil 850 °C aymadivwafiinas uasilvueilndifestuinniumnifisutuoymeiigumagi
800 °C lngwuinoymaadswiniu 1.98 + 0.70 lulasuns dawluniswnfigungifigdu m i
gaumgdl 900 °C wuinazidunsinfigamgifigaiuly synavesuiSeslnmundielsdidnnin
¥ansngianmnusdruveseymaindudnuas Suduriouwisen dennieuiunavesnis
nsndeulassadamdndemaiianinideivudsdindasdiuléi figumgd 900 °C dufnula
wanUaeuvesuuFeumsvaiunuaseesiaidelaeenlsdiintuioyulidnvasvosoyma
fiuuissnqduorafueyninvesesdusznovtesansuuiisuniivoiunuiowesladoula
oonlud TailTsanunsoagldigamgildlunsansuanuSenlnmunfielsdidnninl $as

aefafunzauiian Aemswisiuiuindenaslsafigamgil 850 °C Wuian 4 Halus

JUN 4.30 LARINIMAIEIINNERIRaNTIAUBLENATEURUUADINTINTBtBMALULS L LIWLUALTEY

aaa <

ladianninliansnemilaainnisn3suaiedsuiisenanuzrewds waziviinswnswiungs

a

Aaslsagaumiuansneiu lawn nswniigamgil 800 850 wag 900 °C Tukian 4 il
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unil 5
dsunan1sAiuau

1INA15ANYINITARTUIRBUNIAAITUSENBURaNlEAgataudulaLa wuiSey lnnium
(BaTiOs) wuiseaiwasialun (BaZrOs) wazansusenaveanlunmidedauluisedlniniun-uuiseuiwes
TeLun-unaLdouigeslaiun (BaTiOs-BazZrOs-CaTiOs; BT-BZ-CT) Failuianifieledidnvninlsans
pzit Ingvinnsueseuansietaesilniieiuifssanurveds Metimsediedie fe
N3EUUNSE0ERUAUAD (surface-active etching method) Tagyimsiasuulasgaumnilunis
wnanshasuniuindenaslsd Wemanmemngaslumsliindioymeavuinseduuuuns
videlulasunsvngen TavanunsoagUnaldrai
5.1 nsanvuakuEEdlimug (BaTios)
nszvIuNIBesuiuRafsindenselsiiuansaanoymaLUEBL LRI TUA
Tngszaululasiums (> 5 um) asnegluszduunlumnsiigamgll 900°C (Huian 3 $alus Tned
YUINBYAIALRABLNAY 775 + 2.5 nm Tagliifin1sudsuutasdadiussduse nouniaai
(psAUszNOUMAIATISEWIN BaTi fanawiniu 1:1) wazanusaldsudnuwaizsusisveseynailsl
annsaszygUaiueuld 1usynaifdnvarndifsmsnansufsdininsznesvosun
uargUIIsUeIeyAE A aNe Tageyna BaTios fnaniasuanslassainandnidunuuin
nszlnusadadulasiairedffiuansauifinloslsdidnviniigamyiives
5.2 N13aAVUALUSBNYRSIALLA (BaZrOs)
nssvuMstesruiuiadeindensslsdiiuansoanoynmanuiSeuseslaumanaun
Tngiszaulalasiuns (> 2 um) asnegluszdulilasiunsvunngon igamail 1000°C 1uan 3
Hilus Inefivuneynaadewiniu 167.87 = 22.96 nm Iaglifinsasuidasdndimesdlseney
maall (eadUsznoumaaiisening Ba:zr Sanavitiu 1:1) uavanunsaasudnuwarsusiwes
oymafiliannsaszysuiaiueuld WusymeiifldnuarlndiAsmsanaudiiinisnszaedives
yuauazgUsveseynaegsaiane Inseynia Bazro; fananuandlassaiiandniunuy
Aln newflonsvaouandinisuamuitannsadmnamuaundanuliviniu 4.96 ev
5.3 n15anuInda15UseEnaulaseas1adedaunursauinniun (BaTiOs-BazZrOs-CaTiOs;
BT-BZ-CT)
nszUIuMsEesruiuRsndenaslsriuannsnaneynakSeugeslanIN IR
Tngjszavlalasiuns (> 5 um) asneglusziululasunsvuinden fgumgil 850°C Wunan 3
#lus Tnefivuineynadewindu 198 + 7.0 nm uazannsadsudnuuzsusisweseynailil
annsaszysUiamiueuld Wusymaniidnuaslndifsmssnandifinisnszanefvessuinuas

sUs19vetayMARg1eaLaLe
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This study investigated the possibility of using calcium carbonate (CaCOs) from chicken eggshell biowaste as a
starting material for synthesizing calcium niobate (CaNb,O¢) powder through the conventional solid-state reaction.
Phase formation of calcium niobate was studied as a function of calcination conditions by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy and Raman spectroscopy. The X-ray fluorescence results showed that the
chicken eggshell contained more than 96-0% of calcium carbonate by weight. The structural characteristics of the
calcium carbonate and calcium niobate powder were quantitatively evaluated by Rietveld refinement method from
the XRD data. Rietveld refinement results verified that the eggshell powder exhibited a rhombohedral calcite
(calcium carbonate) structure with lattice parameters a = b = 49812 + 0-00059 A (1A = 0-1nm) and ¢ = 17-0342 =
0-00292 A with & = ¥ = 90° and £ = 120°. Furthermore, the single phase of calcium niobate corresponded to the
orthorhombic structure for space group Pbcn(60) obtained after the calcination process. The non-isothermal kinetic of
calcium niobate was investigated by the Ozawa methods. Activated energy calculated using Ozawa methods was
1168 + 29 k) mol~". Also, there was no significant difference in dielectric properties between calcium niobate ceramic
using chicken eggshell waste as a starting material and calcium niobate ceramic using analytical-reagent-grade
calcium carbonate. This study showed that calcium carbonate from chicken eggshell biowaste is an alternative
starting material for synthesizing microwave dielectric calcium niobate ceramic.

Notation

A pre-exponential factor: min~"

a unit lengths along crystallographic x axis
b unit lengths along crystallographic y axis
c unit lengths along crystallographic z axis
E activation energy: kJ/mol
R

ideal gas constant (8-314 J/(mol K))

Rops observed R factor

R, profile R factor

Rup weighted profile R factor

tan 6 loss tangent

14 volume of unit cell (A%; 1A® = 0:001 nm?)

Yecalculatea  Calculated intensity profile

Yonservea  Observed intensity profile

o extent of conversion

B heating rate

Y angle between the basis vectors a and b
& dielectric constant

x goodness of fit

1. Introduction

Chicken eggshell is a by-product in food processing and
manufacturing plants and has been considered as natural waste.'
Several tons of eggshells are sent to landfills daily without further
processing. Accordingly, it is economical to apply eggshell
biowaste for converting biomaterial into commercial products and
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increasing its value. Eggshell represents 10% of the overall weight
of a hen egg.? It contains more than 94% by weight of calcium
carbonate (CaCOj;) in the form of calcite. Other components
reportedly consist of magnesium carbonate, calcium phosphate and
organic matter at 1, 1 and 4%, respectively." As eggshell is high in
nutrients such as calcium (Ca), magnesium and phosphorus,” it can
be reused for fertilizers, for soil conditioners or as an additive for
animal feed.? Previous research works have reported many attempts
at applying eggshell for different applications. It was used for
adsorbing heavy metal ions such as copper (Cu), chromium (Cr),
silver (Ag) and zinc (Zn) from solution*® and removing dry
effluents.”'® Also, eggshell can be used as a filler for polymer
composites,'' a source of calcium for synthesizing hydroxyapatite'>
and a catalyst for biodiesel production.'?

Calcium niobate (CaNb,Og) is used in mobile communication
systems as a microwave dielectric resonator. It can be prepared
through the conventional solid-state reaction method using
calcium carbonate and niobium pentoxide (Nb,Os) with high
purity. However, based on the authors’ knowledge, the use of
calcium carbonate from chicken eggshell biowaste has not been
reported as a precursor for synthesizing calcium niobate. This
paper presents the potential of using calcium carbonate from
chicken eggshell biowaste as a precursor for synthesizing calcium
niobate powder by the conventional solid-state reaction. The
aim of using chicken eggshell biowaste is to realize its potential
for replacing commercial calcium carbonate.

2. Materials and methods

2.1 Raw materials and characterization

Chicken eggshell biowaste was collected from the food canteen of
King Mongkut’s Institute of Technology Ladkrabang. It was then
washed with hot water and dried at 100°C overnight in an oven.
The dried chicken eggshell was crushed using a mortar, and ball-
milled for 24 h with ethyl alcohol. After drying, the chemical
composition of chicken eggshell powder was examined through
X-ray fluorescence (XRF) spectroscopy (SRS 3400, Bruker AG).
The structure was characterized by X-ray diffraction (XRD)
(X’Pert MPD, Philips) and determined in the range 26 = 10-120°.
The pattern peaks resulting from the XRD were refined by the
Rietveld method using the Jana2006 program.'*'>  The
morphology of eggshell was examined by scanning electron
microscopy (SEM) (JSM-6335F, Jeol).

2.2 Preparation of powder

The calcium niobate powder was synthesized by the solid-state
reaction method. The eggshell powder was mixed with niobium
pentoxide (Joint Committee on Powder Diffraction Standards
(JCPDS) file number 37-1468) (commercial grade, with 99-9%
purity, Aldrich), in a conventional ball mill for 18h with ethyl
alcohol. The mixing molar ratio of calcium carbonate/niobium
pentoxide was calculated according to the equation CaCOs(s) +
Nb,Os(s) — CaNbyOg(s) + CO,(g). After milling, the mixture was
dried at 100°C overnight in an oven. The thermal behavior of the

mixed powder was examined by thermogravimetric analysis (TGA)
(Pyris 1, PerkinElmer) at a heating rate of 10°C/min between room
temperature and 900°C in air, in order to find the temperature range
for calcination. Next, the mixed powder was put into an alumina
crucible and calcined in various conditions, in which the temperature
varied between 600 and 1200°C and the soaking time between 15
and 240min, with a heating/cooling rate of 10°C/min. The
synthesized powder was characterized by Fourier transform infrared
(FTIR) spectroscopy (Spectrum GX spectrometer, PerkinElmer),
Raman spectroscopy (DXR smart Raman, Thermo Scientific) and
XRD (X’Pert MPD, Philips) and determined in the ranges
400-4000 cm ™", 100-1000 cm " and 26 = 10-70°, respectively, in
order to identify the phases formed and optimum calcination for
forming calcium niobate powder. Powder morphology and particle
sizes were examined by SEM (JSM-6335F, Jeol).

2.3 Sintering and characterization

In order to prepare the ceramics, the calcium niobate powder was
ground by a mortar with 5wt% poly(vinyl alcohol) as a binder.
Then, the powder was uniaxially pressed into 10 mm dia. pellets. The
sintering was performed in an electric furnace at 1100°C for 4 h, with
a heating/cooling rate of 5°C/min. The sintered pellets were polished
to obtain flat and parallel surfaces. Silverplate (Heraeus, C1000) was
used as electrodes for dielectric measurements by firing at 750°C for
20 min. The dielectric properties were measured by a programmable
furnace with an LCR (inductance, capacitance and resistance)
analyzer (Hewlett-Packard Inc., HP-4284) and determined at 1, 10
and 100 kHz, with temperatures varying between 100 and 250°C.

3. Results and discussion

3.1 Raw materials and characterization

The chicken eggshell mainly consisted of calcium carbonate.
When using calcium carbonate as a starting material for calcium
source synthesis, its chemical composition was investigated by
XRF spectroscopy. From this result, the chicken eggshell showed
that calcium in the form of calcium carbonate was the most
abundant component, representing more than 96 wt%. Other
oxides in the eggshell, such as magnesium oxide (MgO), iron (III)
oxide (Fe,03), copper (II) oxide (CuO), phosphorus pentoxide
(P,0s), sulfur trioxide (SO3), potassium oxide (K,0) and sodium
oxide (Na,O), were reported in only small amounts of less than
3-7% of the total composition. The Rietveld refinement of XRD
data on eggshell powder and eggshell morphology is shown in
Figures 1(a) and 1(b). The fitting result of diffraction peaks
matched the model peaks with goodness of fit = 1-16. The refined
parameters were determined as a rhombohedral structure with
lattice parameters @ = b = 4-9812 + 0-00059 A (1A = 0-1 nm) and
c=17-0342 £ 000292 A with o = y= 90° and 8 = 120°, which
were in agreement with the accepted structure of calcite calcium
carbonate in the literature.'”” SEM micrographs of the chicken
eggshell waste used in this study are shown in Figures 1(c)-1(e).
Figure 1(c) shows the cross-section of an eggshell from the inner
side (top of the image) to the outer side (bottom of the image); the
calcite crystal is covered by a layer of the eggshell membrane
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Figure 1. (a) Rietveld refinements of the XRD patterns of eggshell powder; (b) eggshell waste; SEM images of (c) the cross-section of
eggshell, (d) the inside surface of eggshell membrane and (e) the outer surface of eggshell

with a calcite column about 325-350 um thick. The layer of the
eggshell membrane has a total layer thickness of about 5075 um.
Figure 1(d) shows a mesh of fiber made of organic materials such
as collagen protein. Figure 1(e) presents the outer surface of the
shell, with a rough texture and small pores scattered over it. This
result shows that eggshell waste is an interesting source of
highly pure calcium carbonate for use as a starting material in
synthesizing electroceramics, which requires high purity.

3.2 Effect of heating temperature

The thermal behavior of eggshell waste and niobium pentoxide
was investigated by TGA and measured at a heating rate of
10°C/min from room temperature to 900°C in air, as shown in

Figure 2. The TGA curve shows a slight weight loss in the
temperature range 200—400°C and a weight loss of around 11%
at the temperature range 550-720°C; the overall weight loss of
the mixture was about 14%. The first weight loss was due to the
removal of an organic compound inside the chicken eggshell
waste.'® The second one was due to the decomposition of calcium
carbonate substance that occurred in the form of calcium oxide
(CaO) and carbon dioxide (CO,),'"® and corresponded to the
reaction CaCO3(s)l§'>tCaO(s) + CO,(g)."® Temperatures from
these results ranged from 600 to 1200°C and were selected for
calcination, as well as the study of heat treatment effect on phase
formation and powder mixture calcined in air, using a heating/
cooling rate of 10°C/min for 4 h at various temperatures.
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Figure 2. TGA analysis of the powder mixture precursor before
calcium niobate calcination

Figure 3 shows the FTIR spectra of calcium niobate measured at
room temperature and the temperature and wave number ranges
600-1200°C and 4004000 cm', respectively, before and after
calcination. The infrared (IR) band for the uncalcined precursor was
observed at 1417 cm '
stretching vibration mode,
the eggshell precursor. The carbonate band was decreased
significantly with increasing calcination temperature, and it
disappeared completely at 800°C, which was related to the previous
TGA result, in that the calcium carbonate substrate in the calcined

, due to the carbonate (COs>") anion

1920 which was related to carbonate in

powder vanished. Furthermore, absorption bands at the low wave
1

number of 900 cm = presented a Nb—O bond, with two peaks at
478 and 566 cm™ ' corresponding to the O-Nb-O bending vibration
mode,*" while absorption bands at 661 and 742 cm ' with a peak at

852cm ' corresponded to internal stretching of the NbOg
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Figure 3. FTIR spectra of calcium niobate powder before and after
calcination at 600-1200°C for 4 h

octahedra'® and Nb-O stretching vibrations,”® respectively. This
observation could be described as an estimated calcium niobate
phase formation temperature of above 800°C.

Figure 4 shows the vibrational analysis results from the Raman
spectrum, which presents calcium niobate powder before and after
calcination at a temperature and a wave number range of
600-1200°C and 100-1000 cm ', respectively. The spectra of the
uncalcined and calcined powder were similar at 600°C, with the
vibration mode relating to Nb=0O terminal asymmetric and symmetric
stretching at 900 and 990 cm ',*' respectively. Vibration modes at
around 650 and 100-320cm ' were related to Nb-O bridge
stretching® and O-Nb-O bending vibrations, respectively.>'** With
increasing calcination temperature, the Raman spectrum showed a
high-intensity peak at 905 cm ', which corresponded to the stretching
vibration mode of the NbOj octahedra,? and the two bands at around
537 and 848 cm ' corresponded to Nb-O stretching vibrations.>> The
Nb-O and O-Nb-O stretching vibration bands appeared in the ranges
of 500-850 and 100-450 cm ', respectively.?'**** The results from
Raman spectra agree well with the previous FTIR result.

The XRD pattern of calcium niobate powder, with a corresponding
JCPDS pattern before and after 4h of calcination at various
temperatures, is illustrated in Figure 5. The diffraction pattern of the
uncalcined powder and that of powder calcined at 600°C presented
only the peaks of the calcium carbonate and niobium pentoxide
precursor that matched JCPDS file numbers 85-1108 and 37-1468,
respectively. No evidence of the calcium niobate phase was found, in
that results supported no reaction from ball-milling or low calcination
temperature. As the calcination temperature increased to 700°C, low
intensity of the calcium niobate phase formed, accompanied by
calcium carbonate and niobium pentoxide as separate phases. This
result corresponded well with those derived from previous TGA,
FTIR and Raman results. Then, when increasing the calcination
temperature to 800-900°C, the intensity of the calcium niobate peaks
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Figure 4. Raman spectra of calcium niobate powder before and
after calcination at 600-1200°C for 4 h
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Figure 5. The XRD pattern of calcium niobate powder before and
after calcination at 600-1200°C for 4 h

increased further. The pure phase of calcium niobate was obtained
clearly when calcined at 1000°C, and the XRD pattern matched the
calcium niobate JCPDS file number 71-2406. The precursor phases
of calcium carbonate and niobium pentoxide did not occur
completely. Calcination at a higher temperature between 1100 and
1200°C slightly increased the intensity of all the calcium niobate
peaks, which indicated that calcium niobate has good crystallinity
with a pure columbite phase.

3.3 Effect of soaking time
Apart from the temperature of calcination, the effect of soaking time
was highly significant (Figures 6-8). Figure 6 shows the FTIR spectra
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Figure 6. FTIR spectra of calcium niobate powder before and after
calcination at 1000°C for 15-240 min
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Figure 7. Raman spectra of calcium niobate powder before and
after calcination at 1000°C for 15-240 min

of calcium niobate powder before and after calcination at 1000°C,
with a soaking time ranging from 15 to 240 min and a wave number
range of 400-4000 cm '. The IR band for the uncalcined precursor
was observed at 1417 cm ', due to the carbonate anion stretching
vibration mode,'**® which was related to carbonate in the eggshell
precursor. The carbonate band disappeared after being calcined at
1000°C for 15min, in accordance with the vanishing calcium
carbonate substrate in the calcined powder. Furthermore, at a low
wave number of 900 cm !, the absorption bands presented a Nb-O
bond of two peaks at 478 and 566 cm ', This corresponded to the
vibration mode of O-Nb-O bending,m while bands at 661 and
742 cm ! corresponded to internal stretching of the NbOg octahedra,'
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Figure 8. The XRD pattern of calcium niobate powder before and
after calcination at 1000°C for 15-240 min
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and a peak at 852 cm ' corresponded to the vibration mode of Nb-O
stretching. The FTIR result showed that the single-phase calcium
niobate was formed completely after 240 min at 1000°C.

Figure 7 presents the Raman spectrum of calcium niobate powder
before and after calcination at 1000°C for 15-240 min in the
range 100-1000 cm '. The spectra of the uncalcined powder show
a vibration mode at 900 and 990 cm ™!, related to Nb=0 terminal
asymmetric and symmetric stretching,®' respectively. Vibration
modes related to Nb—O bridge stretching®' and O-Nb—-O bending
vibrations were observed at around 650 and 100-320cm ',
respectively.>'> The Raman spectrum showed a high-intensity
peak at 905 cm ' after calcination at 1000°C for 15 min, which
corresponded to the stretching vibration mode of the NbOg
octahedra,” and two bands corresponding to the vibration mode
of Nb-O stretching were observed at around 537 and 848 cm ">
The bands of Nb—O stretching and O—Nb—O bending appeared in
the range 500-850 and 100-450 cm ', respectively.”'**** The
result of Raman spectra shows that the calcium niobate phase was

311)
)

< =
N QA m | esseesee
L0 ) Yobserved

--------- Y,

calculated

--------- Y,

observed ~

Y,

calculated

R I O O

mmm Bragg peaks

112 114 116 118 120

Intensity: arbitrary units
=

[ I 1YL W e T T A

™1

I

20:°
(a)

T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80 90 100 110 120 130 140 « O

formed in powder after calcination at 1000°C for 240 min, which
compares well with the previous FTIR result.

The XRD pattern of the calcium niobate powder before and after
calcination at 1000°C for 15-240 min, and the corresponding JCPDS
pattern, is shown in Figure 8. The diffraction pattern of the
uncalcined powder showed only the calcium carbonate peak and
niobium pentoxide precursor. The calcium niobate phase was formed
after calcination at 1000°C for 15min, and this observation agrees
well with those derived from previous FTIR and Raman results.
Subsequently, when the soaking time of calcination was increased to
240 min, the pure phase of calcium niobate was obtained without an
unwanted phase, the XRD pattern matched the calcium niobate
JCPDS file number 71-2406 and the precursor phases of calcium
carbonate and niobium pentoxide disappeared completely.

3.4 Structure and morphology
The structure of the calcium niobate powder calcined at 1200°C
was refined by the Rietveld method in the XRD data by using the

903

oo

Figure 9. (a) Rietveld refinements of the XRD patterns of calcium niobate powder after calcination at 1200°C; (b) the unit cell of calcium niobate

Table 1. Rietveld refinement data of calcium niobate powder after calcination at 1200°C in this study and the literature

de Almeida

Pullar?® Di et al.?’

Uit st Silva et al.®

Singh and

Mahai
et al.3®

Ravi and

24
Cho et al. Navale3'

Bajpai®® Cho et al.?®

Crystal

structure
Space Pbcn(60) — Pbcn(60) Pbcn
group
a A 14-9556(6) 14-9608 14-9260 14-9921
b: A 5-7507(2) 5-7401 57520 5-7529
c A 5-2152(2) 52174 5-2040 5-2180
v: A3 448-5(2) 448-0550 44679 —
Rops: % 411 2:92 — —
Ro: % 548 7-32 — —
Rup: % 7-67 9.95 — —
7 1-39 — — —

Note: 1A = 0-1nm

Orthorhombic  Orthorhombic  Orthorhombic  Orthorhombic  Orthorhombic  Orthorhombic - Orthorhombic  Orthorhombic - Orthorhombic

— — — Pbcn —
14-9897 14-976 14918 14-807 15-023(1)
5-7720 5-749 5-752 5727 5-71(5)
5-2375 5-224 5211 5-239 5-24(2)
— 44977 447-14 — —
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Figure 10. SEM images of the calcium niobate powder calcined at
(a) 900°C for 4 h and (b) 1200°C for 4 h
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Jana2006 program.'* Powder pattern fitting is shown in Figure 9(a).
All of the calcium niobate diffraction peaks matched very well with
the model peaks. Information on the structure and quality of
refinement data prepared in previous studies”*>' is presented in
Table 1. The refined parameters were determined as a type of
columbite orthorhombic structure (space group Pbhcn) with lattice
parameters a = 14-9556 + 0-00064 A, b = 5-7507 + 0-00025 A and
c = 52152 £ 0-:00020 A, with o = y= B = 90°, which was in
agreement with the accepted structure of calcium niobate in the
literature.>*' Figure 9(b) presents the unit cell of calcium niobate.
Both the calcium (Ca*") and niobium (V) (Nb>") cations are at the
octahedral center surrounded by six oxygen atoms. CaOg and NbOg
octahedra form zigzag chains along the ¢ axis by edge-sharing
oxygen atoms and a CaOs—NbOgNbOs—CaO4 array is formed
along the a axis by corner-sharing oxygen atoms, which show the
CaNbNbCaNbND layered structure. The coordinate of three oxygen
atoms is Ol bridging two calcium atoms and one niobium (Nb)
atom, O2 bridging two calcium atoms and two niobium atoms and
O3 bridging three niobium atoms.

The development of morphology between different calcination
conditions was investigated by SEM. Micrographs of the calcium
niobate powder calcined at 1000 and 1200°C for 4 h are shown in
Figures 10(a) and 10(b), respectively. The calcium niobate powder
was found to be polygon shaped on the micrometer scale. Slightly
uniform particles were present in the calcium niobate powder
calcined at 900°C. On the other hand, an irregular morphology of
large particles appeared in the powder calcined at 1200°C. No
pyrochlore or other phases were found, which indicated that the
powder was homogeneous. The powder calcined at 1200°C showed
two different particle sizes (small and large) with a polygon shape.
The particle size at 1200°C (Figure 10(b)) is larger than that at
900°C (Figure 10(a)). The average particle size and standard
deviation of the calcium niobate powder calcined at 900 and
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Figure 11. (a) TGA curves from the thermal decomposition of powder mixture at heating rates of 10, 20, 30 and 40 K/min; (b) Ozawa
plots for the decomposition process of powder mixture at four heating rates in various conversions (o = 0-1-0-9)
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1200°C could be estimated from the micrographs and were found
to be 1-14 £ 0-25 and 2-78 £+ 0-63 pm, respectively. The average
particle size of the calcined powder tended to increase when the
calcination temperature was increased.

Activation energy is a kinetic factor calculated from the
thermogravimetric (TG) curve by using a varied heating rate,

according to the following equation presented by Ozawa®>>*
0-00484FE E
nf=In——-——-1-0516—
g(a)R RT

where E is the activation energy (kJ/mol), 4 is the pre-exponential
factor (min "), R is the ideal gas constant (8-:314 J/(mol K)) and f3 is
the heating rate. The results of four TG curves (Figure 11(a)) were in
the decomposition range and were used to determine « (extent of
conversion;, o = (m; — m)/(m; — myg), where m;, m; and my are the
initial, current and final sample masses, respectively, at moment )
from experiments at various heating rates (= 10, 20, 30, 40 K/min).
Straight lines for plotting the curve In B against 1/7 (Figure 11(b))
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Figure 12. Dielectric constant and loss tangent of calcium niobate
sintered at 1100°C for 4 h

were fitted to experimental data by regression analysis, and the slope
of any straight line was then obtained to estimate £. Thus, the
activation energy was obtained as 1168 + 29 kJ/mol.

3.5 Dielectric properties

Figure 12 shows the temperature plotted against dielectric
constant (&) and tangent (tan 0) loss of calcium niobate ceramic
sintered at 1200°C for 4h at various frequencies (1, 10 and
100 kHz) as well as measured temperatures between 100 and
250°C. As the temperature increased, the & and tan § values of
calcium niobate showed slight independence from frequency and
temperature. The dielectric constant and loss from 1 to 100 kHz
have values of around 12-9-14-1 and 0-006—0-035, respectively.
The dielectric constant of calcium niobate in this study is close to
those in previous research works®®**>? as shown in Table 2.

4. Conclusion

Calcium niobate powder was synthesized by a conventional solid-
state reaction method, which used calcium carbonate from chicken
eggshell waste as a starting material. The particle size and phase
formation of calcium niobate were related to the conditions of
calcination, which are temperature and soaking time. Activated
energy calculated through the Ozawa method was 1168 +
29kJ/mol. This study suggested that calcium carbonate from
chicken eggshell waste is an alternative starting material for
synthesizing calcium niobate powder.
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We report the effect of the charge compensation on the electronic transport and optical properties
of CeO, co-doped with donor, Nb, and acceptor, Y, ions. As expected, the concentration of Ce’ "
decreases with an increase in the Y content in Ceg 99> Nbg 00g Y O,, where 0 <x <0.008. More
importantly, random electric fields generated by the Y ions bring additional disorder into the
system. As a result, the high-temperature activation energy of conductivity increases significantly
from 189 to 430 meV. A similar energy shift in the optical absorption peak centered at 1.3—-1.5eV
is attributed to an increase in the energy gap separating the localized f-electrons from the empty Ce
4f band. The results underline the paramount importance of the disorder-induced Anderson locali-
zation of the f-electrons in ceria. Published by AIP Publishing. https://doi.org/10.1063/1.5022386

I. INTRODUCTION

Pure cerium dioxide (CeO,) or ceria is a fluorite struc-
tured insulator with an optical bandgap of around 3.2eV.
When doped with acceptor ions, such as Ca2+, Y? -, Sm3+,
and Gd’" substituting for Ce*", it shows high oxygen con-
ductivity. The acceptors are compensated by oxygen vacan-
cies whose diffusion barrier is relatively low (~0.6-0.7 eV).!
This makes acceptor-doped ceria a good oxygen electrolyte
for intermediate-temperature solid oxide fuel cells.” Another
important property of ceria is a relative simplicity of uptake
and release of oxygen via the Ce*" — Ce’' redox cycle
which makes ceria an important catalyst to mitigate automo-
tive exhaust gases.”

According to Refs. 4-8, donor ions in ceria are compen-
sated by Ce’" and oxygen interstitials. Ceria doped with
donor ions or reduced at low P, shows temperature
activated electronic conductivity. Because of the relatively
narrow Ce 4f bandwidth, B ~ 1.4eV,’ the origin of the
f-electron localization in ceria has been attributed to the
small polaron (SP) effects, i.e., strong electron-phonon cou-
pling and the local lattice distortions around the Ce*" ion.'®
Another source of electron localization in ceria (i.e.,
Anderson localization) that comes into play as the 4f band-
width narrows down has been largely ignored. Very recently,
it was suggested that the Anderson localization due to
random potential, V, in the Nb- and Ta-doped ceria may be
of similar or even larger magnitude than that of the SP
effects.!!

The random potential in the range of —Vy <V < 4V
may originate from both the intentional (iso-)heterovalent
defects and accidental impurities. According to Anderson,'?
if the ratio Vy/B exceeds (Vo/B).,, ~ 2, the electron
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wavefunctions no longer extend as Bloch waves but rather
localize in space. Furthermore, as pointed out by Mott, even
for (Vo/B),,;, < 2, the extremities of the band will contain
localized states separated by the mobility edge, E.., from the
extended states.'> Most importantly, both SP and Anderson
localization will yield an exponential dependence of conduc-
tivity on temperature: g x exp(—E/kT), where E is the acti-
vation energy and k is the Boltzmann constant. As such, it is
not straightforward to distinguish between these two locali-
zation mechanisms.

In this contribution, we extend the work of Ref. 11 to
ceria co-doped with both donor (Nb) and acceptor (Y) ions.
We demonstrate that Y>" does not merely compensate for
the Nb>" charge but also brings additional disorder that
shifts the mobility edge to much higher energies. Therefore,
we emphasize the role of the random potential in the f-elec-
tron localization in ceria.

Il. MATERIALS AND METHODS

The target compositions of CegggrNbg gog YO, with
0 <x <0.008 were prepared by a solid state reaction method
from CeO, (99.99%, Kanto Chemicals, Japan), Nb,Os
(99.99%, Creac, USA), and Y,03 (99.99%, Wako, Japan)
precursors. The ceramics were prepared by a similar process
to that described in detail in Ref. 11. The phase purity was
examined by powder X-ray diffraction, PXRD (Miniflex600,
Rigaku, Japan), with a CuK, X-ray source. Lattice parame-
ters were obtained from Le Bail refinement of the PXRD
pattern using JANA2006.'* LaBs powder was used as the
internal standard. The Ce’" concentration was calculated
from the fit to magnetic susceptibility measured at 5000 Oe
using a Magnetic Property Measurement System (MPMS-
XL, Quantum Design, USA). The electrical conductivity was
extracted from the complex impedance (Z*) data measured
in the 2-360K range. Diffuse reflectance spectra were

Published by AIP Publishing.
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recorded in the spectral range of 220-2000nm using a
JASCO V-570 spectrophotometer equipped with an integrat-
ing sphere detector.

lll. RESULTS AND DISCUSSION

The PXRD data (Fig. 1) show a single phase solid-
solution of Ceg 99> Nbg 00 Y O> with 0 <x < 0.008. The inset
in Fig. 1 indicates a shift of diffraction peaks to higher 20
attributed to a small decrease in the Ceg 99> Nbg 0oz Y (O unit
cell size as x increases from O to 0.008. A linear fit to the unit
cell dependence on x gives a(x) = 0.54113-0.04825x nm. This
is understood as the Ce>" ion with ionic radii of ;= 0.1143 nm
is replaced by the Y ion with r;,=0.1019 nm."

The concentration of Ce>" ions in Ceg .99 Nbp.0os Y 02
was determined by fitting the magnetic susceptibility with
the van Vleck equation [Eq. (2) in Ref. 11] which takes into
account the splitting of the Ce*" 6-fold degenerate °Fs /2
ground state multiplet by the ligand field.'® The fit to the
inverse magnetic susceptibility is shown in Fig. 2, and the x
[Y] dependence of the Cce*t concentration, ¢, is summarized
in Fig. 3. According to Fig. 3 at x =0, approximately half of
Nb>* jons are compensated by Ce* ", whereas the other half
are most likely compensated by oxygen interstitials.®’” The
decrease in the Ce®" count as x increases is attributed to the
charge compensation of Nb>* donors by Y** acceptor ions.

The impact of the [Nbg |+ Y] charge compensation
on the electron transport of Ceg 99> Nbg 00sY, O, is shown
in Fig. 4 where the electrical conductivity, o, is plotted as a
function of reciprocal temperature. The conductivity data of
several Y-free donor doped Ce;_.Nb.,O, ceramics with a
similar Ce*" concentration are also included for comparison.
All of the studied ceramics show typical Arrhenius type
behavior, o o< exp (—E/kT), with a change in the ¢(1/T) slope
at T ~ 135-170K for x[Y] <0.006 (Fig. 4). As such, the
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FIG. 1. Le Bail refinement of powder XRD data of Ce( 990Nbg 008 Y0.00202-
Experimental data are marked as + symbols, the fit is the red solid line, and
the vertical bars represent the expected Bragg reflection positions for CeO,
and LaBg. The difference between the experimental data and the fit is shown
at the bottom by a blue line. The inset shows the large angle diffraction of
Ceg.992Nbg 008 YO, with x =0.000-0.008.
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FIG. 2. Temperature dependence of the inverse magnetic susceptibility of
the Ceg 992 Nbp 00 Y. O2 samples with 0 <x <0.006. The red solid lines
are the fit of the magnetic susceptibility data to Eq. 2 in Ref. 11.

electron transport is characterized by the low- and high-T
activation energies abbreviated as Ey 1 and Eyr, respectively.

With an increase in the yttrium content, the transition
between the low-T and high-T modes slightly shifts to higher
temperatures and vanishes for x =0.006. The conductivity of
the x =0.008 ceramic was below the sensitivity limit of our
measurement setup. As expected, the conductivity decreases
with a decrease in the f-electron concentration and an
increase in the Y content. This is understood because both
the f-electron concentration and the number of the available
lattice sites for the f-electron hopping (1-[Ce3+]-[Nb5+]-
[Y3+]) decrease. More importantly, both the Eyr and Egyt
energies rise with an increase in x[Y] as detailed in Fig. 5.
This is in contrast with the behavior of the Y-free
Ce;_.Nb,O, ceramics with a similar f-electron count, whose
E; 1 and Eyr are shown by open symbols in Fig. 5. The latter
ceramics show a slight decrease (increase) in Ey 1 (Eyt) with
an increase in the Ce®" content. Unless significant disorder
effects are taken into account, one would expect a decrease
in the SP hopping activation energy as the crystal lattice of
Cepo9r_Nbg oY, O, contracts with an increase in x.
Therefore, an increase in the Eyr value from 180 to
430meV in Ceg.g9p_Nbg 003 Y O; is difficult to explain with
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FIG. 3. The x[Y] dependent concentration of Ce*>" (triangles) and the maxi-
mum of the optical absorbance coefficient [F(R)] (open circles) deter-
mined from the optical data reported in Fig. 6.
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FIG. 4. Electrical conductivity as a function of reciprocal temperature for
Cep.992-\Nbg0os YO,  with x=0.000-0.006 and Ce;_.Nb,O, with
z=10.0005, 0.004, and 0.008.

a standard SP model. Because of the strong disorder effects
caused by a random field, we argue that the vast majority of
the SPs in ceria are not itinerant but are bound to the defect
centers.

Our optical data offer further support for the disorder-
induced localization of the f-electrons in ceria. Following
Kubelka-Munk theory,17 the diffuse reflectance data were
converted to absorbance coefficient F(R )
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FIG. 5. The Ce*" dependence of the low-T (triangles) and high-T (circles)
activation energies of conductivity. The solid and open data symbols corre-
spond to Ceg 99> Nbp 00 Y07 and Ce; .Nb.O,, respectively. The lines are
guides to the eye. The inset shows the x [Y] dependence of Eyt and Eyt for
the Ceg 995 Nbg 003 Y O» ceramics.

J. Appl. Phys. 123, 165704 (2018)

undoped
~ ——0.000

—0.002 __15}

0.8} ——0.004 > 4
——0.005 =
——0.006 34 .
——0.008 w g

0.6} 1830

0.000 0002 0.004 0.006

x[Y]

FWHM = 1.43 £0.03 eV

©
»

Absorbance coefficient F(R
o
R

08 12 16 20 24 28 32
Energy (eV)

I
|

FIG. 6. Room temperature absorbance coefficient of undoped CeO, and
Cen.992,Nbp00g Y O,, where x=0.000-0.008. The inset shows the peak
energy, Emax, of the absorbance coefficient as a function of x.
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where R is the reflectance and o« and s are the absorption
and scattering coefficients, respectively. The F(R,,) for
Cep.992Nbg 00g YO, and undoped CeO, are shown in Fig. 6.
The yttrium dependence of the maximum of the broad
absorption peak centered at 1.3—1.5eV follows the similar
trend as the concentration of the Ce®" ions from magnetic
measurements as compared in Fig. 3. Thus, it is reasonable
to attribute the broad F(R.,) peak to the optical excitations
of the f-electrons.

In the past, the optical absorption peak in n-type ceria at
1.3-1.5eV was attributed to the photon-assisted hopping of the
small polarons.'® According to the SP optical absorption the-
ory,19 the optical absorption maximum occurs at Ep,x ~ 4E),
where Ej, is the SP hopping energy. In the itinerant non-
adiabatic SP limit, traditionally applied to ceria, E;, ~ Eyr. The
expected E,x dependence on Eyr is shown in Fig. 7 together
with the experimental results. It is obvious that the FE.x
= 4Fyr dependence predicted for the SP model (dashed line)
is far from the experimental data (solid circles). It is interesting
that the experimental results fit reasonably well to the empiri-
cal dependence of E.x = 1.1 4+ Egr (solid line in Fig. 7)
which underlines the linear (e.g., 1:1) increase in Ep,x with
Eyr. In other words, not only the experimental results are far
from the E,,x values expected from the SP model but also the
Enax vs. Eyr dependence does not follow the En.x = 4Ent
relation. The problem with the assignment of the 1.3—1.5eV
peak to the SP absorption in the Nb-doped CeO, was first
addressed in Ref. 11. Similar to Ref. 11, the optical absorption
peak energies, Enax, Of the Cepoggr NbpoogY,On ceramics
studied here are significantly different from the values pre-
dicted by the SP model (see Fig. 7).

Here, we propose an alternative interpretation of the
optical absorption peak in the n-type CeO,. While the peak
height follows closely the f-electron concentration (Fig. 3),
the peak position shows a very good correlation with the
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FIG. 7. Experimental energy of the absorbance peak maximum, Ea, versus
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Ce.992,Nb 00g Y O,. The dashed line is the expected Enax = 4EpT depen-
dence from the SP theory according to Ref. 19. The solid line is the fit to the
empirical Eyx = 1.1 + Exr dependence.

activation energy of electrical conductivity (Fig. 7). The
inset in Fig. 6 shows that as the yttrium content increases
from x=0 to 0.006, E..x shifts from 1.283 = 0.005 to
1.484 = 0.015eV. We find that for the x=0 and 0.006 end
members, AE,x &~ 201£15meV is in good agreement with
AEyr ~ 242*+10meV (inset in Fig. 5). Therefore, we attri-
bute the absorption peak in Fig. 6 to the photon-induced
delocalization of the f-electrons into the empty Ce 4f electron
band. According to the first-principles hybrid functional cal-
culations of CeO,, the Ce 4f bandwidth is 1.4 eV.? This is in
excellent agreement with the 1.43+0.03 eV full width at the
half maximum (FWHM) of the absorption peak in Fig. 6.

IV. CONCLUSIONS

In conclusion, while we cannot rule out the SP effects
completely, we demonstrate, based on the electrical conduc-
tivity and optical absorption data, that disorder plays a major
role in the f-electron localization in the real-case ceria. We

J. Appl. Phys. 123, 165704 (2018)

speculate that due to the disorder effects, the vast majority of
the small polarons in ceria are bound to the defect centers.
Their binding energy is closely related to the activation
energy of the conductivity as reflected in the electron trans-
port data of the Cepog9r_ Nbg s Y. O,. We further propose
that the optical absorption peak at 1.3—1.5eV with the
FWHM =1.43 +£0.03eV must be assigned to the Ce 4f
band. Further evidence of this assignment, including the
temperature-dependent optical absorption studies, will be
published in the future.
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A reasonable design of nanoscale ferroelectric ceramic fillers, with well-controlled shape and size, has become
very interesting in modern energy storage applications. A convenient “top-down” process was proposed to ob-
tain nanoparticle products of tetragonal barium titanate (BaTiO3) with highly accurate stoichiometry and mor-
phological control. The key point of this work emphasized that a micrometer-sized precursor decreases to
nanometer-sized product particles, and its irregular shape changes to nearly spherical with narrow size distribu-
tion. Both XRD and Raman results of BaTiO3; nanoparticles indicated a tetragonal crystal structure. The 77.5 +
2.5 nm sized BaTiO3; powder product still polarized spontaneously at room temperature and the ferroelectric
phase transition was confirmed at around 127 °C. Dielectric permittivity was found to be ~166.42 by
Landauer-Bruggeman effective medium approximation (LB-RMA). Experimental procedures revealed a possible
process mechanism observed within the etched surface and Oriented-attachment growth models, and this dem-
onstrated approach could be used as an excellent platform for preparing ceramic nanoparticles. It also could be
extended to synthesize complex oxide of functional materials for the preparation of other ceramic/polymer-
based nanocomposites that achieve desirable properties.
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1. Introduction

Barium titanate (BaTiOs) and its various doped derivatives have
attracted much attention and become the most valuable lead-free ferro-
electric material for a variety of industrial devices, such as multilayer ca-
pacitors, ferroelectric memories, thermistors, IR detectors, optical
modulators, etc. [1-3]. To date, the nanoscale of BaTiO3 has created in-
creasing interest for the design of high-k gate dielectric ceramic-
polymer nanocomposite films in flexible nanogenerators and flexible ca-
pacitors for energy storage applications [4-8]. The use of nanoscale filler
particles not only decreases the thickness of nanocomposite films, but
also improves high interfacial areas significantly, resulting in higher di-
electric response and breakdown strength [4-8]. In addition to small-
sized particles, the uniform shape and aggregate-free composites also
play a critical role in the performance of nanocomposites, because vari-
ous shapes and sizes usually lead to different interfacial polarization
[4-6]. Besides size and shape dependence, the properties of binary and
ternary complex oxides are highly sensitive to defects from non-
stoichiometry [4-6]. Therefore, highly accurate control of shape, size,
monodispersity and surface composition of nanoparticles, as filler for en-
ergy storage applications, is top priority in nanoscale synthesis.

“Bottom up” approaches via soft chemistry have been carried out in
the synthesis of fine BaTiO3; nanoparticles, including hydrothermal,
solvothermal, sol-gel, and co-precipitation methods. A well-defined
size and shape of BaTiO3 nanoparticles could be obtained from the direct
reaction of precursor ions through the hydrothermal method [9,10],
while the solvothermal technique can produce more uniform nanopar-
ticles, due to complex organic solvents preventing their agglomeration
[11-13]. The sol-gel process shows outstanding control of a very small
particle size (~10-50 nm) by using complex compound solution [14,
15]. Co-precipitation via oxalate [16] and citrates [17] can produce
BaTiOs at a lower temperature easier than other methods. Alternative
and modified techniques also were proposed such as sonochemical
[18], supercritical fluid [ 19], sol-gel hydrothermal [20], Sol-gel combus-
tion [21], microwave solvothermal [22], microwave-hydrothermal [23],
etc. Much excellent work has been carried out by soft chemistry, but it
usually requires the complicated step of experimental procedures,
which need a highly purified, expensive precursor and specific equip-
ment. It is too difficult to develop as a readily scalable method for syn-
thesizing binary and ternary oxides in a large industrial volume.
Notably, the most important problems caused via soft chemistry still
emanate as much from low crystallinity and tetragonality of BaTiO3
nanoproducts as decreased size, resulting in gradually decreasing spon-
taneous polarization and Te. In the case of high basic solution, problems
usually arise from hydroxylation incorporated in the oxygen sub-lattice,
which stabilizes in a metastable cubic phase with non-ferroelectric
properties [24,25]. The limitation of the chemical method motivates
the search for other processes that produce high performing BaTiO3
nanoparticles. These processes need to meet the industrial require-
ments based on geopolitical uncertainty, reproducibility, scarcity and
cost. A recent method allowed for highly desirable properties for
obtaining metals, metal sulfides, and even magnetic fine nanoparticles
by using a digestive ripening process [26-30], which involved refluxing
the poly-dispersed bulk precursor within the excess solution of complex
capping agents, such as hexadecylamine (HDA), tetraoctyl-ammonium
bromide (TOAB), hexadecyl-trimethyl-ammonium bromide (CTAB),
etc. During the reflux process at over the melting point of the capping
agent, larger particles were etched out as clusters, resulting in size re-
duction. These clusters were deposited simultaneously on another
smaller particle, which preferred to grow by Ostwald ripening or other
mechanisms in order to attain equilibrium of a specific size [26-30].
The final size and size distribution of nanoproducts are influenced main-
ly by the capping agent used [30]. To date, there has been no report on
perovskite oxides, for example, BaTiOs, BaZrOs or Ba(ZryTi;_x)O3 be-
cause no suitable capping agents could be found or the reflux tempera-
ture was too low for breaking the surface particles of these materials.

This work demonstrates a possible way of obtaining tetragonal
BaTiO3 nanoparticles from microscale to nanoscale conversion via a
convenient “top-down” process using NaCl salt. A simple process was
performed without destroying the stoichiometry or crystallinity of the
properties and crystal structure. The uniform shape and narrow-sized
distribution of nanoparticles could be achieved by controlling the reac-
tion temperature and time. The mechanism model of this process is pro-
posed and discussed. This research shows the advantage of scale-up
production, which does not require complex procedural steps, special
apparatus or a specific purified precursor.

2. Experimental procedure
2.1. Conversion of BaTiOs nanopowder

The BaTiOs precursor was prepared by the solid state reaction be-
tween barium carbonate (BaCO3) and titanium dioxide (TiO,) at a calci-
nation temperature of 1300 °C for 4 h. After calcination, the BaTiO3
precursor was ground together with sodium chloride (NaCl) salt in a
mortar at a weight ratio of 1:50 for 15 min. The NaCl salt of analytical
grade (99.5%) was used as a surface etching agent without further puri-
fication. The mixture was then placed in a covered alumina crucible. The
reaction was carried out at 700-900 °C for 3-72 h in air, with a heating/
cooling rate of about 5 °C/min. After furnace cooling to room tempera-
ture, the powder products were washed with hot de-ionized water
and filtered many times to confirm the complete removal of chloride
ion (Cl-) residue. The amount of Cl- residue was checked by testing
with 0.5 mol L™ ! AgNO; reagent; until the white precipitation of AgCl
disappeared. The powder products were dried at 90 °C overnight.

2.2. Characterization

The particle size and morphology of the powder products were de-
termined by field-emission scanning electron microscope (FE-SEM,
Hitachi 54700). An energy dispersive X-ray (EDX) analysis was used
to identify the Ba:Ti stoichiometric ratio. The lattice fringes and electron
diffraction patterns of the nanoparticles were observed by a transmis-
sion electron microscope (TEM; JEOL-JEM 2010, 80-200 kV). The
phase purity, crystalline size and lattice strain of the products were ex-
amined by powder X-ray diffraction (XRD) with CuKo radiation source
(Bruker D8 Advance diffractometer) in the 26 range from 20-80° at an
interval of 0.02°. The lattice parameters, atomic displacement, and de-
gree of tetragonality were studied using powder XRD patterns collected
on Rigaku, Miniflex600 in the 26 range from 20-140° with a 0.02° step
size. The BaTiOs crystal structure was refined by Rietveld analysis of
the XRD data, using the JANA2006 program [31]. The induced strain
arising from imperfect crystals was calculated by [32]:

€= Bhkl/4tan9 (1 )

where By represents the corrected peak width at half-maximum in-
tensity, as Ppy = [B?ui observed — B2 instrumental]'/?, and 6 is the
diffraction angle. The lattice strain was modified and rearranged by
Williamson and Hall in the following equation:

Phiacosd = (kN /Dxgrp) + 4€tand (2)

where \ is the X-ray wavelength (0.154 nm), and k the constant value
(0.89). The lattice strain was determined from the slope between the
linear plots of Bycos6 and 4tand, with the y-intercept used to calculate
the crystalline size (Dxgrp). Furthermore, Raman spectroscopy was used
as a complimentary technique to investigate and confirm the phase for-
mation and crystal structure of the powder products. The Raman spectra
were collected by a DXR Raman microscope, Thermo Scientific, from a
laser operating at 532 nm, 100 x objective and nominal 10 pm laser
spot size. In addition, differential scanning calorimetry (DSC; 2920 TA
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Instrument) was used to study the BaTiOs; phase transition. The DSC
curves were recorded at 50-200 °C with a scanning rate of 10 °C/min.
The dielectric measurements allowed determination of the phase tran-
sition temperature, relative permittivity value and dielectric loss. The
dielectric properties of nanopowder were shaped into a disk by cold iso-
static pressing, and measured as a function of temperature between 50
and 150 °C by an LCR analyzer (HP4284A, Hewlett-Packard, Palo Alto,
CA) in the 100 Hz-10 kHz frequency range, with a heating/cooling
rate of 2 °C/min.

3. Results and discussion
3.1. The mechanism model

This study used the mechanism model to convert the BaTiO3 micron-
sized precursor to nanoparticle products, as proposed with time depen-
dence. A simple schematic is illustrated in Fig. 1. It can be assumed that a
surface active etching by NaCl salt is an effective reaction for obtaining
desirable nanoparticles, such as controllable morphology, stoichiometry
and high crystallinity. At the early stage, the BaTiO3 (micron-sized) pre-
cursor was placed into the environment of excess sodium chloride salt.
Then, the sodium chloride salt melted completely when the reaction

temperature reached 801 °C. The molten salts acted as a surface etching
agent [33,34]. It is well known that BT powders synthesized by solid
state reaction are polycrystalline, with random polyhedral crystallite
orientation. Generally, the polycrystalline particles contain some de-
fects such as stacking faults, dislocations or twin boundaries [35,36].
The presence of dislocations and twin boundaries in particles leads to
lower lattice stabilization energy and higher chemical reactivity. The
precursor particles also have a high density of surface defects, making
them susceptible to attack by the molten NaCl. Therefore, the etching
process occurs primarily together with these defects [35]. Consequently,
when etching occurs all over the surface area of the precursor particles,
several parts are ripped off to form smaller particles, and the precursor
ions are dissolved into molten NaCl. This stage is illustrated in Fig. 1(a),
with the bimodal distribution of the product particles being obtained.
Upon further exposure [Fig. 1(b)], the process continues, which results
in size-reduction of the precursor particles, higher concentration of sol-
vated ions, and higher number of smaller etched-particles in the system.
The etching rate tends to slow down with increasing time. Morpohology
of the product particles becomes more uniform, and they acquire a near
spherical shape with a narrow size distribution. The mechanism is illus-
trated in Fig. 1(c). It is noteworthy that up to this time the nanoparticle
products maintain the original stoichiometry of the precursor. As the

Fig. 1. Simple schematic diagram of the mechanism model.
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reaction time is prolonged further, the concentration of precursor ions
in salt flux is high enough to induce the supersaturation stage. These
precursor ions diffuse and deposit directly over the surface of existing
etched-particles, as illustrated in Fig. 1(d). The newly precipitated parti-
cles are called secondary particles, which occur and grow continuously
over the surface area of the primary etched-nanoparticles. The outcome
of this stage is represented in Fig. 1(e). It is worth noting that the forma-
tion mechanism of the secondary nanoparticles can be understood by
invoking arguments similar to the rapid self-nucleation from the super-
saturated solution, according to the La-Mer mechanism model [37].
When the reaction time is continued [Fig. 1(f)], the primary and second-
ary nanoparticles agglomerate tightly and fuse together. The spontane-
ous self-organization of contact particles grows by surface-interface
solid particles. The nearest particles can attach to each other with a
common crystallographic orientation. In this case, the morphology of
the resultant product particles generally converts to irregular prismatic
shapes with larger particle size and wide size distribution. The stoichi-
ometry of product particles would be different from that in precursor
particles. However, the etching process is still retained simultaneously,
depending on prolonged reaction time, but this occurs at a lower reac-
tion rate because of low assorted defect sites in small source particles.
Therefore, the growth process arises at a higher rate than the etching
process. If the reaction time were prolonged further, it is feasible that
the particle product size would be big enough, and the digestion and
growth mechanisms would reoccur in the same way.

3.2. Characterization of the BaTiO3 precursor

In order to support the model in this study, the BaTiOs micron-sized
precursor was prepared initially by the solid-state reaction method. The
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morphology and size of the particles were observed by FE-SEM, reveal-
ing that the BaTiO5 precursor powder contained an irregular shape with
particles of non-uniform size, which averaged 3.7 £ 1.5 um. In order to
confirm the homogeneity and stoichiometry of synthesized powder,
EDX analysis was used to determine the Ba, Ti, and O content. Typical
micrographs from the scanning electron microscope (SEM) with EDX
analysis of the precursor powder are shown in Fig. 2(a) and (b). The
EDX spectra taken from 2 different points demonstrated the Ba:Ti
ratio of 24.89:24.88 and 25.31:24.37 for spectrum 1 and 2, respectively.
Therefore, Ba:Ti stoichiometry was very close to 1:1.

The XRD and Raman techniques were used to investigate the phase
purity and crystal structure. All of the diffraction profiles were refined
by using Rietveld analysis. Both the precursor and nanopowder prod-
ucts were best refined with non-centrosymmetric P4mm space group
from Crystallographic Information File no. 73,643 (see section on
Supporting information). The example of the refined XRD pattern of
precursor powder is shown in Fig. 2(c), and the enlarged plot is
shown clearly in Supplementary data (S1). The refined parameters
and quality of fit are listed in Table 1. The XRD refinement results in
this study correlate with the analysis available in the literature [38].
The Raman spectrum of the precursor is shown in Fig. 2(d), and
discussed using the point group analysis theory. The phonon modes of
BaTiO; in cubic symmetry (Pm3m; Oh') are represented as 3Fj,
(IR) + F, (inactive), with no Raman active modes. The off-centered
Ti atom in the ferroelectric tetragonal (P4mm; C4,) space group causes
the F modes to split into transverse and longitudinal phonons of A;
and E symmetry for F;,, while the F,, mode splits into B; and E modes,
resulting in eight Raman-active modes of 4[E(TO) + E(LO)] (IR &
R) + 3[A{(TO) + A{(LO)] (IR & R) + B; (R) [39]. All of the peaks for
Raman spectra of the BaTiOs precursor in Fig. 2(d) matched well with
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Fig. 2. SEM images with EDX analysis (a)-(b), Rietveld refinement X-ray fitting graphs (c), and Raman spectra (d) of the BaTiO3 precursor.
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Table 1
The corresponding fitting results from the Rietveld refinement data of the BaTiO3 (um)
precursor and BaTiO5 product particles after the process at 700-900 °C for 3 h.

t-BaTiO5 BaTiO5o BaTiOs BaTiOs

precursor 700 °C 800 °C 900 °C
Crystal structure  Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4mm P4mm PAmm PAmm
a(A) 3.9987(2) 3.9957(15) 3.9963(2) 3.9956(16)
c(A) 4.0321(17) 4.0314(19) 4.0337(3) 4.0262(2)
c/a 1.0104(2) 1.0089 (8) 1.0083 (13) 1.0076 (5)
V(A)? 64.432(6) 64.364(5) 64.421(6) 64.278(5)
z(Ti) 0.52302(1) 0.52319(3) 0.51005(1) 0.519733(6)
z(0q) —0.05277(3) —0.04919(8) —0.05548(2) —0.04548(2)
z(0,) 0.48893(2) 0.50061(3) 0.52464(5) 0.49813(2)
Rops (%) 1.19 2.77 1.95 1.73
Ry (%) 8.25 8.59 9.95 7.29
Rup (%) 9.72 11.65 12.73 9.87

1.17 1.36 1.28 1.35

BaTiOs in the P4mm tetragonal phase. The appearance of large damping
at around 28-150 cm™ ! was attributed to the E(TO;) soft mode [39]. It
was suggested that the dip at 180 cm™ ! represented the A;(TO;) pho-
non mode, which appears in all ferroelectric phases of BaTiOs. This
A{(TO;) phonon mode was explained as anti-resonance from the an-
harmonic coupling interference between three A;(TO) phonons [39]. A
broad band at around 269 cm~! was assigned to the transverse
A;(TO,) mode. The peaks at around 305 and a small peak at 473 cm™!
corresponded to the [By, E(TO3 + LO,)] and [E(TO4) + A;(LO,)], respec-
tively. Appearance of the 305 cm™' Raman peak indicates a local
order of asymmetric Ti—O vibration within the TiOg octahedra of
tetragonal BaTiOs, which disappears above the Curie temperature [39,
40]. The 473 cm™ ! peak of the [E(TO,4) + A1(LO,)] mode is appropriate
for tetragonal representation [38]. In addition, the 521 and 702 cm™!
Raman peaks were assigned to [E(TO4), A;(TO3)] and
[E(LO4) + A1(LO3)] phonon modes, respectively [39,40]. A Raman
peak of 702 cm™ ! at the highest frequency corresponded to the longitu-
dinal mode of A; and E symmetry due to TiOg octahedral stretching [40].
Therefore, these results confirm the tetragonal crystal structure of pre-
cursor powders.

3.3. Effect of reaction temperature on morphology and phase stabilization

The effect of reaction temperature was investigated by focusing on
the powder products in excess NaCl by varying the reaction tempera-
ture range from 700 to 900 °C. Morphology of the particles and their
size were examined using FE-SEM, as illustrated in Figs. 3(a)-(d). The
original BaTiO3 precursor was shaped irregularly, with a particle size
of about 3.7 + 1.5 pm. After etching for 3 h at 700 °C, the particles
were reduced to 385.5 £ 120.4 nm, with a more uniform shape than
the precursor [Fig. 3(b)]. After etching at 800 °C, the morphology of
the particles changed; with a dramatically reduced particle size of
87.3 £ 14.2 nm, and nearly spherical shape, as shown in Fig. 3(c). A
small difference in the average particle size occurred when the reaction
temperature increased from 800 to 900 °C: the average particle size
slightly decreased from 87.3 4+ 14.2 nm to 77.5 £ 4.1 nm, as illustrated
in Fig. 3(d). Highly uniform particle morphology was obtained easily in
this condition. Excess chloride salt plays an important role, and the reac-
tion temperature influences the particle size and size distribution. Fur-
thermore, the Ba:Ti stoichiometry in BaTiO3; nanopowder products is
confirmed by EDX analysis, as shown in Fig. 4. The composition ana-
lyzed in six different positions indicated an average atomic ratio of
1.01 & 0.05 Ba/Ti, which is close to the Ba/Ti stoichiometry of the pre-
cursors. Therefore, it can be confirmed that the Ba:Ti stoichiometry of
the powder product did not change notably from the stoichiometry of
the precursors. In addition, other impurities, such as Na and Cl, were
not detected. In contrast to soft chemistry methods, such as precipita-
tion and hydrothermal techniques, the final Ba/Ti stoichiometry might

be less than 1.0, due to the high dissolution rate of Ba>* cations [41].
Therefore, it is vital to note that this research offers a novel preparation
route, with an accurate compositional and morphological control of the
final products. Furthermore, a TEM image of the nanopowder product
obtained at 900 °C, with a uniform shape and particle size close to that
estimated from the FE-SEM, is shown in Fig. 5(a). Clear lattice fringes
are observed from the individual particle with inter-planar spacing of
about 0.28 nm [Fig. 5(b)], which corresponds to the (110) crystal
plane spacing of tetragonal BaTiOs. The corresponding selected area
electron diffraction (SAED) pattern reveals that the BaTiO3 nanoparti-
cles are single crystals and confirms the single crystalline nature of
these nanoparticles. The SAED pattern in Fig. 5(c) displays the clean
and sharp diffraction spots of (100) and (110) planes, which are charac-
teristic of crystalline BaTiOs. These results are consistent with analysis of
the XRD pattern and Raman spectroscopy, confirming that the BaTiO3
nanoparticles belong to tetragonal symmetry.

The XRD profiles of powder products were refined in order to con-
firm phase purity and crystal structure, and compare them with the pre-
cursor. The corresponding fitting results are shown in Fig. 6(a), and the
enlarged plot is shown clearly in Supplementary data (S2). The results
confirm the single phase for all of the products. Secondary phases
were not found. The selected refinement parameters are listed in
Table 1, which suggests a P4mm space group of the non-
centrosymmetric tetragonal structure. The lattice parameters, a and c,
show a slight decrease when compared to the precursor, but they re-
main independent from etching temperature within one standard devi-
ation. It is known that cubic crystal structure becomes stabilized at room
temperature with particle size decreasing to below ~30 nm [42,43]. No
trend in decreasing c/a ratio was found in these nanopowder products,
probably because BaTiO3 products have a much larger average particle
size than 30 nm. All nanopowder products consistent with the ferro-
electric PAmm space group show the [001] displacement of Ti atoms,
as shown in Table 1. This gives rise to spontaneous polarization in the
ferroelectric tetragonal phase. Accordingly, spontaneous polarization
can be calculated from relative ion displacement, as follows [44];

Ps = (e/V) 5i Z"; A 3)

where e is electron charge (uC), V is unit cell volume (cm?), Z"; is appar-
ent charges of ion i (used from the work of A. W. Hewat [44]) and A, is
the displacement of ion i. The result shows calculated polarization
slightly decreasing from 59.8 uC/cm? of the precursor to 44.6, 40.9 and
41.8 uC/cm? for nanopowders obtained at 700, 800 and 900 °C, respec-
tively. These calculated polarization values exhibit a varied trend in the
same way as those in tetragonality, as well as show a decreasing average
particle size of the powder products. Furthermore, they can confirm the
tetragonal structure and occurrence of ferroelectric phase in as-
synthesized nanoparticles. The XRD data in Table 2 also show that the
lattice strain increased with decreasing particle size. According to the
Williamson-Hall (W-H) method, a 119 nm crystalline size of the precur-
sor decreased to 114.7, 56.9 and 55.6 for powder at 700, 800 and 900,
respectively. The crystalline size from the W-H method corresponded
to a particle size from FE-SEM, which implies that the product particles
are most likely the single crystal. This result is also in agreement with
the electron diffraction patterns, collected by TEM.

This interesting result motivated this study to use a local probe anal-
ysis of Raman spectroscopy, which is sensitive to crystallographic de-
fects and lattice distortions. Raman spectra of the BaTiO5; precursor,
compared with powder products obtained at various temperatures,
are shown in Fig. 6(b). Powder products obtained at 700 °C showed
Raman spectra that were similar to the precursor, which confirmed
the stability of the tetragonal crystal structure. The difference in the
Raman spectra ranging from 170 to 280 cm™ ! was seen clearly for the
powders at 800 and 900 °C. The most notable feature was the shape of
the 180 cm™ ! A,(TO;) mode, which is attributed to the preferential ori-
entation of the powder particles obtained at 800 and 900 °C, probably
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Fig. 3. FE-SEM micrographs of the BaTiO3 (um) precursor (a) and BaTiOs; powder products after the reaction temperature of 700 (b), 800 (c¢) and 900 °C (d) for 3 h.

because of the decreasing size. As discussed in the literature, the inten-
sity and shape of the A;(TO;) mode strongly depends on the orientation
of the crystal to the incident and reflected Raman light beam [41]. On
the other hand, the spectral dip of A;(TO;) may change to a positive
peak of [A1(TO4), E(TO; + LO4)], due to the internal stress in nanoparti-
cles, which can induce decoupling interaction of the A1(TO,), as also
proposed in the literature [43,44]. According to Fig. 6(b), (c) and (d),
all Raman peaks of the precursor also are defected in nanoparticle
products.

3.4. Effect of reaction time on morphology and phase stabilization

In order to support the mechanism model of BaTiOs nanoparticles
under the reaction system of melted chloride salt, a varied time series
of experiments were performed. The influence of reaction time on the
morphology and particle size is illustrated by the FE-SEM images in
Figs. 7(a)-(f). The etching process was carried out at 900 °C for a reac-
tion time ranging from 30 min to 72 h. The average particle size is re-
ported in Table 2. During the first 30 min, the average particles size of
the precursors decreased from 3.7 £ 1.5 um to 1.53 4= 0.15 pm. Also,
much smaller particles of around 5-10 nm were observed in the powder
products, as shown in Fig. 7(a). Therefore, the bimodal size distribution
could be seen, which corresponded to the mechanism step in Fig. 1(a).
As the reaction time increased, the average particle size of the precursor
powder decreased continuously. When the reaction time was extended
to 3 h [Fig. 7(b)], mono-dispersed particles were obtained with an aver-
age particle size of about 77.5 £ 2.5 nm, and morphology of the particles
became more spherical. This result corresponded to the mechanism

represented in Fig. 1(c). The SEM images in Fig. 7(b) and (c) show
that 3 to 8 h is a suitable reaction time for obtaining uniform
nanopowders. A notable difference was observed after 12 h reaction
time. As demonstrated in Fig. 7(d), the product particles were not
mono-dispersed, but largely agglomerated into clusters with a non-
uniform shape. The average particle size increased drastically from a
minimum of 84.8 4+ 2.5 nm at 8 h to 135.8 + 17.5 nm, 155.3 +
45.1 nm and 205.5 £ 65.0 nm at 12, 48 and 72 h, respectively. The re-
sults of prolonged etching revealed that the size of the secondary parti-
cle increases with increasing reaction time. The evidence from FE-SEM
images showed that 12 to 72 h corresponded with the mechanism in
Figs. 1(d)-(f).

Furthermore, in order to illustrate the relationship of particle size
and morphology of powder products with reaction times more clearly,
the matched plot with an SEM micrograph is shown in Fig. 8. The parti-
cle size tends to decrease with increasing reaction time until the opti-
mum size and size distribution is achieved (marked with a blue
circle). The particles change from an irregular shape to nearly spherical.
The reaction time between 3 and 8 h did not lead to any significant
change in morphology, size or even size distribution of the particles.
The growth process after 8 h influences the morphology of product par-
ticles more than the etching process, resulting in a prismatic shape that
forms with the poly-dispersity of the particle size. According to the
growth process, the particle growth can occur generally in several
ways such as Ostwald ripening [45], fast aggregated growth [46], orien-
tation attachment [47], etc. The reaction time presented below in the
analysis of this research favors the “orientation attachment (OA)”
growth mechanism for approximately 12 to around 72 h. The growth
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Fig. 4. SEM image with EDX analysis of BaTiO3 powder products at 900 °C for 3 h.

curve of particle size could fit a modified kinetic Smoluchowski's equa-
tion [47] with Eq. (4), as follows:

d = dipe (Mky t+1)/(ky £+ 1) 4)

~

0.28 nm

[001] zone axis

where d;, and d represent the average particle size of the product par-
ticles at the reaction time of 12 h and average particle size at time t, re-
spectively, while k; is a constant value, with m defined as the
aggregated factor value. The enlarged resultant of the fitting plot be-
tween experimental data and calculation of Eq. (4) is shown in

Fig. 5. TEM micrograph (a), lattice fringes (b) and selected area electron diffraction (SAED) pattern (c) of BaTiO; nanoparticle products at 900 °C for 3 h.
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Fig. 6. Rietveld refinement X-ray fitting graphs (a), Raman spectra (b) and the enclosed-Raman spectra (c) and (d) of the BaTiO; (um) precursor and powder products at 700, 800 and

900 °C for 3 h.

Supplementary data (S3). The plot corresponds well with the accepted
R? value of about 0.9993.

The X-ray analysis has confirmed the single phase tetragonal struc-
ture of the product particles, as shown in Fig. 9(a). The crystalline size
and lattice strain were calculated, as noted in Table 2. It was found
that the crystalline size grew larger, and the lattice strain became weak-
er with increasing soaking time. Furthermore, all of the samples showed
corresponding Raman active modes that were similar to those in pre-
cursor powder, as illustrated in Fig. 9(b). The slight difference in the

Table 2
Crystalline size, average particle size and lattice strain calculations of the BaTiO3 precursor
and powder products systematically synthesized with different conditions.

Samples Williamson-Hall method FE-SEM
Reaction Reaction time  Crystalline € Average particle
temperature (°C)  (hours) size (nm) (x1073) size (nm)
Precursor - 119.4 1.8 3.7+ 1.5um
700 3 114.7 2.2 385.5 + 1204
800 3 56.9 32 873 £ 142
900 3 55.6 33 775+ 25
900 6 55.0 34 822+ 32
900 8 60.8 3.1 84.8 + 4.1
900 12 67.3 2.9 1358 £ 175
900 24 69.5 2.6 140.6 + 11.5
900 48 73.9 25 155.3 +45.1
900 72 75.2 2.3 205.5 4 65.0

peak shape at 180 cm™ ' is associated with preferential orientation
and the internal stress in nanoparticles, as mention above [40,43].

3.5. Ferroelectric phase transition

Ferroelectric phase transition behavior in BaTiO3; nanopowder prod-
ucts was investigated at 900 °C for 3 and 24 h, and compared with the
precursor by the mean results from a differential scanning calorimeter,
as shown in Fig. 10. The endothermic peak, with well-defined phase
transition, was observed at around 127.10, 127.00 and 129.40 °C for pre-
cursor and the powder products at 3 and 24 h, respectively, which
corresponded with the ferroelectric tetragonal to paraelectric cubic
phase transition. The evidence of an endothermic peak confirms the fer-
roelectricity in the nanopowder products after the etching process. The
change in enthalpy (AH) associated with the phase transition is given
by the area under the endothermic peak, which is calculated by DSC in-
strument software from a 2920 TA Instrument. The corresponding
change in enthalpy (AH) of 637, 575 and 599 mJ/g was found for pre-
cursor and powder products at 3 and 24 h, respectively. The difference
in enthalpy related to the average particle size [48]. Also, DSC is a highly
sensitive technique for detecting the deviation from stoichiometry in
BaTiOs. According to the literature [49], nonstoichiometry in BaTiO3
has a strong influence on thermal properties, ferroelectric phase transi-
tion and thermal fluctuation near the transition temperature. The re-
sults in Fig. 10 show that the endothermic peak of the nanopowder
product had not shifted significantly from that of the precursor
(127.00 °C from 127.10 °C). This small shift of 0.1 °C can be attributed
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Fig. 7. FE-SEM micrograph of BaTiO; powder products (a)-(f) after the process at the reaction temperature of 900 °C from 30 min to 72 h.

to experimental error. Therefore, it can be confirmed that the stoichi-
ometry of nanopowder products did not change at 3 h from that of
the precursors. Nevertheless, the result of powder products at 24 h did
show a difference. The endothermic peak position was found to increase
to 129.4 °C, possibly due to residual stress. From the possible mecha-
nism suggested above, the nucleation surface of secondary particles
from primary ones can induce stresses that affect ferroelectric phase
transition, based on a different thermal coefficient of expansion be-
tween these two phases [49]. On the other hand, according to Randell
CA [50], the discontinuous shift of transition temperature of powder
products comes from surface stresses, which may be caused by an evi-
dent low concentration of Ba-rich (BaTi;_s03.,5) and Ti-rich (Ba;_sTiO5.

5). Whereas, stresses on the non-stoichiometry surface of the BaTiO3
particle [50] may be caused by an oriented attachment growth process
when the surface particle is contacted.

3.6. Dielectric properties

As a high sintering temperature would induce hard agglomeration
greatly and hardly change the nanostructure of BaTiOs, the dielectric be-
havior of the nanoparticle product was measured from the porous bulk
specimen at 900 °C/3 h, and prepared by cold-isostatic pressing without
annealing or other heat treatment steps. The SEM micrograph of the
surface specimen is shown in Fig. 11. Density of the bulk pellet was
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Fig. 8. Schematic illustrations of the average particle size and reaction times in relation to
powder products from 30 min to 72 h.

measured at 3.2401 g/cm? by Archimedes principle, which indicated
around 53.88% when compared with the theoretical density of
6.0135 g/cm’ from Rietveld refinement. The dependence of relative per-
mittivity (€;) and dielectric loss (tan 6) on temperatures between 50
and 150 °C is shown in Fig. 12(a) and (b), respectively. The diffuse
phase transition was found to be near 120 °C, with a broad maximum
value of dielectric permittivity, and the small dissipation of dielectric
loss (tan ) was obtained at a low level of 0.01-0.06. The dielectric result
confirmed that the 77.5 4 2.5 nm of BaTiO3 powder product was still in
stabilized ferroelectric phase at room temperature, which agrees well
with the XRD and DSC results. On the other hand, a lower tan 6 of the
bulk specimen is required for dielectric device applications because of
the low heat produced [51]. According to the dielectric data, the mea-
sured dielectric permittivity of the specimen was found to be ~53 for
100 Hz, and it decreased slightly to ~51 and ~50 by increasing the fre-
quency from 1 to 10 kHz. This dielectric permittivity can be considered
as a composite value between the two phases of BaTiO3 nanoparticle
and air. The interfaces between nanoparticles and air could have hard
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Fig. 10. DSC data results of the BaTiO3; micrometer size precursor compared with the
BaTiO; powder products at 900 °C for 3 and 24 h.

effects on the dielectric behavior of the bulk specimen. Therefore, the
Landauer-Bruggeman effective medium approximation (LB-EMA) was
employed in this study to calculate the real dielectric permittivity
value of BaTiO3; nanoparticle products. The mathematical description
of LB-EMA is given by [52];

V((€air—&r)/ (€air + 2&r)) + (1—V)((€pr—¢r)/ (€T + 2&r)) = 0 (5)

where v denotes the volume fraction of the pore in the specimen, which
was determined as 46.12% by using a pore size analyzer (model
MasterPore33). The &g, &,ir, and & stand for the dielectric permittivity
of BaTiOs, air and bulk specimen, respectively. After calculation, the di-
electric permittivity of BaTiOs; becomes ~166.42, 160.33 and 141.66 for
a frequency of 100 Hz, 1 kHz, and 10 kHz, respectively, which indicates
exclusion of internal porosity. The estimated value of dielectric permit-
tivity is shown in a similar way to that in reported data from the litera-
ture [53,54]. It is interesting to note that the real dielectric permittivity
of the sample can be changed drastically in a wide range, which de-
pends on introduction of the volume fraction of the pore. However,
the real dielectric permittivity can be improved by the method for spec-
imen preparation.
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4. Conclusion

This research proposed a simple and convenient way for achieving
uniform BaTiOs; nanoparticles by direct conversion from an irregular-
shaped BaTiOs; micron sized precursor. A variation in temperature and
time provides great thermodynamical control over the particle size
and size distribution. A possible mechanism was proposed, starting
with the term of precursor particles being etched from the whole sur-
face area, until obtaining the optimal size of the product particles. The
Oriented-attachment growth mechanism takes place to increase the
particle size and form an irregular morphology. It is important that
this research offers a novel preparation route, with an accurate compo-
sitional and morphological control of the final nanoparticle products. In
addition, the BaTiO3 nanoparticle product possesses a tetragonal crystal
structure. The local symmetry remains non-centrosymmetric to a very
small particle size of about 77.5 £ 2.5 nm, and thus allows ferroelectric-
ity at room temperature. Hence, this method is highly recommended
and potentially useful for the preparation of other complex oxide sys-
tems with controlled morphology, size, and surface composition by
using a simple, easily scalable and highly versatile process.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matdes.2016.07.137.
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Appendix A. Supplementary data

Supplementary data comprise details of the crystallographic data for
tetragonal BaTiO3 in CIF format, an enlarged plot of Rietveld refinement
X-ray fitting graphs of the tetragonal BaTiO3 precursor (S1), the en-
larged plot of Rietveld refinement X-ray fitting graphs of the BaTiOs pre-
cursor compared with the powder products at various temperature
(S2), and the plot of particle size (nm) and time (h) between the exper-
imental data and OA-mechanism fitting (S3). Supplementary data asso-
ciated with this article can be found in the online version, at http://dx.
doi.org/10.1016/j.matdes.2016.07.137.
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