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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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Jedanaliiansusznavoenleddsdouifvuneymelusssuuluwnsldfuamnuauladuogiann
uazifloflvuineyniranasausgluszduunluiuns wshlvddndiuszninafiudifidevsuins
(surface-to-volume ratio) Liiusntu Fsdsnalifanmanifinnuioshdenaifaujizendisy
meluile¥angs vlFausouanantiflanausaniludusis iunnssluaninglutan
vuralug (Bulk materials)o19ittu aud@Ltena (mechanical) aud®lun (electrical) auda
w180 (magnetic) wazautinisuwas (optical) Wudu Inetanizaisusenevesnludidedouiid
Tassasiasuunasanalng wu wusseulnniiue (Barium titanate, BaTiOs) kUL 3L stALUA
(Barium zirconate, BaZrOs) UL 8L a LALLM L NNLUR (Barium zirconatetitanate, Ba(Zr:.
(Ti)Os) wazdun I@aaﬁﬂizﬂauméﬂ‘ﬁﬁmasﬂfluﬂﬁzmmmi’a@l%ﬁmﬁ"a Fafluddaunnly
gnamnssugUunsaldiannsetinddiwan dufuuszq (capacitors) (nesfiawnes (thermistors)
9Un30In5293uSI@BUNI NI (Infrared detector) wag aUnsnidsd ey 1ML (optical
modulators) [1-3]

w

2llln:n imtemsity [au)

PN

& amn &m §
Faman shirt jom )
Ta ot

B\ &
S ey 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] TngnsliTanflaiaesifvunoumeluszdvuluumsduliifssudazanunsnan
anumuvestuiidaluneuTnanls widsannsnyfusamuavesiufiufoinisfuansaudima
Iyl Auanndudie Sedenaliifieladidnminneuaussesningauardanismumunislih
(breakdown strength) figsdudnéae [4-8] uenannslitanflataesfifiunoumadnlused
ululpsuds anuadiane (uniform) wagnisliingnguiu (agreegate-free) vadoynialu
Aoulnandsfianuddyduegannseussansnimesunlunoulndn iesinanumainvane
vosruIAarFUTIIeIynIAIztlUgn AR sodosewineda (interfacial polarization) (4-6]
uonanil antRvesarsusey gnoveanleallisdaudindnidedaaulidedad uesduszney
(stoichiometry) E]ﬂﬂ’JEJ [4-6] o ANNQNADILAY LLaJusJﬂumimmmUiN (shape) vua (size)
n13NsEANeFILUULAEY (monadispersity) uazdndauasdUsznaudiuiia (surface composition)
yosayneuly JsadugadifyuazingUssasdnanvesnisdanszaisussnaulag Tlussduuw
LuLums

Fawanngil FeinlnszuaunsduesgRdeitmaeimegidandunummnndei i
nsEUIUNIShalasInasuaa [9, 101 laalnesusa [11- 13] nay $UIUNITITA-438 [14, 15] hay
nsvUILNaRNAZNaY [16, 17] udu danssumumemueditudunszuunsdauesgilfeniu
UgvisgauaznsmumuakazsUsveteymaluRiantannsalumsdestunisinigiu
Junquisusnalugazihlanniinisdaasizissnszuiunisugiseaniuzveuds vliuawdn
fdsemzilafaruaiiaueviiludiuuezliauasn L dn sy vesKmNaANIn Lo NS
finszuiunisiaiiuszgnd 19u nsldndudaniledaddegeiionssuiunisleluiad
(sonochemical process) [18] Asguaunsiwa-taasunulelasinesusa (sol-gel hydrothermal
synthesis) [19, 20] N$¥UIUAISIEA-L9aTINAUNTLUIUNITRILNL (sol-gel combustion method)
[21] way nslglulanvsaununszuaunislelasimesuea (microwave-hydrothermal process)
[22, 23] \Jusiu

uiagslsfinny Fnsmaaiiiuidotinegunisuiu sludomosmaiwiuiiisaiums

[

Foussuanylunmvpasiegiuaiinia dfudsmeusnfisuniulaydmasonsdauasgy 01
Wy anwenia auiy dadufuusiiamnsaniuauldenn ey Saduniseandiasiam
nszUIUNNSMIT s siaaiiiluse AURAFINNTTH wonani UgnndrAydniunszuiunig
duaszimaaiiduite nsfansdransenuresuineyniafiideaut’ niefifonit size
effect Ingianzeensdslunguosnladidadou BaTiosansldnszuiunisiadisndnalinamdnd
duaszvioninilanudundn Tanudunesslnueaanawuruineyma dealsiliuandn
alaiwunargumninisdsuna 8nvis lunsdifidnslfivannududugdunisdiamed az
noliAntlymainngulansonda (-OH group) iluimeuuiiuftveseyniakazunsnidluog
aelumbeiwadvoslassatis MliiAslassadauuuidnuaghivansandfneslsdidnning

a v = & va o o [ 1 Y o w ) 14
qmmwawqL‘Uuau‘ummmﬂaqmﬂuszwmﬂma [24, 25] 999MNANWNTLUIUNTENAU M



va v

fAfouesmnszuunsdiegoymaulusenledisfounsruiunsduiiienude duneuld
997 Tdgunsaiuazansiaisnaign fanansadaasesinamanliinuuignsgs amisanua
sUsmazvneseymald ldannwreamanEnaLANFDINS wasfidfaydiosanansaiamnly
Jaseiugeavngsula

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

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

A
B

9

tetraoctyl-ammonium bromide (TOAB) itaiz hexadecyl-trimethyl-ammoniumbromide (CTAB)
& v o= A o N v ea a ] a  aAsdyy o
sy Fullevihnssnandnaamgininninganasumaivesaisazangdunsentd eunalansiil
A lngIzgngssuazanvuInaIuiiagandiaiInauna nssuIunsgasnazngn wazliuuin
sunanagluszAuuluwng [26-30] Ingvuinvesenanilaagiuegiuviinvetansdunidietou
Alglunissand [30] Befdenudn ludaatu nssvaunisanandildgninldlunseuiuns
dumsgiansuseneveeanlendedaulag Wosinasuseneveanleanivuin v tuniunis
= = a o g v A  Aeaa G ovyw = a
wissuigumaiias vilinsviansduvsgndanumsngauduinlaein uluteeamaiildlung
SrlangrugnAuluNIzausaanvuIneynAretaTUTEnoUeen lAwdaufIna1Ila
aeuaAdell Anwmaudululdlunisansuineynavesaisysznevsenledidedou
nszaulilasiunsgseaunlumniiun1sgeanusniuaduda (surface active etching)
v % d‘ o = = o = ' = =
mensldnsnaeumaivewnde Inuazvimsanunnedadeuasseulonie Aldlunisesouuas
denasianislaunveseynialuseAvulun AN wu msidsuslawiiniasUSinudadin
YBUNFD NIANYIBNINAVIRUN T e ST UL UTUABUVBINISIHT NdsansRAMaUSans
YWIARAEAN WL WAUFIWINEITeseuntaiesauld sludefinuinazeSuienalnnisiia
auNAUIlUNIUNTZUIUNITAINa1 WeliauAdeiliindusuidesuwuudniunisdaunsis
a13Usenavesnlyn iedauniivunlusyauunlulpsiaunsonuaulanITuIAkas SnuuEnN g
dugruinenliiduluandesnisuisomeaniwanuiseiinssuiunitsanvuinazldvini
< = a o ea & S v & & vy &
peAUsENRUMAATIveINanfnRnNeulUINa1sAL FududelalSeureanseuiunisilde
N3¥UIUNITOU DNTNTEUIUNMTITAINTaUsEandldlugnannssunswIguNaazIBunsEAuLIlY
Igviufiilesannnszuaunishidutdounazligeenn ludnludodiniasdioniiuale

1.2 IngUsanvalasenisinvg

121 iieanvuineyunavesansUsznevsenleddadoulungulasiaiiamesovalndiiu
nananseavlilasunsdseauunluansienisldinfonaouivan

122 iefAnwinalnnsanuuauazmsiineynaasussnausenlemddeulusysuun
luLns

123 \flefnumavessuuseneg 1y gamgil seezian uavsilnveande Aifidentsiin
wau3ansvesansuszneusenlusidadeou

124 iefnwinavemavesiinlseingg Wy gamgll steznan uavvliaveamde Ao
dnwazynaduginenveseymadieFesls

125  iflemuauasdUszneumaaililiiAenisfiafisuainnszuaunsio

3



1.3 ¥9ULUAYa4lATINITIVY

1.3.1

1.3.2

1.3.3

1.3.4

1.35

yhnsasuineyAevesasUsznaudsiousanledlngldasmeiudy
a1sUseneveenlenledeulungunaisonalng wu BT BZ BZT BTSnBZSn BZTS
Jusuiilunaeyneluseaulilasiuns
ihnsAinwnalnnisanruiaiagnisiineunieasUsenaveenlenfsdouluseiu
wluunsiiguiuszem

v sAnwravesiuUsene WU gumall srezian uasuinveande Aifidents
Aowlauavdvesansusznevsenladifsiou
yhnsAnwravemaYeIFILUTANNY (U gamgll stezian wavvlaveavde 13
fodnwuENEusIINgwese YAl
vihnsAnsasdinieeufeulavaytivaliiiiveseoymeauluidiaseils



unil 2
N wazaudeningIdas

2.1 n9u)) FUYAFIY LAZNTBULLIANANYRIIATINTIVY

dmSun1TanvuInveteuNIAlanEMENTEUIUNITERY (digestive ripening process) i
LfJuﬂizmumiammmaqaymﬂmﬁé]”’qé]’umuﬂszmumﬁwﬁﬂ% (reflux) TABn1FUININENUD S
langidoyninvuralvgnszatedaluarsdunididedou (complex organic agent) L4u
hexadecylamine (HDA), tetraoctyl-ammonium bromide (TOAB) L8 g hexadecyl-trimethyl-
ammoniumbromide (CTAB) [26-30] 1aanalnuein15anIuInflI8nIzUIUAINEII9Z AN
Fumousgraheiios 3 Sunou LLaméw’quﬁ 2.1

. = as-prepared polydispersed - =digestive ripening
partic] ) ‘

* = particle capped with
digestive ripening agent
gﬂﬁ 2.1 nalansiianszuauniseee (digestive ripening process) [30]

'
aad a a

Tneisleligaumgilunisindndgeusuivgangiifiiugavasumaivesasdunidideiou
A4 arsdunidiinanasinnivasuuagimiidusdes (capping agent) 1 lUviUAzen
Ui uesiueneynmiaiioguinadiuiilivaresnainnisiniznguiuveseymavuialg
Tudunouiiaslfeynaiifounuanisiunauiuegiarunalngyinanaisiedu uagoyniaun
BniAnnmsgestesansdunas antiudoszernaninly nsvuiunsdesvesoumeedu Ay
Andulundonqdumaiulaveseyniafifivutnidn sunseis nssuiunisgosuasnszuIuNg
dulaAnlusnsUfAzenivindu ssuunmsdaianesiazeglunnzauna fszoznaidnan azld
oymardndusiifivunoglussdunluunsuaziini snszaefvesruinoynineg1easLae
[26—30]191sm‘mmagmmﬁié‘lumauqmﬁﬁ8%%‘14@&4ﬁ’wﬁmaams@um?ém%ﬂu capping agent
[30J8snszUIUMIAsna s naglunsdansgieymauluesasuazansUsyneumanlane
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wazuman tnglutagdu nszuiunsmingandilignihunldlunszuiunsduaseiasuseneu
ponlundsdoulng Lﬁjaamﬂa'ﬁﬂszﬂauaaﬂlszjﬁﬁ'ﬁsumm"Lmyﬁwammsm’%suﬁqmmﬁqa Vil
MsmasBunigitanmminzanturinlden sulvdgumginldiuiniuly lidfomediay
a1u130anIwINeUYNIATEIEITUsENa VRN YA T udnailiuseg1slsiniu nssuiunstey
Fananatu viligadedaiuisanuduldldlunisdmdnnisuasuwifnainnssuiunisges
(digestive ripening process) 11vn1sUssgndlvidianuminzadlunIsanuIne A sUsENeY
sonlefdadou Ineiinisuesmansusznoufiasihunldidu capping agent wnuansusznau
SurBdiadou tufife nsldindenaeuivian

Fandnnistaeiluvesnsidindenasumarandunslidlumsduaseviansivl azi3en
n5%UAUNT5T31 molten-salt synthesis daazifunisldinde 1du indenaslse Faiin lunsm
wazleasenles vvihfidudnaliansdsduldanunsndu §Aseduldde Fanalnves
5¥UIUNISHINaaTiere f A uduiugve sndtuiiusiauiuasanely (surface-
interface energies) Fainnuianans sEwieasRaduazinde dundofildlunssuiunisiity
doadundeidqemasuimain leilulvianudeuiinavasumaiginiandeudiazdnali
\ndefnanvaeimaslurasfieatuiunisiiastidusuinufaseduduasidenis 3
ndeiinasluduaunsamsnldlunendilaenisdrsseisminlesou Tnesuanluduy
wsn azfunisnaufussniandonaraissedulaefaoiuriiuvecuds annduiiony
nszurunsifaudeu tndeaninnnvastmaniureuvaniadeveguuiivesansnedy
LLazmﬁa’;ﬁwﬁﬂﬁmi{;ﬁG’TuLﬁmmiamaﬁuﬁsaaﬂu,é’aazawnawLﬁulaaammmié?qﬁua@u
\naevasuai SRTURSEUINNSISIARER (crystallization) asLﬁmsﬁuLﬁaﬂﬁazawa&ﬂu
angduiuuuiaean (supersaturation) Syaziianuaiunsnlunisazarganasauialagn
W nan1IeBuBieanuda ezdelhieiandles (nuclei) vesastndsuauaininiu 34
agmﬂﬁ’mﬁl@ﬁﬁLﬁm%}uﬁla}sﬁwé’qmuﬁIuﬂa (surface energy) 431N Lasiiiafiazyiinisan
wiufingnasierlihtuedianuaionnnday eumeiiedlefunddfaianssum
fundnivlnegiesing susatuindureuduenosnun(37, 3813slunssurunisduasziae
FnnsvasumaInieinia (molten-salt synthesis) Hudiful sidnanodnsarauniaiild aguld
Ha915197 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
Lan X o) 0)
USHnauenge X o) X
UAUDINGD o) X X
A1uad1u1salunng o) o) o)
avany

ANUUANANVBIALFDA o) X X
dnduseninunie® 0 X X

Fsanumenufauasnguiludesdul §3fededn nsanvuiavesennialaenis
UsvandlinszuaumsdesTaenslfindenasmman duflenudululfuasdilidniselassny
famsldinAevasummd miunsanuuineuniavasansUszneusenladideiouseiy snatedas
DunsjariulUlumsfnmanuduiussenitefusd i isadedunssuiunisdiasging
waten1siniauIans laseaf1andn surauardnvugeduguingveseyniauily vos
asUsznoueenludidsdauidnneild ety navesnsiasuulatviavonndo naves
gunndl waznavesszevatiunsdaes iz iy Seosdanudlndiiietuannisinyinagsi
I BN R e MR A e R S EﬁﬂNﬁiﬂuﬂ’)ﬁ]ﬂﬁ’m’]iﬂaaﬂLL‘U‘Uﬂiu“U’J‘L!ﬂWi
Fuanzidaquiluliiaiuuiandas nazanunsoniuaud nwignaduguAve woseyad
dunszilidulumudosnsla LﬂuﬂiuiaﬁnumaﬂﬁiuwiﬂwwuﬂmaEJ@@Lﬂuqﬂﬂsmmaﬂmauﬂawm
audfy warazidusuueg Wind msuidseludinvenisdunsigiarsusenavesnles
Bedoulunguiue

2.2 N1SNUNIUITIUNTTN/d58UnA (information) NNeIVa9

nfintnaraudfydananndiesuinlirianuidessldnersuesnuuuisnng
duaegsiasuszneusenladiayeonlediBadouiiamnsaniuaudnvurmedusiuinguay
Tnseaseganiaveseyniaidanszild dslunisieiounandneanlesvioeonledidetou
Tnealuiuasinieudieisuiiseraniurvends annarsdefusimanoonleduasariveiun
ntuagldenufeulunisviliasdisiutuiufisotueswanysaiuarsusenouiideans
Tngi3ennszurunisdnaninnszuiunswuaaled daagdsamailunisimiunalededi 800-
1,300 °Canwdninieonldanisuiasenanuzvewdsilneiluduiinmusufegudainag
fodrinognanssutiufodedligamailunisnfigs nawdnilmduveaudeduiuduieuhli
fvurneyniavwialuguinnit 1 luasou neitldlidudedioatu fauusavisuazay
adnavetfumaaiifiddndas fofuiiodunisandeditadindn uasiiowdenlisanivug
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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
A

nszuaumslelanmesueaidunszurumsildumnudemniaanszurunanils fadu
nsdueszianslaglinisiaufiselaeasivedlooouresasaaiuiiuaniiluarsazanenas v
Tfannsadaamesioumeuiuléfigamgln annsamuaususauazauald Snfadinisnszans
AaLLuuLAY [9, 10]

Tnenszuaunislalasnesueaiinis@ineifuiuunessdoiies uazlud 2015 N.
YonghonghazAmy bavinn1sdeasieiaynia BaTiossiensyuiunisialasinesuealagly
ansazanenusEuAaslsn (barium chloride, BaCl,"2H,0) vufizendvansazanawmnedafialvm
R (tetrabutyltitanate,(CaHoO)eT) A5 8%1381 150°C15 Falae luan1iziua (pH = 14) va9
asaranslmfounaslsd (9] wuimendniidaasedldivuiadny sz 20-50 nm wagdinig
NIAYAIUUULAY LLaméﬁgﬂﬁ Slunausdinsgurunislealamesuea (solvothermal synthesis)
ansedunssinindnsenlendsoulilivuinouniadinniinszuaunislalasivesuea dau
asaveressUiuazaun Sniadafimanszaesvesmuneynaiuuuuay asinnsld
fvhavanesunididadeu (complex oreanic solvents) Wanmlunsguaumsiuausatestunis
inenauivvateynIale [11-13]

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



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

T uaneisgun 2.3

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 fenszuiunslsanalasnisléarsdisiusanenledidadon diunisls
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 ENREnUIluT v eun1Aeg iUt 10-12 nm dauanslugun
24

JUN 2.4 anang TEM Lansdnuaen1edag uing1vessndneanlodddaunuiioulnniumg
(BaTiOs) Mw3eulaannnszuiunisiaa-iaa [12]

wazlul 2010 Florentina Maxim lavinn1sd@aAsizasusenau BaTiOsA8nseuIunIg

lga-laaiguieniu widnsusuusslaenisldansanudanenlednauivaisazay PVA il
=3 [ v =3 (% v =
BUMATNIALEN wazanunsaduaTzilavuadnlusEdy 7-10 nm Asgun 2.5
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JUN 2.5 nmane TEM Uanasinwaisnadaiguingwesananeantanidadousussalnniug
(BaTiOs) Massulaannszuiunisiva-taalagldaisazale Poly(acrylic) acid(PAA) tJusivin
azany [14]

uenniiedinsruaunainiusend wu nisldedudanilediatdsgedonssuiumsle
lutadl (sonochemical process) [18] AszuaUNI5 ga-taasunulalansinesuea (solgel
hydrothermal synthesis) [19, 20] AS$UAUAITLBA-LAATIUAUNTETUIUNTLN LU (sol-gel
combustion method) {21] wag n15tdlulananiuiunssuIunisialasimasuea (microwave-
hydrothermal process) [22, 23] Duau

lngrideuaranziaglginsdunseinmaneeanlen uazeonlamidadeulundulasas
wuumesenalnAe1iiu PbZrO; BaTiOs BaZrOsuay Ba(Zr:,Ti)Osmenszuiunisialuail wuii
nszvrumslalueiidunszuaummilededinuan annsaduenginsmdnoonleddsdoulungs
fananlvdvuneymeeglussduuiluunsld Snvmndniidunsedlddadnnanszasiines
PATULUULAUATINUATINABINTS wiag1absinnu nsguunsRananiidwlsnatefuusdn
wiArfosnardsasioruinoymea Wy arididuresarsiaiy fuandusuil 2.6 navesaam
[nTuvesfagisluntsanagneu (precipitating agent)ﬁﬁ@i@ﬂ’]ilﬁﬂLWﬁU%@%éLLﬁ%Na%aﬁ
syozgnalumsdansieid daanslugud 2.7 Hudu
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(d) 1.50 mol/L!

[+] Ba{OH), (1, 0); ® BaCOy % BaTiOy
= g_;L g *1.50Em:1 ) if-a

1.00 mol L™

r L

0.50 mol L"
*

L

— g "—_:..,',

W
I |l'~-.._......--"IL....._.-“-_,-PI"\-._
020 mol L' =
| * & * *

LR k. sy le % A |
0.10 mol L

o # g8 e *gq *

Intensity (a.w.)

0.01 molL"
® o Pee® o .
‘ JCPDS No.41-0373 BaCOy
L 1l Liglng L
JCPDS No,77-2333 Ba(OH),(H,0)3

|| lIl J“ i Na X LR PPl
| JCPDS Na31-0174 BaTiODy
. | | . |

b1 ] 0 40 0 ]
20/degrees

|| l i
—h—

JUN 2.6 uandliiiunavesrududuvadansfsnuiilnasensinounAwazan vg19d g
WevedaIsUsenaveanlendedauiussueslalunlnnug Ba(Zr«Ti)Os [18]

Intensity (a.u.)

5 min
L . A

‘ JUPDE No41-0373 BaCOy
1 Il. i ll II | _— 1AL

‘ JOPDS No.31-0174 BaTiOgz
i I M

20 30 50 6l

70
20/degrees

JUN 2.7 wandliiiiunavessresiiafiinanenisiinouninuasSnyauen19dugIuing1ves
ansusznaukuSedlnmug (18]
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MNnLATeiIaziui fahssuiunmsmaadesdunszuiumsdansizsieyna
unluldognafivssansnin Iinsndnanuuianigs finnuashiauefuinisdndiusadusznou
wazaunaynia uluiauisamuaulasEiLaran v FugIEINeTld winszuIunIg
mandifsnaniudinaditedinoflunaeussduitluduresnszuiunasiouiigendudon
Buogrann Snisdiduyslunatsdiudiuniedos agduivilinismuauaniizlunis
Fuas1ek ey annden ANty A pH Mieudinsyiimnuiduduresansaranefedut
sldenilidondenailumsdnaszsiun Sniiansiauildsdnaung uaslvinandneensn
TuvSunmtes (eundn 1 n¥udenisdunsney 1 ade)derIsuifisuisanudunuuds
nszvunIsmaaidsldmunglunsiluiaunlugageainnssy 3uilinsnee1uniionse
nszuILMsEuATIERBUY fannsoduangildngludunewdon 18 91057 Funusanansn
dapsesinandniidonisld nieunslisinamanda g funsiaulugonhonsduame
wualng (large scale) ‘1?‘1487@%‘1Lﬂuﬁﬁ@\‘im'ﬁLL@%ﬁﬂ’]iLL“tjx’isﬁ'uﬁuagJJQQu’]ﬂIUﬂdmﬁﬂaﬁS{]ﬁ]ﬁ;ﬁu
deu lunmAtediderualauasdomnisilashiauenssuiunsduamsidnnssuiunisild
uasnnsivinldie saasa Usendandsnuuasidealidietes dufe nisanvuiavesoynia
fenszuunsgesiiiend digestive ripening process

ﬂizmumimiammmmwmmmiéfaﬁuﬁaaﬂizmumisjasJ (digestive ripening
Process)NS¥UILNTANIUIIBIDYN AT RN By P Amaluguuneunialusduuy
wasiu fnuidesenulungurasnisduasesiaisusznouululans (metal nanoparticles)
wazansUsznouwluniiuin (magnetic nanoparticles) wiu Tudl 2005 ladfinsanvunneynrves
Tanenound MEnISITaNTaRLIIRIRIUTN tetraalkylammonium surfactants (RSH) 1usees
v3ofi38n97 capping agent waRsANEY SEM $agudl 2.8 waninisiAeusuaavesasiasiy
yualngifisidnsazmnedng i suidiuiveudusynalans Snvasnisdaguine iy
n39nan WWINUsEINN 10 wilmumsuaziinisnsyatefvosuuineumauwuuuay

50 nm

JU# 2.8 2mia1 SEM ¥899UN1ANBINAY IRUNTEUIUNT digestive ripening laan1sly RSH
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| [

Aounflauidevinnisnyinaves capping agent fifldenisduasieinesuiauly (Au
nanoparticles) fauansluguil 2.9 nuin silnvesasdunsdidweuiihuldlunsdunszeiiy
dawadovuauazn1InsEaefveteyna lnes189uin nMsliaisuseneudunididedoudi
Tuanasuelngazdsualimaanuuaveseymavesiulssaumiudisaiuinniu uagazsil
IgayniprwInian

sUN 2.9 wansauineunInvesasUsenevlaneilalnenseuaunisees (digestive ripening
process) lUiAUDIENTOUNIDTIToULANAIAY [27]

uazS. Cingarapu uazaalz IéimsAnyinavesuiiaes capping agent fiflson1sanviun
vodlanzdunenaunlng (bulk indium shot) wuil a1ursaanvuInvedlansdunsuliiyuin
oynnogluseiuuluamsle Tnsvilaves capping agent azdsnasovuInoyn1Aiils [30] soan
lafin1sanuuIneUNIATRINeY AIEATEUIUNNT digestive ripening process LagyiN15dLATIEN
naveIszeznalunsIndndnddovuianazgusraveseyniaiiduasizsild s1uidenuin
syogafintudmatenisnsznefivasuineynia [31] annsAnenuideiiuansad
Free1assunssuiiieadeanuii nseuiunistes (digestive ripening process) lunssuiuns
anvunaslungulans AdUszansainnszuruninils fedeliiinssreaudmiunsly
nsgvumssinanilunsduasginieansuneyniavesasUsznavoenlsfidedoulag §ide
Judaiuanudululalunislubwimisainnisfnwinssuiunisaenaidlun 1sdunldlunisan
yuImeyn1AvesatsUszneveenledidadeu Tnsazyiinisiudsuals capping agent 11 qn
nasumagatuiieldgumgigaulunsduasigy uagshnsfinudulssieg dnanluud
U196

14



2.3 inRnsilofaseviaulfanizng

2.3.1 MsaAszRlaseadrawindremaiianisideauusedisng (X-ray Diffraction;
XRD)

Juinesilonldlunisnsiafigatiendnualilaivinansansdegna (Non-destructive
method) Tngordendnnsidsnuueesisdidng faduaduuimdnlniifanuenadudy
wauge uardisnnamzanzanigs Wedfadmnnsenuinguiesynnaziinnsayyiouvesdiyed
vhyufuszuuveseymaifuLresd fadnnnseny vinnsindeadunesisdazviouiym
#1499 WisuisuAudeyaninsgiuiingrainlageadng ICOD (The Interational Centre for
Diffraction Data) \laaanansUsznouusasainfisuuuulassainssdnuandety szogesening
spuvveserneuidaiFeaiufuansetu miﬂizﬂamwiawﬁmﬁaﬁgﬂLLUUﬂ’]ﬁLgﬁf;Lw%’ﬁLSﬂ%ﬁ
e feyaiildannEnsaiensidmaiamadonuuresisdindassenoufedeya
yosyamAaLat (d-spacing) uavanuiiimesdsanngaduld Geanunsniluldlunisduimum
Auanfisnsiines (Lattice Parameter) lassa$andnagnensing siaveaadiusing vuin
YounTU (Grain Size) Wushy [42) Tanfilundnfeanfiiinisdndesivesernonmelulasiatis
odussdo  Fansdadsuhveseznounelusinaridnunefussinudunseuiu g
uiagszuwagietuduszes d fuanduzuil 2.35 Gernszogaing d agdiduansafuluuiy
sysuRvewdn Tl A, 1912 W.H. Brage waz W.L. Brags Mausuinaninilessdisndnnnss
nuszUTesozmeumeluNENTiuannIENy (0) SediBnduisdmaninnmsaiaundu (Feaun)
Tagagviou () wiriuyamnnazny fuandlusud 2.10 MnuIReT W LdTuSHISeningves

WUsNA (Brage's Law) feaunnsf 2.1

nA = 2dsin@ (2.1)

T
7 Ly
o ul-e——
dsinoe > / ’

~
¥

~
S
=
@ <
~

/

JUN 2.10 Msavviouvasssdiand [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

KA
LcosO

(2.2)

= YUIADDYVDINAN
= ANA9T b U 0.87-1
= ANUENNARUYDISIELDNG

YUYBINTTRYIUY

=N @© >» X O
Il

= ANUNIYBTiANAIL AT TiaYeIANEa

(Full Width at Half Maximum; FWHM)

2.3.2 n153ATIERANUANI SN UR LAz TATIE5193a01AR B ATIANA 9N T3 ATl
AldnAsaULUUdRINTIN (Scanning electron microscopy; SEM)

napsgansIABlanaseuluudsInsaldd s uAneeazBunvedlasiaseneusnvse

'
I a

a 9 1 [ 5 £y ] 1 o I~ 2 LY $-% P Y] =1 M v d‘ v
Havasitegy Aetusegnlidndudesdnliuie awnsaldfneadegrndauinluals nudla
nndesqanssrudianasounuvdensinsndunmwaiiou 3 46 Afanudnuazinuansaly

% L d‘l’ a : Y 1Y
NsLeNTAvesanYME IRt NUlARBN MY [44]

2.3.2.1 ¥anN13¥1N9IU

Siinnsouugugd (Primary electron) a1nunasiiindianaseu (Electron gun)
= [ 3 [ % [ a [ 1 14 5 = =3 X4 1 1
Fedutiwalnazgnisamefndlnihganainsausuaila mnuuiagnfsgnasgauaidinewsiu

walum (Anode plate) melannganunuayyIng Laziyanounugasiaud (Condenser lens)

Ly

PazUsuadidnnsauliivuialdnadifiaun1siuANuUYe9a1BaNATeU NTUA1DLEANMATOU

aglsasgauasinuauding (Objective lens) davimiitunisusuadianasoulgugilvlian

Y 9

a o 1 A @ 1

N AUURIAIDE1INDR Lazd1BIANATIUNNNNTLNURIINOTS 9Fna8199EHvUIA U9 5-200 Wlu

9

93 LAgdYnrnaInAIuANNIINTIA (Scanning coil) inthilunisaiuauiAnan1sadeunves

4
0o a « v a < 1 a v

S19LANATOUVUNURIFIDYN VULNANBLANATOUNTENURIAIDE19LLANDUATASHITENIN

a & A Y 1 a a

duannseulgugiinvavneuvessigluinguiadiedis MliAndidnnsounfsgi (Secondary

electron) Fedgauandidnaseunfegiidazantuiinuazulasililudyarumdiannseind

v v 9 Y Y

) o a «

wazgnillafradunmuuenin lnedyaaudidnaseuinieiu 3 Ussunn [44]

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

Y

nAuBLENATEUMAANITNTZLIINE (11NNT71 90 89A1) gaydenadsnulbiivesnenluiuauiies
UE uaznssindusenin Faindsnuanindidnaseuniendl infifiuRaseduanndd 10 w
luins

'
Y a a a =

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

g7

a

Laidn (LA 10 wilwans) natindusiailiussdnmieidiannseuninam ideyadnumueumy
wazidudyaranthunasanmildanuunswaieniign
(% v a @ 6 . v A @ 6l o < A 1 [

3) AYEYIUNINAINTIFLD NG (X-ray image; XRI) S9dLdNGUAN WU N1ZUUARULILARA
InfhfiAnandidnaseuluszautulaasiieg gnnseaunsoldsunanuuINNeaurgAenaINag
laas vilidianaseuaindulaasinluidiuunui uazdosaaszaunasanunigluag iilasain
dianasouiignAsuunuiiszaundssuaindn lngnislaeendsnudauiivesnuiluguadu

1 13 = r-ﬂll 1 13 QQIJQI -dll | = o £

wiwmanlniin Fepdunimaninfididenueneduianizgluwdazsig Feanansatunldusslevily
N153ATITYTIANINTEAUNT N0l USH1nsdunsnsenandayaiuniee lundes

fa ® ! (Y]
ﬁ!a‘ﬂiiﬁuaLaﬂ@iQULLUUa@Qﬂi?@@ﬂLLﬁﬂ\ﬁ‘ug‘U 2.11

\ ‘ <— Incident (primary) beam

SEM

< Secondary electrons
<— Backscattered electrons

«— X-rays

5UN 2.11 USunsdunsnIenandyayiausinge [45]

2.33 n1153A912%N190ANAULEIAmATlagd-AGiUaaunlasalal (UV-VIS

Spectroscopy)
= A4 v oaa , Y an a o= i ! =

n1saandunainsesidnedludiedansiloanuazidila deegluyieanueiiniu
Uszaad 190-800 ululuns vesansiaiitudiuluglown a198unid arsusenouldsdou uagy
a15efun3d Menfiduazliild andAvesansdenandldiunldimneinsdununimuaz i
USunaedaneung insgdsilinnuiiemsauasuiug waslanmla (Sensitivity) g¢ lagena
nsinszveglusuvessiavseluananls wilunsaianihluigaiiamsdiuluaisesls 4
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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“wuﬁ@mﬂﬁu
luduagsililuanaviessnoniUdsuszdundssiuainaniugiu (Ground state) lUgan g
nseeU (Excited state)
AuanTAlunsganAuLaITeIanslelanavesioagnanEfsLAIT N s Uz Ay
wilididnnsounglusspomdnnisganduuaduyudsuaauglvegluduiiise fundanugs
17 ilevhnsiauiunesLas ik uTeas iounnandegaiis ufukasanuasiidadiaan
Sﬂaﬂﬁuﬁﬂﬁﬂﬂﬂ muﬂa“u@uﬁﬂi‘—uamﬁfm (Beer-Lambert) ﬁﬁﬂﬁi@jmﬂﬁuum (Absorbance) ¥4
arszulsiufusuiulianafifinisgandunas deiudsanssaldimadadlunsssysinuas

USunauwesanseingg Nieglushagnsla

2.3.3.1 dautsznauvaansasanlasinlnfines

1) unassudauas (Lisht source) wnasnniiauaslwadosanlnsinlndines
dadisaludisnnueneduiifenisediseiisuaratiinaenan Tausiinudy
wasiunnne dmsuanuenedvluiasansiblemnglivaeniiveSeanduunasiiie
was Beliuasaglugag 185-375 wiluluns dunaeaiiiatnuazlinnueirduasoungy
Fraudsinenduldies s 3202500 wluans

2) fausnuas (Monochromator) dautsnauilifuduildmunuuas Tneaevils
wasfioanunatndiusiiauas adulndlasufnlidunadslulasundn Jadusauuas
wAuY Wseilinueramie Tilawmes (nsvand) USEY (Prism) siewnsana (Grating)

3) wadnldusseasazaneieesvieAaamy (Cell or Cuvette) Svaguuumany
swnduiumsldanu ndnddalumsidonldae mstnlutiuasansilloan azdadly
Wwadiivinannalend (Quartz) iy ilesananunsagandunadludasdansilaloanld
druwadiivinanuiagldinlutuaineadiuld

4) $h3udyay1al (Detector) vmhilunisiannuduvesisdfigngandulnenis
wamdanuadussddundsanulih Lﬂ'%lmmm%’Ué’ﬁyigmﬁﬁﬁmﬁamwhqq Tufe ull
USunauuasasivdsuluidntes fianunsansiadudyaaninuuansdsld ndesiauasiiss

Heudueglutagdu Ae nasalnladafinalgieas (Photomultiplier tube; PMT) wae

A3eeTauasriadanoulalen (Silicon diode detector) [46]
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2.3.4 nMsIATziaauzeandintuveseznauslawmaiadndisd Inlndidnnseau dwn
Tnsalat (X-ray Photoelectron Spectroscopy; XPS)

wedadndisd Inlndidnaseu ainlnsalad Wumedeiiesedlitadmmunuay 13
Ussna lasanunsalideyanuaiiiszduiivosianlunatsuiyy 19y sdauazdiuiusig
peAUsynou lassasiamanil sliausemanll Lagaauzeandinduveseznen tudu lnafnw
nAEudamien (Binding enerey) va4lWlndidnasoudivanlassaanuiainezaenluas
fegna uenanimedadndisd lndidnaseu aiunlasalad Ssldiiaseitanldunnuenas
wiln vaansUszneuduniduazedunid Tavenay a1sacian uia flu nszan wediues widin
Dudu

Y
a Y 1

a <@ 6 6 a < = [ = ]
walladnglsd nladlannseu ainlasalat iWunisAnwiamizinuiivesansiedns
= a < A = & a ., O < Y Y
119931n8LanAToUNAITNFNINT WAIUTEUI 10 WILWUATIINUAZITAgNNTEA LAY
wasulvaeu nsiandsnuvednladidnaseuiivaasenltvaiuisainunadunsiluguves
asnasuiiuugauesiia lnewasnudamiennusingluiiaduesdudnvasanzvousassin 1
Iaunsavavenisyiinvesigniiedluansitedisle Jeanigniuaiuaziavaendinduyes
- ' a = ! = ! [ = d‘ =
pznaulanUaselilndidnaseusaninasiinaso susimesiiauasAndsnugamiiedluvuei

a A U U U 2 ::id L Y 1
ﬂ’)']llq@ﬂ@ﬂWﬂNﬁ’NNﬁNWUﬁﬂﬂ@iﬂﬂUﬂiiﬂm‘U@ﬂﬁW@WﬁJ@gJJIu%ﬁ’li@l')@EJ’N [47]

q

2.3.4.1 “ann15%191Y

a a v aag I3 (%] a Ao A v a 3 v a & e’-egil

SunnsBesedindnaanuRelunTan ifeensin e nesedldndiasnsiu
Amdsuiinuueutasidusididndiieglunqueevmonaisd (Soft x-ray) ianszAuliinlnle-
SannTou Fandsnuradiduluniuaunisa 2.7

[ I3 a & [ v A @ 4 [} = P
P99 VRINIPBLANATOU = WALINUVDISIADND — NAIUT ATV
Sianpsouluszaou (2.3)

Wlnddnpsauiiniuainiadanazgnsiunnwagiialunsaassnmadives
FYUUATIZRNE UV IBYNIABLANATOUAIBTZUULAUA b TA8 T2 UUALATITRNAIUY
Slannsaulsyiminflun1sUisulRBanATa U I8AMNL AU LMD 1 TA AINNE LA
294lWln-BLannsouniale warndsuvessIddngnnIIuALULIULAZINAUNTSA 2.7 ViTi
n3ui-ledianaseusauie wegndamiiedsglusrneuiissaunasnule uazvinlinsiulaan

Jueznonveasisln [48]
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uni 3
A5N15ANTUNI5IAY

3.1 A5N15AUUNISIY

AeildFnuniinisanuineyniavesansusznoveenlfifsfeulifvunnseduun
Tunsieindenaslsd Svasusznoveenledddouiionaseilfidonuvinisnaaes s
wutseulunaiue (barium titanate; BaTiOs) WubSeuLgastaLue (barium zirconate; BaZrOs)
wazuuiioulnimuniieledidnninlfansazia BT-82-CT) TnsduusnAenisinsoude
nsvuruMIUATeanuzresuds Mntuiniwawaliauseusmtundenaslsdieriinisan
yuneyA wonnidsdinsiriaedifueninmstinm wieaslensenduetlnsuvihns
anvuIneynIadeindonaslsfivuiu Tnsas Guduosuienaud a1siedildlunismaaes qunsal
uaztaedilo MIwReunnANFAsURT AN uraesds TnevhnsAnuandimalassaiises

a15UsEnaumsuulameLAsInNI1SI a8 UUYRIS AL NG LasANEIS 18 AL D aAUD A NBE NURY
aaa =)

i’miﬂﬁaﬂalﬂiumiLﬁmﬂgﬂimﬁummiﬂimauﬁm%amlé’ﬁ’uLﬂaaﬂaalﬁﬁﬁwﬂé’mfgamimi

a & \ = o 44' N aa a a ¢
DLANAIDULLUUABINIINM ‘1/1\‘1EN@Jﬂ’]ﬁ’JLﬂi’lz‘wmiamﬂauummEJLﬂiENE’J’J—’JﬁL‘Uﬁ aLUﬂImiIWIWilILW@i

Y
13

a ¢ a1 {a v = by & a a s
LAZILATITUANIUS DD NYLAVUVDIDEH DU AIYLAIBILDNYLIEY IWIW@L@ﬂWi@U aLUﬂImiﬂJLmai

311 asniildlunisvaaas

3.1.1.1 WULS8uAISUBLUEA (Barium carbonate; BaCOs) A18U3S qmé 3088y 99.9
HENLAE UIEN Inframat Usslneansgorisn

3.1.1.2 waslallvulaoanlen (Zirconium dioxide; ZrO,) mmusam‘é Sovay 99.9
HANLAEUSEN Inframat Useinaansgatusng

3.1.1.3 lmnwdeulasanlas (Titanium dioxide; TiO,) A13US Ej‘w'é Spuay 99.9
NARLAEUIEN Inframat UseinAansgeLusng

3.1.1.4 uralsuA15uBius (Calcium carbonate; CaCOs) mmma‘m'é 988y 99.9
HANLAY USEW Inframat Useineansgoisni

3.1.1.5 Lefialoanagea (Ethyl alcohol; C,HgO)

3.1.1.6 lafgumantsa (Sodium chloride; NaCl) mmu’%qw'é”aaaz 99.5 WANLAE
USEM Loba Chemie Usginaduing

3.1.1.7 Tnuvaideunaslsa (Potassium chlorid;, KCU) A311U3 qwé Jo8ay 99.5
HARlAEUSEN Univar Usemeanigeiusn

“NgLe) egeansalilduanssiagy 3.1
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‘&\\\\‘ W n’i’*.

(0) (d)

sUN 3.1 wanarsadinlglunisvaass (a) wutssuaisvatug (b) woaslaleulneanlad (0

u

wiakeanogea (d) luweuraalsn way (e) Inuwvadaunaslse

3.1.2  gunsaluazieteslalilunisvnass
3.1.2.1 WH1ENT NARlAsUTEN Nabertherm Usswwnelyasiiu
3.1.2.2 18 UANLTOU HANIAEUSEN Fisher Scientific Ussmadangy
3.1.2.3 feorgiin (Alumina crucible) wias1Un
3.1.2.4 wwnaaRnd1msuuaNgl
3.1.2.5 gnuaweslallensanau (Zirconia milling media)
3.1.2.6 LA3BIUALDLLUUNTZUNN (Vibro-milling) W&nlae SWECO Uszine
An3goLIsM
3.1.2.7 TnnasuuInsnge
3.1.2.8 Fousnans
3.1.2.9 \pRosteaziden 4 fumis Su GR-200 B0 AND

3.1.2.10\A3 89N URELLUULwA nwTlaimSauuviausiman (Magnetic stirrer)
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3.1.2.11A35nUM&15 (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 awnlasiiies (X-ray photoelectron
spectrophotometer; XPS) iu PHI500VersaProbll@Ulvac-PHI n@nlag
Ussnagu

“UIENG) é’ha&haqﬂﬂsaiu,azLﬂ?@qﬁaﬁiﬁLLamqﬁqgﬂ 3.2

() (d) B (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 LATLUSIUINNILUNIINEITHINY 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

BaTiO3 (s) + CO, (g) (3.2)

1 [y

INTuaIsNaNFINaN IkRalae nsdunIuse s ivannSauuliaudeou

aaa 2/

Qll QI ¥ = o ¥ 4 ¥ o dl ¥ b4 ¥
uNTENsassuLianeie Jsdrlaulnuislugeu wazdiarsilaunlvuiiseiniusouse

nsruunsin dnshieamaiilaedansimsiinvesgangiin 10 °C souril nasantuAQumngil

1450 °C Huian 12 Falag

3.2.1 dupaulunswseuansuuiBadlimiunuasuuteugaslaund835UA3en

A0NUZVD LD

3.2.1.1

. 1&

3.2.13

3.2.14

3.2.1.5

3.2.1.6

LS UUAITHULSBUAISUBLUS (Barium carbonate; BaCOs) 317U 14.271
nsu wavanswwasiatfloulasanlas (Zirconium dioxide; ZrO,) 314U
8.911 n3u vssasluvIanaradnd s vuanay
Fuiefianeanosedlivnugnuaiiegnielumianaiain
ﬁwmwmaaﬂﬁussﬁgmiazmdwﬁa 1 luidadesuntosuuunssunn
Duan 2 $3lus
arsazatsuvin s nstuniussuisudimdnnde utuldaiu
L oUAUNTTTIANT IS UL IR

a

ntuthansiildluvinseuliuislugouansiigumgivszann 100 °C
Duran 12 lus

Q’]ﬂﬁ?ﬁﬁ?ﬁﬁﬁlﬁﬁgﬂwmﬂlﬂL‘ﬁ?ﬁjﬂi%U’Mﬂ’]iLN’]ﬁQﬂJMQﬁ 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)

sUN 3.3 uanawnudsSeulvaamaiinldlunismuaaladveswuiFemgeslaiumg

3.3 N138ATUIAUNIAYBIEITUTENAULUBBNlINIUALAT WUSBULYRS LALun laan1sldinge

Aavlsn

3.3.1  dupaulun1sanvunaunIAkUEENRaslALuARILINGaRAaB LA

3.3.1.1

3.3.1.2
3.3.1.3

3314

3315

YINILULS oo sTaLLA (Barium zirconate; BazZrOs) Ta3enlaa1nis
Uinseraniugvesudeandiuau 0.5 ndu Taisunaslse (Sodium
chloride: NaCl) waglnuwnaidaunastss (Potassium chloride; KCU) 9814
Ay 25 N3y

thansiis 3 vlesuasaurmiuluesnunans wasussyasludeoygiun
Mnduthansuasludaeevgiunluidrdnszuiunsmnidune 4 99l
9aungi 800 900 1000 wag 1200.°C ANUAIRY
nEannkIutuneuntwn Jshansludese safiunnssieyansoan
AufuLardansisindudugnifiedranenaslsd nndeuyIu
paslsnimaundoagluaisuuissuivesiaunvielinisdaiosiuinse
ntuhaslueuliuisiigumad 100 °C WWuinan 24 $9laa agldansi
wiskazidunsazidendun
nisanvuneunakus Bl linua lamenssulunisideliuainde
3.3.1.1-3.3.1.4
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(a) (b)

JUN 3.4 Lananmuuiseugeslanfignuanausiuiuindenaslsd (a) neutdiluie (b) ndsin
NISLHN

(@ (b)

SUN 3.5 LAAININUDY (a) NILULSHULERSIAUATIUASIINUINEDAaDLSA wag (b) NawULSLLYaSlA-

Y

WANAIAINTINITaRvUIRsLiuLnAaRaalsn
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Temperature (°C)

1200°C for 4 hr
VT T
1000°C for 4 hr
S
o ———— Llordhr N .
pi 800°C for 4 hr ~
10 *C/min 10 °C/min
T
room
—_—
Time (min)

JUN 3.6 wnudaeulvgamainldlunisunuuitugesianiuinienaslsaigamgil 800 900
1000 uax1200 °C

3.4 nsanvuIneynIATasENsUsEnuEleBiEnYEn1$ansnzAa BT-BZ-CT
34.1  dursulunisanvunnaynievasuuisenlnmuniieledidnninl Sz

3.4.1.1 shwauusulnmusiieledidnminliasngin (BT-BZ-CT) iduasiziin
995U A uzpInds $2uru 0.5 nsu leiisunaslsa (Sodium
chloride; NaCl) haglwunaidaunaalss (Potassium chloride; KCU) 2814
8y 25 n3Y

3.0.1.2 thansiis 3 sinuuaausanfulunsnuaas uazussgadlufeergiu

3.4.1.3 et ssadludsergiuludhgnszurumanndunan 4 dalus 7
9aunAH 800 850 Uag 900 °C Aua9Y

3.4.1.4 vdnsuduseunsing Saiassadlufeergiiunnnsesieganses
anmnufuLazdsendusianiodrandenaslsd asaaeuyIum
aaelsfimauvdosglunuEeslnimunfieledidnninlfansneMusoll
fhedaoslumsn mndutharslueuliuisdigamnd 100 °C Hunan 24

Flue azldansnnrwaziduniazidondud
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Temperature (°C)

200 fordbe
- 8O0°C for & hr N
10 "C/min, 10 “C/min
-
PO
ﬁ-
Time (min)

JUN 3.7 wnudsdeulvgamaiinldlunswnuuSeulnmundigledianysnliansaemiuindonas
lsAfigaumgil 800 850 War900 °C

3.5 Anwinalnlunisanvuinauniavasansusznausentandedouluseylnniunuazuuisey
v = L3
Wwaslaunalenianaalsa

Uwandnuuissnnmiuasaz LuBsmesiaunfimioulann s ufisedauzaewds 0.5

N5 nausrunulglAsunaalsa (Sodium chloride; NaCl) waglnwnatdaumaslse (Potassium

chloride; KCl) agi19ay 25 nSu wuliwlfuiuignisiude 3.3 lngagvinisiniigaumail 900°C

AUSURNINANLUSIUINNLUS wWazkI7 1000°C d1nsundNanwussLasiawun tagldailunis

BTLANANS L @D 3 5 10 15 30 uWiuay 1 1.5 2 3 12 14 uay 48 Falas muansu

3.6 N1TIATIENANUVIANSUALIATIETIINEN
NMTIATIEAATIESNANMEIASLONTLTE ANuNsAlAsTlAe3 (X-ray Diffractometer) 1ng

DRINANNITLAYWUULBZNIINTLAWDITIADND TeLlaS AL d NdnNNTENUUUNURIVDIANTH989

1%

iiaNInIzdwazidonuy lneyudenunaztuegivlasiadaveandnuazssuunssdiandmnn

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
Wasuwlasluidleawfloufuanueirdusuduresuasiinnnsgny vlnAndudymiasun
A usuaAseilvinisnaaeulendnualvesnsnaniildannisiniunale Tngthansiegng
Uszanad 0.5 nfusndndaseinsossaindmsuirsossunu wevihnsiasely

3.8 MadnnziiuRauaziassairsgana
mMeTziuiuaslasiaigameifionsvasulasiadisganiadiendosansseil
S1dnAseULUUERINTIN (Scanning electron microscope) Llalduteyalunisesuisfadnumy
lnssainsganaLazvnuesansfidanszsilinnisufiseranusvonds uazansiniunsily
wsufuindenasls lavededdidnaseudeinsinasuuiiuivesansiedeiidesnsmasou
wiguasieglagldmunnuuais usuny (Carbon tape) thansmegnssunu idnioalse
asunUnMAISUBuNIEE T Y wazinAelviunefian tn3euady (Stub) wiefisesiuans
fetne wdnimuasueuisasuuady anturhnisindeunedlfunsnsyanefatuansieshg

wahlviessisigndsiganssaBLanaseuluUaeINg 1A

3.9 NFAATILNITYANAUUES

a a a

NsiATIzunIsganduiatniuiasesgldAFida awdnlasinladines (UV-VIS

Y

spectrophotormeter) lnga1fan13nsIdnUsnadmazA1Autu Ut die Auagyiuaauin
! = A Y 1 PN 1 d‘ = PN N a o v v
nearIunsagnannaulagileganitegluaTeils IngnandeInaulasIzd A uduusiY

YSunauazsiinvesansieglusieg e inseuiiegnlagnisasalvanswulsediaasiaium 0.00553

o a

nsu lneldunusminlesswdudvinasais vssgansaralsuusougoslaunaluwadussgans

fegns wahluamseniensegd-3dda anlaslvilpdines

3.10 AS2FRUANUALADIANYSNVBULYIIEN

nsvdnAan ngEaNdNvG (&) warAiiusenaunisgadenisladiannin (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
fifmdhweagsdiniiaesd (nese Tldlvideuuinameuesin wasiluuniigungl 750°C
Hunaunu 20 Wit sedasinsiii/aneamgll 5 ssrniwaea/unit iilelsiniuuiuaziety
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Ausdinlantu antudldiadianuglii wazadusznaunisagdenieladianvindae
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 Aamnandumslugyyinia (Je1 8.854 x 1077 Fm™)
A fe tudvesthlilihwesansinegns Gmhedy 9.4.2)

C  fim Amuglniin (Capacitance) ¥adn15#10874

[

Tagan1LIUNITIASILAN I TIUUITEN A

gawilunisiesien 25-400°C
BRTINITVUAIDUNNI] 2 DIFaLTE/ Ui
anudnldlunmsmnaed 1 10 uag 100 kHz
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una 4
NANISNAADY

4.1 psAneUadenuunzanlunisanvuinayniavasninanuuissalnmium (BaTiOs, BT)
neumaluszivlulasiunsguuinaynialuszauunluans

dmdunuideludind wwdunsinumanuiuldldlunsansunoyniavesansuszney
wuidoulymiius (BaTios; BT) annsedvulalasunsgaeduulumnsiiunisdesainuinmi
Rdud (surface active etching) Aenislanisuasiinalvesnie lagagyinnisAneteladouay
Foulwsineg Aldluniswisuuardsmadensiduiveseymealuszduunlumnsifguam Wy g
WasuuassdauazUinadndvennde miﬁﬂm@mﬁwammqmmﬁLLamzsznaﬂu%’jumaumm
131N TiddensiAnimaudans suanaednvuensdugiuingrvoseuniaiieiould saluds
AnwuaresurenalnnisiineynauluNIuNTEUIUNITAINGT

4.1.1 NTTUIUNIIATBUNINEN BaTiOs Nilvurnaunialuszaululasiuns A2e35Ufjasen
ANTUZVIIUTILALNIINTIVFBUBNANYARANY

| gj 5 Va o ¥ o a = . Ya

ABUNTLUIUNITANVUIN bITULINLU maalmmmﬁtmsmmwaﬂ BaTiOs Immmmaumﬂ
IMEUEJSiuiy(ﬂ‘U‘lﬂJIﬂiLlIGlSN’l‘LJﬂ’in’JUﬂﬁ‘U{]ﬂimﬁﬂ’m 29au%49 (solid state react|on process)
NEITAIRULULS BUASUBLUN (BaCOs) wazlnndisulnsanles (TiO,) maumw a.1

BaCOs3 + TiO, = BaTiOs + COy (4.1)

vinsinuaaledaisiegisimienlfiitelfidu BaTio; fauysaifigaumnd 1300°C 1Hu
e 4 $3las FednsnssuLayaseIgung vty 10°C/ N anduhasieuiildainnis
wluvhnsnsavaeutendnualianiy lngnsavasunnuuianiuasinssaiudndomaianis
Avwuudediond (X-ray diffraction technique, XRD) kazinailas1111 (Raman spectroscopy)
Mntuilunsaaeudnvaemeduginefendenanismisidnaseuuuudesnsim (Scanning
electron microscope, SEM) HanTIATEarATIRa UlandNwallams Lanad s Tase Ul

4111 mamsnsndeumaudsvsuaslnsedawEnvaskindn BaTio; fagldiluasnedy
lunszuaun1sanauln d1emalian1siaealuuiediend (X-ray diffraction
technique; XRD)
n¥annldsudeyaziuuunindenvuisdiondeaninainiaios XRD uda §ideldtn

sUsumadsnvuidiendiildty uvhnsieseilaseandndeindonssuiunsinggy

Tnsead1adednuuu3nia (Rietveld analysis method) Saemansuasde JANA2006 tneidunis

feufuteyainasgiuiliaingiudeyaunsgiu Crystallographic Information y3181a% 73643

Fadudoyainsgiudmiu ansusznoumesenalnd BaTios Afllassaisudnuuuinnszlnuea

deBusumauiqvsuarlesiaimdnlfudusmargniedsiu uanmwamslinnesiitléfgui 4.1
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=

Taganguil 4.1 o Lé’u?wﬁ’wuamgﬂl,mumﬂgmLuu%’ﬁwﬂsﬁﬁlé’mﬂm%a XRD deyanwel “+” &
LLmLLamﬁqgﬂLLUUﬂWiLgaaLuu%’a?u,aﬂsﬁﬁié’mﬂmsﬁ'lmmé’w%aWﬁLLﬁ JANA2006 tduLLnRean
Hulansszuu (h k ) LLazLé’uﬁL%'sLLam’LﬁLﬁuﬁqmﬂmmﬂﬁhwaaguLmeiLﬁymLuu%’ﬁLaﬂeﬁﬁ
IFannsinziseadeaiionasannnismuansievensuagd nadildnuin gULmeiLgmLuu
Yedonduasnmaniiunsuaaluifigaumgll 1300°C/ah senndestuguuunsdnuuiediond
Y03a15UsznauINesanalnd BaTio; idlassadendnuuuinnsslnuea (tetragonal structure)
MUTOLANINTFIU TnglinulanandasududeUu anduinsnseaeumuaniinisfiines
AlFanniseuiarulusunsy wuin a1sUseneu BaTios AldbiAuanfiswisifines a iy
3.9987(2) wag ¢ Wiy 4.0321(17) A Faanitlddulndidsstuauaniignisfimesaindeya
155U BsnsiineilassadiednenssuIunsuuy Rietveld 7il#i Seranudndedefilaan
N193AT1EN 1A8ASLERIeI8AT R (Rvalue; Rops, Ro, Rup) 4AZAIAMUKIUENTUNITIATIZLEAS
FruAn X2 fams1edt 8.1 uenant Az Idudalaviinsiasgimiuniesaeulumiewad
(unit cel) 909WenEn BaTiOs AlaBnsay Fauaninanisitastzhilunisied 4.1 Sanudn
Amsfiwesfuanieudedemsqdu falndifes 1 feeglunasifioeusuld

(110)
+t

t BaTiOS-Presursor

8
e
4
/4 el
EN LB
] z {At < “me g a
z i -, B .

% Od1)

Intensity(a.u.)

bt (001)

| | Pl 1] U I I (| I | I | |

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

20 (degrees)

sUN 4.1 JURUUNITI AL UUSIENINEIINNIUN TEUIUAITIATIENLATIATIIMINTT TG
(Rietveld analysis method) ¥09a15U5¥naU BaTiOs d9tAT1291A8NTEUIUNNTURATEE0 UL
YOI lUNTEUAALYY 1300°C T4aa1 4 49l
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uiglsAaumATANTIATIEREN vz IaNIZEe NSEsLULYesSsEend Tanunsa
as19¥ansUszneuiildfinnudundnniofinudunandt sauluieansisivsunatesunnnia
50% Tnevmidnld Sedeiludesidn viild nsdmadasudanfionsannanisiasesisiuiv
wAllA XRD ﬁqajm']mi’wLfJuLLazLﬁmmmmﬁaﬁamaﬁayjaﬁiﬁ Fefino NI IEREImATAT

11U UEAINANITIATIZALURIUD 4.1.1.2

4112  wanslensiuazasadeuauigsuaslassadraninvasansnedu BaTio; Aaw
wadasuuaUnlnsalal (Raman spectroscopy)
N15ATITYINeNaNvallanIgAIgmATaT UL liNaN1TIA T IE e anu LY
sULUUYRsAUNAsUI Y (Raman spectrum) LLaméfagiJﬁ 4.2

BaTiO3—Precursor

B,, E(TO, +LO)

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

E(TO,), A (LO,)

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

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

Raman Shift (cm'1)

sUN 4.2 Usuus1muaUnmasu (Raman spectrum) ¥839a135Usenau BaTiOs d9iAS 181
aaa < ! 4 o = 1Y)
nsrUIUMIUATeanurveLle dumsiuaaley 1300°C Avian 4 Tl

NFUUVUTIUAUNATUYDININEN BaTiO; Nuansluguit 4.2 tdu wud JUluusnua
WansuiinsranutiuaenndesiugUkuuTnuaUAnsuYasw1sUTENaY BaTiOs Nillassasiawuun
nsElnuea Fan153ATIETiNaIIngUkUUTIUaan S ludEntTuedendnnsiiasiesilag
WINTUNINNBHTLUUANNIAT (point group theory) VBINEN FadmSU BaTiOs tu Tuszuy
AuUIM5VRIATIATIMUUAITN (Pm3m; Oh') AEADUANRIABNITNTEAUAILAINNLIIATUEIY
dunlsLsa n3ai3undn IR-active (3F1, (IR) + F2) wilaianunsaneuauessiansnsedueie laser Tu

a A aa ] . . v o ° ) . pRp % =~ &
WAATINY ¥387I58N91 Raman inactive Aeifi MniwewEn BaTiOs nllassasiawanduuwuy
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Adnuhmsieniomaiasuiu Aaglivsngfievdeanasulas luvaei BaTios
Fuaseilai flaseadrandndusuuensylnuea (Pamm; C4,) §aiin1sideusenainsiumia
auunsvesazaaulnnten () Tudlniseanaszinsoaro0ondiau w3 ALIIUDY TiOs 39
dsmaliiAnnaudsuulasosaninda (polarization) vlsiAnnisnevauasdonisnsefudae
laser lupuemadutiesuy Insnavesnsnevauesiuutseanidu 8 Tnuadaeriu fe 4ETO)
+ E(LO)] (IR & Raman) + 3[Ay(TO) +A1(LO)I (IR & Raman) + B; (Raman) [1] %qaamé’aqﬁugmwu
saUansuLandugui 8.3 Imaﬁﬂﬁﬂs’lﬂﬁuuﬁam 28-150 cm'™ aamé’aaﬁﬂmmmiﬁ"u
wuulaiufauss (soft mode) woslviaa £(TO,) [1] fafiidnuaziduiinPas (dip peak) fiusian
180 cm! denpdosiulnunnisdu A,(TOy) Feftefivsnglusundsiidufieiendnvalianizves
Faquloslsdidnninynuia diufindnuuzidugiuning (broad peak) fiuiamsag 269 cam®
aonndosfun1sdunuuiunduld (transverse) vadluua A(TO,) @rufiafidiunis 305 cm®
donmrdasiuiinn1sduseslnun (B, ETO+L0,) Fudufinnisdulusesuezneunuullauuns
(asymmetric vibration) 789Wussszn3ne Ti-O lusumisesnassinsoavedbmmiew (Tiog) &4
finfidumisffoduendnuaiameredasiaduuunnszlnuen wavazhivsngile BaTio, §i
Tnssadradumidn [1, 2] daufinvuiadndidiunds 473 o @enrdesiunsduesiu [E(TOg)
+ A(LO))] wawanvheRefinfidiunis 521 wag 702 cm tu aesedesiunsdutesinun [E(TO,),
A(TOs)] wae [E(LOg) + A(LOs)] [1, 2] ﬁﬂﬁu%ﬂﬂﬂ?ﬁLﬁi’]SﬁLWﬁU%qWﬁgLLaSIﬂiﬂa%’%‘iwﬁﬂﬁ’JEJ
wAdAnsEsUuS e nduarnaling iy arunsoduduledn nerdniidaasizilaann
nszuaLNsUiiSeIanuzvesndeignmgiiunalasl 1300°C 19a1 4 Falustiu WWuwandn BaTiOs 1
fanuuian’ UsrmnnmaudanUaoudu uasilassawdnduuuumnsslnuea Saanuisouiing

Ay v o o Y]
Naﬂ‘V]VLWUlI'TV]'Tﬂ']TVl@a@ﬂﬂqﬁaﬂmuqﬂiusﬂum@uaﬂlﬂ

4.1.1.3  WaN13ATIEIUANBALN T UFIUINGIVBIBUNIA BaTiO; AI8NFDIaNTIAY
AlanATaULUUdRINTIA (Scanning electron microscope; SEM)

NATDINITNTIVADUAN WAL NFUGIUING I8N0 19aNTIAUBIENATOULUUEDS
N30 (SEM) wagnasdududndiussausenauniaadl (stoichiometry) A28inaila energy
dispersive x-ray spectroscopy (EDX) ¥99n3nNan BaTiOs fidnpsredild mﬂﬂiumumi‘dgﬂim
an1uzvonda uanadaguil 4.3 a) uas b) Fearnnadilaiu waadldiiiuii 9UN1A BaTiOs 7
mLﬂmﬁlmWﬂaﬁﬂgﬂsmamumaqLLmuamgmmmm‘[,mgaQa[,uiumulmmau IngdvuIneuNIA
Tnoiadewinfu 3.7 « 1.5 um fanulishaefuidluduvesuiauarsusns uasdinsnzats
fvesruneyn1AluluugIuning (broad size distribution) waglunsduduanuaiiaueiu
maaiiniedndiuesduszneu mewmailnsan EDX nui seaeusiadivinisnsiaiauanse
dndnosdusznouvesuuiiouselnmuion (Ba: Ti ratio) WulUlufirmadisrtulasqaaiunndud
1 uag 2 ddnd1upsAUszNoUVY Ba: Ti 1WinAU 24.89:24.88 Way 25.31:24.37 atomic% MILAIRU
Faflan Ba/Ti Indifes 1
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Weight%
14.84
22.01
63.15

Atomic%
50.23
24.88
24.89

Weight%
14.70
21.58
63.72

Atomic%
50.12
2457
25.31

4
Full Scale 278 cts Cursor: 0,000

JUN 4.3 a) Lag b) wansnIneaie SEM kagkan1insiaindndiueddsenaumeinaiingiy EDS
193815U52N0U BaliO; #A31eMA38n5zUIun1sUinse1a01uevewds iaunisiniwaalel

1300°C vaan 4 F7lag

4.1.2 NITUIUNNIANTUIABYAIABYNIA BaTIO; LAZANSANYINATRsgamaiiitnensiiauma
U3avs Tassadandn uazdnuusmedugiuinenvaskssdnunly BaTios Al
TuduresnisanvuInoyAATeIRIHEN 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)

gULLuumiLﬁymLuu%’ﬁwﬂsﬁmaqmmﬁﬂ BaTiOs WAwNLNTzUINNITAANTOUHUAY
fhewndefigamgd 700-900 °C wuian 3 dalus Wisuifleufunandn BaTiOs fusiu wanadagud
8.5 %agﬂuwmﬂgmwuﬁagﬂﬁ 4.4 Hu LﬂugmwumﬂgmLuu%’qz"ﬂaﬂsﬁwé’aﬂmmﬁmezﬁ
1A598519T9aNATBUUUTNE (Rietveld analysis method)

4
i j é BaTiO,-900°C
ban§ I e P . .

| | 1 | LI I | R [} mm [ | Rl N " Il
_— N ¥ i R——

%
[/ =) 2 K \
l BaTiO,-800°C

St

E__ﬁ._i— A—JHJ& A A it e
| [l | Il o | [l (R} |

BaTiO,-700°C

Intensity(a.u.)

LAY,
I
V. 4

(110}

j BaTiO,-Presursor

o
&
o
@
&
3

T T T
100 110 120 130 140

2-theta (degrees)

gﬂﬁ 4.4 ﬁJLLU‘UmiLamwmqaLaﬂwaqmwaﬂ BaTiOs ‘ma<1m'nmmmuﬂﬁﬂmmauwummamaa
ﬁqamnm 700-900°C 1Hunian 3 $alus Wisuiisufuneudn BaTios M Huanssedu donunis
AATITALATIATNTIENMEIEINNE (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
Tassaf1sineiBimnauansdisnsned 8.1 uazwudn Auaniivnis1ilees (a = b = o) s
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AWIMINYaNLIS JANA2006 UB9kaNan BaTiOs ﬁé’mswﬁiﬁﬁqmmﬁ&mq FAHNANINNHS
NAN BaTiO, Mduansasduiiiondntos Fdludrutl Undudaduiinsufuiin nandn BaTio, T
sgiaanuduanszlnuea (/) anasnmvuinveseynafidanseild waglassadandni
qmmﬁﬁawzLUﬁﬂﬁﬂﬂmmdmu@ﬁlULfJuLLUUﬁaﬁﬂLﬁ'aﬁsuumaqmﬂLﬁﬂaaﬁﬂizmm 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

anwagn g IngImewmaila SEM

A1519% 4.1 ATNISITLRBSNLAIINNISILASISILASIAS19LD98NA83T Rietveld NIUTDNLIS

JANA2006
t-BaTiOs BaTiOs BaTiOs BaTiOs;
precursor 700°C 800°C 900°C
Crystal tetragonal tetragonal tetragonal tetragonal
structure
Space Pdmm P4mm Pdmm Pdmm
group
a (A) 3.9987(2) 3.9957(15) 3.9963(2) 3.9956(16)
@ (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
Rup (%) 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 Aauszydiannseu (LC) V fis Usuasvihewad (cm?) 27 AeAUszqlosaunes
Tooou | (49199391n91U398909 A. W. Hewat [6]) wag A for displacement valooau i Gaua
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ASALAUNUIANAILTITA55 509 AR ININAN BaTIO, SeduiiAwinfy 59.8 LC/cm? uagndanns
aWuu’méf’saﬂismuﬁ’mﬂ'ﬁauﬁuﬁaﬁaaLﬂﬁaﬁqmmﬁ 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 unuAraunsasiiadies miswesruduiinfiauls (Full width at half-maximum:
FWHM) Fagfpafuaiinumsviiliignaessensifioutiua FWHM sesanssnnsgiuiildainiaie
XRD 450 (lufitifoir3es XRD U Bruker D8) 96 Brgt = [B2h Observed — BZxinstrumental]2
uay 6 Aeuuvesmsiinuy Sanueieavemdnanmsasinlinmsuulsaunsd 8.3
thindnEesaunislugulndléfannnsi 8.4

BricosO = (kADyrp) + detan@ (4.9)

die A AorrAnuepaunly (0.154 nm) waz k 18ud1mai Fevuediugusnsvetaynia

3

=

% v

(Auntld 0.89 10uArdususuniaLULNIINGN) 31n@uN157 4.4 lieuilundenmdnuduiug
5¥NIN Btand Uag Bucosd hadA1nudu (slope) I UAAIAIAINLATENYBITAR dIur1TUIn
NAAWUU Williamson-Hall azlﬁmmmﬁmmu y (y-intercept) LABLAAINANITATUIUNIVUIANEN

a o A
LAZAANULATYAAINTIN 4.2

0122  wamaasnasumauignsuaslasiaienin venskin BaTio; launazudariiu
nsEUAUNIARTLIARIBNSEUIUNISARNTaUNURAR 8L Tlgamgdl 700-900 °C
memadasuuaiunlngdlast (Raman spectroscopy)

wiadasmunedadianuenzagsremaudaiilnAnn sduesiusylu

Tuana wofinsiaAsuulasermanunsalumsiinta (polarizability) vesusasiiussiail Tnsay

uanamasenuIusuiuuaanusmuiidonadestulvannisdusiieg Taslufid waawansus

11U (Raman spectra) T09k9HAN BaTiOs Tinun1sanuiadienszuaumssaniouiufindeinde

flgaumndl 700-900°C Wisuifisuiunandn BaTio, Mduanssadiu 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 L I I ] J I I

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

Ramanshift (cm )

‘J‘U‘VI 4 5 iULLUUi’]M’]UﬂL‘Uﬂ@iN (Raman spectrum) YOIHINAN BaTiOs PHINIUNTLUIUNTAA
ﬂsauwummamaa mam‘mm 700-900°C LU‘LJL’J@’] 3 ‘U’ﬂmﬂ LU ULTIBUAUNINEN BaTiOs ‘Vls[,“UL‘U‘Ll
ﬁﬁiﬂﬂﬁ]u

mﬂg‘ﬂquamﬂm%ﬁ,mmulugﬂﬁ 4.5 wum gﬂquaLﬂﬂm%mmuﬁiﬁuamLWaU%qm‘éﬁum
BaTiO Viamun Tnsfigaumadl 700°C nawdn BaTiO, AidaiaseildfidnunesUuuuauaniusiun
pssfufuFULIUAARSITITRSHIHAN BaTIO, T Tumdisiu uanslfisuiseuatosves
Tassadauvuinnsginuea fidinsoguazrunisligamgilud 700°C antdu wWevhnisdann
sUnvvawansuTwUssuieuivaamgil 800 way 900 °C u WUAUUANAI9TD5ULUY
aansusnnuiiiatusgsdpiauidundauiion 170-280 cm! Aluduil iinananeues
nsdn3eafnveternounNANLYEU WiaTi3unin preferential orientation Ingenatianivgan
Mnnsfieumereskskdntuiivninanas Jeiliimsdnesiavesesnondiuandaly 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‘U‘uwaﬁuLﬁaqmmﬂﬁfaaﬁmmmLﬁuﬂwaluﬁqq%u [4, 6]
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4.1.23  NANSATIVADUANEAUIVINEUgIUINEIIEndasanssAlBidnasaunuudainsia
(Scanning electron microscope; SEM) U89n4Nan BaTiOs NaulazRa 161U
NITUIUNMTANTUIARILATZUIUNTAANTBUNURINIBINGD Ngaungil 700-900 °C

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

3
i
H
%
§
i
H

U 4.6 nmidne SEM vesrsndn BaTiOs lHLuAsAesU (a) wngndssunszuaunIzanuun
fheFiianseuiiufindaeinde faamail 700 (b) 800 (o) waz 900°C (d) turaan 3 Falus (wane
i Sdsvenedmiunm (a) duesniidmeedmiunim (b) (©) uae (d) esnaymadild
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
BaTiO, Huflvuinoynialagiadsanasain 3.7 « 1.5 um 1Hu 3855 + 120.4 nm uagiiay
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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
fesuuIneyMAAUIINMITIdNYUENNINTEERITRILINBMALUUFIUNS (broad size
distribution) TudnwazLUUg LAY (narrow size distribution) ndaantudelfgamailunis
Fuasrwidfistuluii 900°C (3U 4.6 (d)) wudnuaigmadnguine ﬁga;sﬂﬁ"ml,awmmm
oynafidaanzildianuunndaiueynin BaTios duaszsifigamgil 800°C ipaldntes
ity 3dlsifeodiaruuanisiuednedideddy Tnsfouneymalaendewidu 77.5 + 4.1 nm
vianileTgidnvasmedagiineid auzdidodddinsinsgitaginmsnsaaeuiite
fududndrussdusznousenitauuuiiounaglnnuiley (BaTi ratio) veasynia BaTiOs 7
duareildfigamntl 900°C fewefingan EDX uansfaguil 4.7

Spectrum 1
8 1.0 12
Spectrum 2
-] 10 12
Spectrum 3
[+
Spectrum®. Instats. O Ti Ba | \
1IN VYes 4325 2820 2855 M
2 N NYes 4311 28.08 2881 A el Mmoo
3 Yes 4534 - 2764 27.02 . Specinmnd
4 Yes 45.37~" 26.93| | 27.70 %
5 Yes 4576  27.19 27.05 g
6 Yes 44.04 2765 2831 n
Mean 4457 2762 27.91 n
Std. deviation 1.28 049 0.77 8
All results in atomic% Fct'ls:ale nzezcu Cursor ;oou ? * ® & ke

gﬂﬁ 4.7 7NE1Y SEM Lagnan19nsi19indndiuesnusenausening BaTi 9aninaila EDX 6
U3 9aakenEn BaTiO, ndsHunszuIuMIanuuIndeIsfnnieuiiufiafeinde fgungd
900°C tfurian 3 Falus
PnuafilduNIzikaz RdeUShTd ST e s AL U S Buwaz L e
74 6 U3nautu annsnszyAdndiuesnanves Ba/Ti tasiadeldivntu 1.01 + 0.05 atomic% &s
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feanulndfssfudndiuesdusznau Ba/Ti fildanuanan BaTios M4 duansiadu Jsamnsa
gudulaindndiunsauseneau (stoichiometric composition) U8 INIKHAN BaTiOs e IW1U
nsvuIunsinnseuituiageinde tuliiinnisiasundadluandnaiuesdusenousewing Ba/Ti
YOIHINAN BaTiO; M Tuansdsdu Feideindudeldiuiouniinmsdansizidensyuiunised
3uq lnsaniz3zlalasimesusa (hydrothermal method) waz3§n1sanmenousau (co-
precipitation) Falasaulngjaslinndniifidndinesiusenausewing Ba/Ti Iumauqmﬁwﬁﬁm
Yoo 1 esnanmsldansasduiiluansazanonauvedlenou BaZ way Ti** Fdlaeiiiluud
TopouvasUiey wio Ba? tuiisnsnisazansuaznisunssanEandn Tit* [5] fatu nszuunis
anvumeymannszdulilasunslioglussduuluunsiemstandoufiuindadunssuiunis
Felavinanennuuians ldvhanelassaisndn uasliviaedndimesdusenouesansiedu

4.1.2.4  WANIINTIVFDUANBAULVINAAUFIUINGWILNADIYaNISAUDLANATOULUUHD NI
(Transmission electron microscope; TEM) ¥89H9NaN BaTiOs NoULAZHAIHIY
1'% o/ 1 tg a v = = a o
NITUIUNMTANTUIARILATZUIUNTAANTBUNURINILINGD N9aungil 700-900 °C
JUN 4.8 wansn1weny TEM veednuazuasauniIn BaTiOs lngsIu ANyuzUes
BUNALALINT DUTIANBUENITIALIBIVDIMUIBLEAE (lattice fringes) WAL UAAININENENIS
Aeauudianasounuudeniiui (selected area electron diffraction; SAED) 404K4EN BaTiOs
VAIHIUNITANTUINBYNIARIEN TZUIUNMT ARNFBUALAINRAMAN 900°C LTuszagIaN 3 Falu9
lagnudn oyn1A BaTios Ingsiy danwuziusielndiAgansansu (spherical shape) 1A14
avnaneadulludnvaifsaiuioue uasllawneymadenndesiurwipaunanialdainndes
qanssAudiannseuluudeInsa (SEM) dananaluudadnsiu daueunmaeituuanslifiiiunis
Jnsvsramulsiaa (lattice fringes) WU TEUEY1IIENINTEUNU (d-spacing) dAvinAy 0.28
nm @evinn1sinlasldganiuns image J §95888W1938MINTEUUNLAT d0AARDINUTEEEUNS
FENINTFUIVVBITEUIU (110) U84 BaTiOs NillAseasakuumnselnuea wenani sukuunis
= a a = Y @ @ < ! !
Weuuvesdianasauluuiaanianianie (SAED pattern) kanalviliiuanvagidundesading
agedniau Fedudnvazanizvesgluuumsdgnuudiannseuvenanifidnuvaz dundniaed
(single crystal) lngifiavinn153msneiidedniiusnugedesainddusmunisiiefigy wuandu
sUkUUNITdesadneidenadediuTzuIv (100) ag (100) Fududnuauzianizued BaTiOs Nl
lassaiisuunaselnuea Aeil 39a3Udn wewan BaTiOs nivuinsunalagfeyiniu 77.5 +
4.1 nm nasUNsTUINNSAANTauNLREINGeigamgll 900°C Wua 3 Hrlustiu 1Jundn
= o % = & = Y a =1 o o ¢
Wennillasainanidusuumnselnues feaennaesiumallanisidediuuiadiend (XRD) was
wiatasmuaUalasalntd (Raman spectroscopy) fanariluuwaalutnesiu
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Mic HV ~ Mag Camera Length
JEM-2011200kV20000x 400 mm

i‘Ll‘VI 4.8 Aanaty TEM LLﬁﬂ\iaﬂ‘lﬁmﬂJ@QQUQ’]ﬁI@Si’m BUﬂﬁﬂLWEJ?WiEmaﬂ‘Um“miﬁ]@Li‘ENWLDEJ
waa (lattice fringes) LLaumwmsmﬁLaEJ’aL‘UigaLaﬂmamwmaaﬂwuw (selected area electron
diffraction; SAED) YBININAN BaTiOs ‘VmﬂN’]uﬂ’]iaWUU’mEJ‘LéﬂWﬂ@’)EJﬂi%U’J‘L!ﬂWiﬂ@ﬂi@uwuwﬁ‘ﬂ
gamall 900°C tUuszeziian 3 #lus

4.1.3  N1SANYINAYRISEEZLIAT U TEATIZRNdAeNISAAWEUIaNS LATeasinewEn was
ANWALNNITUIUINEIVOWINENUI LY BaTiO; 9l

Tud1u98InN150ATUIADAATEIKIHEN BaTiOs fen1sldnszuaudansouiiui
feindonasluounaslsduarinunaidounaslsdiu ludwiiaesiuantunsinudvinaves
syozandildlunisien Addenisiinuauians lassadrndn uasdnuvarnisdugineves
oumewly BaTiOs ilé wanwmansidedareluil
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4.1.3.1  wan1snsIvdauwauIgnsuazlaseaiimdn daamatianisideauusdiend
(X-ray diffraction technique; XRD) 49 9WIWaN BaTiOs NOULAZHAIHIU
NSTUIUNITANVUIAAIBIDINADRADUWANTZEZLIAT 3-72 B9

| i i 900°C/48 h

n JL Jk ﬁ | 900°C/72 h
")

’-..\ > i J
= A A 900°C/24 h
\C_U, L | A R
900°C/12 h
/i S5 - = =l v
W 3
% J JL L ﬂ . A A Asoo C/8 h
g} J }L JJ\ J 900°C/6 h
= W 9 g ) NS a1\
Wi JL U ) A 900°C/3 h|
=) § - BaTiO, precursor

(200)

[y ]
(=]
{
8 -
e
(210)
b (220)
1 koo
(310)
(311)

80

-4
<

2-theta (csﬂ)egregs)

5‘1J‘VI 4 9 i‘ULL‘U‘Uﬂ’ﬁLﬁEJ’JLUU?QﬁL@ﬂ“H‘UENNGNﬁﬂ BaTiOs NAINIUAITAAYUINAIENTLUIUNITAN
ﬂi@uWUN’J@’JEJLﬂaE] wam‘wm 900°C L“U‘L!ﬁ“EJ“L’Da"I 3-72 "ZJ’JI?,N WIHUMBUAURIKEAN BaTiOs ‘Vlslflj

Lﬂumimmu

MngULuUMIdsnvuesidiondilldtuandusy 4.9 wud nendniiduasesdlélunn
SEEPIAIINIANATIEA donndesiUTULUUNSREIULT BN dueINInEn BaTIOs AiTllAseasg
wuuianszlnuea lnglinulaudanyasuduqiovu deanzdidsliinisduinsuiandn
(crystalline size) wagA1ALLATEA (internal strain) WARAIHANITAILIAIF A5 4.2 wuin e
¥mstiuszeznatlunmsduaset twendnazdvunalnaiuluvasfidanueionilatiaanas

s
4132  wan1InslvdaulnauIgnsuazlaseainendn aqeinalinsau1u (Raman
spectroscopy) Y9IHINAN BaTiO; ADULAZWAINIUNTZUIUNITANYUIAAIUAD
- = &
nHanaaNmaINTTELLIaN 3-72 Yl
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ndsnTiasgidemaiarnuty ian1sinsgitzuaneenuilusluuuresang sy
310U LLamé’agUﬁ 4.10 Imag‘dLl:uuatfdﬂm%’mmmﬁléfuamLWaU%qmémaq BaTiOs asnum Tneil
syoziaen 3-8 FlusiunumnuuaniswossUuuvaansusuuiifeduogisiaiau idumia
U31Ind 170-280 e G fumasnannguuuunsdniseadnvesenennuamLey (preferential
orientation) wagn1siinrandunelutan (intemal stress) figstiu Seaanndosfuruineyniad
fansiluwedn wazguuvuaaniunuudlsannainisdansigs 12-72 luanuin sUnuy
awansusnunRiugULUUAAR T UTesHkEn BaTiO, Miluatsdedu osnauinves
sumasufivualvgiu lnensesuismamaiiistuty Wululudnvasduieatunisesue
MsAnwBvEnavesgumnd Jeasulin stozailumsdaasizsiliidamasiensiinmauiaviuas
1AT9AS1INANVDININGN BaTiOs

A1(TOy)

ETOq;
AqTOq)
(TO4), Aq(TO3)

B1, E(TO3 +LOy)
TO3+L0Og), AqLOp)

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)

JUN 4.10 JULUUTWNUEUARSH (Raman spectrum) YBIHIHEN 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

Y ad A a &
NITUIUNTTAAVUIANIYITINADNADNULKRANITYSLIAT 3-72 ?1'313]\1
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-~

Dl D
EMRSc CMU SEI 16.0kV X30.000 100nm WD 16.1mm EMRSc CMU SEI 16.0kV X30.000 100nm WD 13.0mm

R R one O P4E

..-"5, ﬁ _‘

5.0kV X80,000 100nm WD 15 2mm
4
D f/"T
;

Particle size distribution (%)
s 2 s v oM oy

EMRSc CMU S 15.0kV X30.000 100nm WD 12 9mm EMRSc CMU o 16.0kV X30.000 100nm WD 15 2mm

sU#l 4.11 Awdng SEM w9suesayn1A BaTiOs n&srunszUIunIAansouiiuia iounad
900°C 3382171 (a) 30 w9l (b) 3 Falua () 8 Talwa (d) 12 Falwa (e) 48 Falus uag (f) 72 Falus

ﬁ]']ﬂﬂ’]iﬁﬂ‘l‘&’]&lﬂ‘ﬂ@\ﬁ%EJ%L’Ja’]ﬁfIG]?JaﬂHm%ﬂ’Nﬂmiﬂu%V]ﬂ’]‘U@ﬂ@Hﬂﬂﬂ BaTiOs NAINU

¥
a v =

nsTUINMsARTUIREIBNs AN ouuindeInGe uanwsnmane SEM (3U7 4.11) ilexianmm

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

fiuRnveseyniaty Usngeumevuiadnlussduuluwns (suanUszana 5-10 nm) nnengy
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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)) uARIANILANANAINN BT BYNATILATISEZRAN 30 Wnitegedalau na1fe anunsnszy
sUs19v830UNA BaTIO; iduATileiildnvazsunsslndidssmsenan (nearly-spherical
shape) LLazﬁmiﬂ'izmaﬁamaﬂ%mmymmﬂmwuL?{m (mono-dispersed size distribution) Wag
yuineymaianuasiiasefulneivinnoymalasadenindu 77.5 + 2.5 nm waziiloszeyiia
Tunsdaanesifiadudu 8 $alus wuih sUssuastumateyma BaTios Aild fnnulndifes
funazvumeymelasidglutig 8 daludldivinfu 84.8 + 2.5 nm dlalldfirnuunnsnaiuegned
Sodda S ludasszoznadad 3 - 8 $alus Sedeldinduszeznanlunsdunssvidain
flgnfianunsnanvuinveseyna BaTiO3IﬁagiuizﬁuuﬁiuLumiLLazﬁmiﬂismﬂﬁ’gﬁ%gﬂiﬁmas
vaveseymAliuLuuwAY diunsUAsulamesdnuasy i ine g wer LAty
Aetuegnsdmaudnadudlevinisdueresiiissernaniutudy 12 99l wuh suniafinnig
swsfudusunieiifuueluniu Imﬂmimmﬁaﬁmaaagmﬂﬁaﬂd’]’;ﬁ'?m“f]uvhflué’ﬂwm%mmi
du L Juszifevnaylifinrmasinane i (non-uniformed particles) Ingflunnoumealagiade
¥y 135.8 + 17.5 nm ntugusseseyniares dsuluanliannsnszysuiald wasd
yuelngjdudu 1358 + 17.5 nm 155.3  45.1 nm waw 205.5 % 65.0 nm Wiloifingumndlud
24 48 uay 72 s MUAITU FnnsaTIIdeUANvATNSF UM eIBYMATId AT
Iifiszeziasnetuil Mlvasuanuduiusvesuinounte BaTiOs idaaszdldifiou iy
svozalumsdansiuansfaguil 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 3.1 848 +4.1
900 12 67.3 2.9 135.8 + 17.5
900 24 69.5 2.6 140.6 + 11.5
900 48 13.9 2.5 155.3 +45.1
900 72 75.2 2.3 205.5 +65.0

N

Average Particle Si

1800
1000 =
(B e Optimum size achieving
75 = ‘\\ !
70 ¥ I I I | I III’ | ] 1

& o5 by | 7~080
Reaction Time (hours)

30 40

T
50 60 70 80

JUN 4.12 uansanuduiussevninsdnvagnaduguine1veteuna BaTios Msveziial 10 i

faszeiian 72 Tl
n1sAnwINSnavasvlinvanianaslsaniisenisiiawmauians laseadman uaz

4.1.4

ANPULNIFUFIUINGIVIIHINEN BaTiO; NAINTLUIUNIINITAAYUIABYAIAREY
Bnsinnseuiuindeinde
Tuaiseauiavsinnisdnu dnsnavesriavesnienaslseiinenisiinia
U3avs Tnseadandn uazdnuasmedng i vesnsdn BaTios HdNsanuuIneyMAHIUMS
fansousisinds deaziinisduassilagldsusidnvoundodu ladounaslsd (NaC)
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Inunadennastsn (KCU) wazinasnausenindamsunaslsawazlnwnadounaslss (NaCl + KCU)
Trnan1sidesesalddl

4141  nsfnwravessiiaveunienaslsdifidenmaiamauigusuasiaseadiandn dae
wadian1siisuuuidiond vamandn BaTiO; HENITUIUNIINTANTLIABYATA
#aedsnnsianseuiiufindasinde

gﬂﬁ 4.13 (a) uay (b) LLﬂm'EﬂLL‘U‘Uﬂ’liLgﬁl’JL‘Uu%ﬂ?naﬂsﬁsuaﬂmmﬁﬂ BaTiOs el
nszuuMsianfeuiuinveseymadeindeluifisnraslsfuasindenausevilndeunaslse
warlnunadouaaolsd audidy nanisinseinui fenswisudendeludeunaslnnie
inFonaslusnsndufimngautu lidwadonisiamauiavsvosmnan BaTios iduaseils

Tnesuuvunmsiisnuuisdionddléviomn aonndosivgluvunisdenvuisdiondvenandn

BaTIOs Ml Huasiediu uaraonadesiuguuuunisdenuussdiondues BaTio, fillassadauuy

wnsElnuea 3NUayau1nsgIu JCPDS maneian 03-0699

NaCl salt (a)

A 14 M A J\ 900°C
U J' A AN AN .ASOODC.,,

Intensity (a.u.)

ML«—JL—MJ’LA J\_.M*J:.)ii

BaTiO, precursor

@1

(100
- (110)

20 30 40 50 60 70 80

SUN 4.13 (a) kanaguluuNISaeRnuLsIALengvaINInan BaTiOs MAIHIUNTEUIUNITAANTOU
fuiveseuMAGLndoleRuAaslsANgumgl 700-900°C

Y
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NaCl + KCl salt (b)

L._A_“JLJ!‘AA J\iﬁ

L) e

BaTiO, precursor

Intensity (a.u.)

11)

20 30 70 80

410 5|0 BI()
2-theta (degrees)

<2

1 4.13 (b) 4aAIULUUNITEEAVUTIFONGVOININEN BaTIOs MHINIUNTFUIUATAANTOUY
a v - i = I3 a ¢ a o
wivetauMamgindenausznilyfeunaslsdLalnuvadsnnaelsnngaumnil 700-900°C

=

= a o a1 a a = v = v
4.1.42  nisAnwnavesviinvawnfanaslsaniidanisiiawauiansuazlassaiimansae
WMANATINIY VIINIKEAN BaTiOs MAINTLUIUNIINITAAIUINBUAIARIBTINNA
ASDUNURINIBNED

31N5UT 4.14 (a) Uag (b) FauanIgULUUAUANTUTINIUYDININGN BaTiOs a4
Y ] & a v = = s a ° o @
nszUIuNIsinnTauuRamenialofeunaslsanaamgll 700-900°C WagMaINITEUIUNITAN
] & a v = i a ¢ N & a ° '
nsouUNURIMmeINGaNausEnInlefsunaelswazlnuvadeunanlsnngamgll 700-900°C WU
awansusununlaainindesassvtinlinadenadetiudiaenndadivaisusenau BaTio; Nl
lassasradumaselnuea Jawanisnsiadanlaainmaiasuiuiaenndssiunanlaainns
avdnmemalian1sidenuussdiend dulu Jeaguladn nsvinssuiunisindenasumailagly
indessviaiu llddwasdonslaundaunauiansuaslaseadandnveuangn BaTios
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[4,TO)] [B,. A(TOHLO)]
X NaCl

[4,(TO). ELO)]
A

800°C

Raman Intensity (a.u.)

700°C

BT (xm) precursor

T g T T T T T T T T T N TN T
100 200 300 400 500 600 700 800 900 1000

paol Rt A NaCl+ KCl1

E. [4,(TO)]
{

[4,(TO), ELO)]
4, ZLO))

~ 900°C
=
&
=
‘7B
&
2
=
—
g
= 700°C
I
a4
BT (tm) precursor

e e [ [ e

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

Raman Shift (ecm )

SUN 4.14 uansguiuuaan SU511UYeReRaN BaTiOs naenszuunIsAnnsauiiulaniginge
loihsunaalsnfaamail 700-900°C (a) wasindenauseninglunsunaalsnwaslnunadounaslsn
igaumail 700-900°C (b)

4.1.43  n15ANEINAVRIBNAVBINGRRaDlIANlidaaN B NIIAUFIUINEIAI8NABY
aNTIABIaNATIULUUHBINTIA (SEM) Y8%aun1A BaTiOs #6INIEUIUNIINITAN
YUINBUNIARIETINITAANTDUNURIABINGD

AMENY SEM fagufl 4.15 (a) uag (b) Wansdnuwaen1adug AN Y0 aNIKNEN
BaTiO; daiasngwiigaimail 700°C Wuran 3 $alus nudnssdniiiunsansuineyniaseinde
loifsunaslsfuavinfonausynitaundeleivunaslsduaslnunadeunaslsduansliiiuniy
LANAIYedn AT NdugIUINe1eg1a Talau Tngeyn1A BaTiOs MHIUATEUIUNNTAATUA
sumamensldindenausenirluiounaslsduasinunaidounaslsd dvunoymeadnninedi
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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
nanfuludnsduimnganasililagungiveounanenndeanaswain 801°C fau 13
LﬁmmwaaummmaqLﬂé’@%‘fqLi‘]uwmzﬁ'}ﬁiﬂuﬂﬁﬁﬂﬁﬁm‘d.ﬁﬁ'%mﬂflseiaaﬁu%mﬁuﬁaé’mﬁa A
wgannsafntuldfigumgisias Juduanvglinisldindenauseninsleidounaolsduas
Tnuna@ennaslsatuszansamlunsanvunneynavesnssdn BaTios ldunnniuagigamgd
FN I

EMRSc CMU. SE 15.0kY X60.000 100nm WD 15.2mm

X

EMRSc CMU. £ 15.0kV 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

51



4.2 WNANNSANEINITANVUIARINANLULSBMLYasTALUR (BaZrOs)

421 n1sasaadeulaseadnawdndlemaianisiaeuuyesiediing (X-ray diffraction;
XRD)
wasaninsduasizinandniuissuwesiaunlaisuiisedauzveuisaudnisi

NanAnLULsBalgaslaa luTinduindenaslsa wazinlunsiaaeulaseastawan sauluis

mnaaummu%qw%aammﬁmLLUL’%&JNL%aﬁﬂLumﬁ'ﬁwiﬂLm'1'i':mf‘TULﬂﬁaﬂaalimnluqmmﬁﬁlma@hq

aaa <

AuSsumeuiunandnuuissumeslalundaseilaanisujisetan1usseuds sewmaia

=

Maderuureessdiand ednwnavesgamgiisevunveswindnuuiieuwesiaun aurdiny

NALNNITAAVUIANINANLULS 8L DS LALURLABNISIINEBARD bR

* Monoclinic ZrO2

l 1200°C
* | % _l
. i 8 | 4
3 1000°C
[3+]
‘S 4, A A
% k 900°C
G UL ),k A
i JL l 9
QN B A
=) =5 = Precursor
Lo Yn) & 3 =
=S W s
—-—i“aJL A A
20 30 40 50 60 70

2-Theta (degrees)
JUN 4.16 UanagULUUNSES N UNSIASN U0 ININENL U ELLED S LALURTDIA TR ULALNINEN
LS ENesiaAANTuN1TMSUINGenaslsaignmgil 800 900 1000 uag 1200 °C

Wuran 4 s

- & P-4 =2 = s o v oA
NFUN 4.16 JULUUNITEEUUUTIEONG VD IRINANLULTEUL YRS IALUAYB A 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 LALUATNNIUNISI 1T IUAULNAD AR LS AN
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gl 800 900 waz 1000 °C Hunan 4 Falus Tuvmsnsaaeudemaianndsnuureed
Bnd nuindledsuulaeumgilunissssdnuuisoueslaiunduivindenaslss suuy
nMadsuiddndvomamdnuudsugoslaweiiiiunswsmiuindensolsdiionmgd 800
900 waz 1000 °C \Juvian 4 $alus fifind 1y 6 fin WwRsatuiunmdnuuiseueeslaiund
Fuareitu linufievearlauvanyasuintuuaylsinnisdeusiuma (Shift) veafia fauans
Tugudi 4.15 FeamnsaduduldilassaiwosssdnuuiSenmeslawaiiniunisimsuiuinge
aaslsAigamdl 800 900 waz 1000 °C tJuiian 4 s Sansiilaseadandndulassarauuy
gnuren udlethuadanuuiFoseslausdiiunsnimiuindenaslsafigumai 1200 °C 1u
e 4 F9las Wesnaeufewadanisiaenuuresdididng nausngiuuuunsisnuused

a

Wndvesnmdnuuiieugesiauaiiiiunisimsiniuindenaslsaiiaumgll 1200 °C Uwan 4

Y

% LY L3

HlusuUisuwdadll Wesannuiirvealaulantasy 3 fin uansnledyansal aanduns (%)
FairvosnawlanUasuintudumaveawesladeulaoenled (2r0,) fllassadmdnduwuy
luluadiin (Monoclinic) uananiidanunisideudiunisvesiiniigamgil 1200 °C LNATUAILARS
lusuf 4.15 Geaeandesiunisignurainainluneusiy inuiinvedmawlanyasy o gaumgil
1 1200 °C Inginauwvanlaoutna 1 UaIan an 158 o U LML Iua I NARHA NLULT N LYo STALUG
' < v = = =~ o v = = -
261913 NAULASIAT AN VI AN LULTEL-L9B3 AN SHI ULAE N INE LIS Bulga TlALAT
HIunIsNsaniundenaalsaiommgd 800 900 uay 1000 °C tUuwian 4 Falustuliiinng
WasuwUas uidenasuulasfiernanmdy (ntensity) veeita lagainguil 4.15 dunauiuld
2E1TALIUINAIA ULV ININANWULS UL BD T I ALAYDIAT TASAUTLTMIZN I HIHANI U B S
lALafIi NSNS IndeAaslsh wimANLLTNTaINAINNINGNKULS Ao St AUATHIUNTS
wnmfungenastse igamnll 800 900 waz 1000 °C Wuan 4 $alus TA1anadnua1su 819
nanlainAIANNTLYeIiATIanaty a1 NN gamgllunsRINANLULSEuwasLALLA
' Y = e a X
Swfuinfenaslsaiiiiudy
v v & N1 ¢ a °
Pndeyailiatnguiuunsidgiuuiididnduerawaniuiseugoslaug a1u1saA1uIN
Auaniiensilnes (a b uag o) InenismwinauaniswisifitnesiluluauansnisAiuanen

LA EneivedlasiaawankuuaNuUIAn faunsi 4.5

1

1
il Ol S b @5)

do hkl o seuwmadonuuidisng Viﬂiﬁﬂgiugmwumitﬁymmu
abc fp ANUENMVBWNU a b wag ¢ Tulassasawan SISeNNALAN-NIN1S)
O
d  fB  SYELWINTEIINNSEUNU
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wanndandeyanlaaingusuunisideanuussdidnduoinmdnwuiiouwosiaiug
ANUNT0AUIUIUIANENAIINENNITVR YD $L503 (Scherrer's equation) ASANATTT 2.2 T19AU B9

LAASNANTITAUIULARINNSI9N 4.3

M9efl 4.3 uansruaniismsiinesuazruandnuesdniuidosweslaunvesasieiuuas
wandnuuSsuweslaunfiunsinismiuindenaslsdfigumgiiuandaiu 10y
nan 4 lus TaewSuiiisuauaniismsfimesfidnaldiudeyaunsgu (COD
nueLaY 06-0399)

ganfigwisimes (A)

aamiifild ~
T UIARAN (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

Pnuawanfign e siarINANEn TRwNleINFULUUNISEE UL IELO nda Mg
HANLUSEULEDSLALURYBIEIAIFULAZRINANWUL S BNRs AN T UM SIS UINGonaalsall
a ! v < & [ A ! ! a a s o 1%
gauiiuaneeiu Wua 4 9alas dswandlunisnei 4.3 wuiAuaniie wisdmesiAuinla
IndiAgaiuiuAILan TN 5IELN 309701 au1n53 U ICDD vinglay 06-0399 uananiauan
fwnslmesnauwinlavessndnuuissuweslauniiduasizinieisuiiseaa Uz veulias
HaNGNLUS e slAUnNEUNTIT iU Genaslsniigamall 800 900 war 1000 °C 1luwaa
4 Flus dalndiAesiunin Fausvenlaimandniusenigaslaunidunsisinlgisufisen
< =2 = A ! LY A s a

A0TUYVRIMTIALHINANLUISBNRSALURTHIUN TS UINAoraalsafiaamgll 800 900 way
1000 °C laiinnisivdsuuwdadlaseadne lnedsnsiilassasanuumesonalndniilassasimdnuuy
anuian uaganlassadenbiivasunuastuand i iuimandnuuisoueeslalumnANIuN 156N
Juduindenaslsaliiilossuvesndonaslsa (Na® K" CU) inldunuiilulassadiandniuy

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 %@Imﬁ“ummLﬁﬂaamwmé’wé’umaaqmwgﬁﬁiﬂumsLm Fevavendennudundniianasves
HNANWULS B35 LALUA uaﬂmﬂﬁguLLUUmiL?}uaaLuu%’qa’LSﬂﬂummﬁﬂLLUL'%EJ;JL%@%TﬂLumaamﬁ
éi’jw’ful,l,azmmﬁﬂLLUL%uL%aﬂﬂLumﬁmumiLm'i'wﬁ’umﬁaﬂaalsﬁﬁqmmﬁLL@ﬂ&iNﬁ’u Wuan 4
Fluatu evihms3suifisuauaniisnisfwesfiduniunuiseves AAimable wazaae
[21] ivhnsdaesiziuuieumeslauniienszuiun1svmnennuien (Hydrothermal) Inanisii
ansdsduantrin Ao wesladluueondlunsmeneslamsauazuudoulensenlodluvinnisty
wiss Ereeinsmanlessuauifiondunans ouurs wasmnigamgl 900 °C Wuiian 2
Flua TneAuanfisnsimoianauidetiviniy ¢.1983 A uaglndifestuanuiseves Thitirat
Charoonsuk wazAmy [14] #9in1sdaasiviuuBeumelaunsaeialaluadl Tnenstansa
fudesrin fo uwuSsuraslselalawsauaziwoslaoueondaaslsfuinauiy vinistumuiy
nan 20 Wit Tadudaniladndidunan 3 uii JusissauAnnisanazney d1edeiuseen
ooy ouwsfigamndl 80 °C Feruanfivwisnfimosiildanemiafedvitu 4.1800 A uenainil
Tuanu3deues H. Padma Kumar wasany [49] lavnn15&9iassiluls ougaslalunnag
NSTUILNITIILUUTUReUiE TneanssaduililunsdansieiuuSomsasloum wisuannsed
pinfifdndruvesuueulessutaswesladoulosousglumsazaty uaziunsalusiniduduas
10 anduihansuauavaaluinisliaiufouiigumgfl 250 °C Tnsduanfisnisdinesi
Aol 4.1940 A Teannsileuidisunuiseismuaiinasnludnsdiu wui
Auanfivnnsimeslulasinuiievi SanvaenndostutunuiTeRlaiunseuiio vt
¥ldmsuianszuiunsiidentdlulesesnuiitewd aunsaduasisinuduseslaunld way

1AsIas9vasuLsougaslawnliinsdsuwlausagnge
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s Slggs s ¢ g
g R/l ds, 2 SE s
. A i ! k 24 hr
L Jo oy ow
~
s: __)L._ 3 hr
) 2 hr
. A A
;,w — A 60 min
% N A A A 30 min
E # % L L " 15 min
e i
N \ l‘ h 10 min
A _A A A 5 min
A J A A 3 min
4 = = S = & precursor
T4 /R =) Y
| ] I ]
20 30 50 60 70

40
2-Theta (degrees)

JUT 4.17 UuUUNSEEULS A S ndua e and N UL STALUATEN TAIAULAZ HINE N LIS
waslaunviiuNIsIsIuiundenaalsniigamgiingd 1000 °C1duaan 3 5 10 15 30

60 WAl 2 3 12 24 uag 48 Falag

lun1sAIuAg A INITWIRINEN LU B S ARSI AUNGo Aaa LI Aa N AL
1000 °C hazsUaguklasrarlunisen @a 35 10 15 30 60 w91 2 3 12 24 way 48 97139 L1iie
= ' = = & ) P '
ANYINAVRIIARBYUIAVDINIHNANR UL HALERSTALUA Aauanslugui 4.17 wudl JUkuunIs
g v N & & P a A | ) = &l a P
WeuusddnduesmmdnwussugesialuninIuN ST undenaslsanaungiag 1000
°C1ua1 3 5 10 15 30 60 Wl 2 3 wag 12 Talue WethlUiuSsuisuiunead@niuisouwasla

LUATDIANIHIAULAL TOLALIATEI ICDD MHeBaY 06-0399 Julludoyaunsgiuveuuiiunees

lawun Nlassasrawvunesenalng wasilassairwdnwuugnuian da1uanfisnisndnes

I ' £% [%
[ Y A a = &Y

a=b=c 111U 4.1930 A wariinguu3giife Pm3m wuirfiadrAgyNanuaiiinduiuliaiiy

'
a I

denndedfulasiIndnLUTsuweslauaNIUN TSN UInGonaalsaigumgiaf 1000 °C

Y

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
leiaﬁﬂmm%aﬂa’l’igl’jﬂéljuﬁ?uﬁﬂlﬂﬁjﬂﬂ’j’lmmﬁﬂLL‘UL%EJ@JLsﬁaﬁﬂLumﬁﬂ\i’luﬂ’liLNWﬁ?MﬁULﬂﬁ@ﬂﬁ@lﬁﬁ el
AruLvesiinanraanwUS suweslawaTiH U underaslsimduian 3 5 10 15
30 60 W7 2 wag 3 F2lug fAnanatmudIsu lunensstuduAAUTue IR A INRINEN
wuSsugasTaunfiniunswnswsundensslsmduna 12 $2lus ﬁcﬁhgqsﬁu anananledaand
Tlunsemesdnuuidsugeslaunutundenaslsdiinadeanuduvasiinos difod @i
manlunswnsndnuuSsuwesTawnsuiundonaslsn 3 5 10 1530 60 Uit 2 uaz 3 Hlus
TngreuduesiinanaiieldnalunismnnmdniuGemeodlaunsnduinienaslsauuiu
wilotnendnuudoygeslawafidiunisuisiusunderaslsniiaan 24 uaz 48 2l v
pdeudBmATAnITAs U RENT HaUTIng i sULuUNMREELULS RS nduasnanan
LS puLeslaunEunISHSnduInEenanlsaiaan 26 wag 48 Faluatiuidsuuasly
Hosanmufinvessiautaniaey Gsiinve aanvandasuiinduidumayssuidouam$voiun
(BaCOs) waztwasialdaulaeenlys (Zr0,)
ﬁ]’mﬁﬁaﬂﬂaﬁlﬁmﬂE‘ULLUUﬂ’liLgﬁJ’JLUu%\‘ia‘Léﬂsg"u@\‘lmwﬁﬂLLUL%EJ@JL“UE)%IV’]LUG] ANU1T0AUIN
Auanfignnsfiees (a b wey o Wnenismnaaanfivnsfivmenduluaugnsnisduimen
waniiynsndlwesvedlasaasenanLuugnuIan FaaunIs 4.5 uaﬂmﬂﬁfawﬁagaﬁlﬁmngﬂLLUU
M3LaeNULSELENTre rawEnLULT LR STALA A11750 AL IRRAN IR INANNN SR ILeS

1595 AIAUNITA 2.2 WARINANIIAIUIIAAINITI9N 4.4
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M990 4.4 LaAIAILARTITNITHRD TLAY VU ANANYDINIHAN UL TD T ALUAYRIAN TAIAULAY
HIHFNWULS BN aTlAATNIUNSWISAUINGoRa e lsATigaumgiae 1000 °C Tu
nauand1eiy lagilSeuisuauaniisnisnimesnAnalanudeyauinsgiu

(ICDD suneLaY 06-0399)

P wanfiww1sdines .
Tumsi : YuraNan (nm)
a=b=c (A)

ansmag 4.1941 113.2
3 1791 4.1941 90.5
5 179 4.1953 90.4
10 w9l 4.1996 91.8
15 U7 4.1938 81.6
30 w1 4.1804 79.9
60 Ui 4.1752 733
2 4l 4.1736 72.8
3 3l 4.1737 60.6
12 Falag 4.1931 74.7
24 Hlua 4.1957 80.6
48 lua 4.1999 82.2

ICDD No.06-0399 4.1930

NATNN 4.4 WU ALEATNINITITLADTNAILIULAUDININANLULS 8L DS LA UAUDIANT
o v =3 = & A ' ) a & A °
AIAULATHINANLULS B LAWATHIUN TSN ULING aRaabsAgumngll 1000 °C Tuiian
wanseiudarlnaiagatuivawaniisnisilinesvesteyaunigu ICDD nu1elay 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 ¢
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VSN URITINUA 2 WA NTzAUNaIIUBanilen (Binding energy) WinAu 778.30 Lag 793.50
a d s =2 = 1 ' Y = s a °
dianasouliad wasnandnuussuweslaluniiiun s suiuindenaslsaniga gl 1000 °C
I o o a L a o = [T Y =2 =
Jwan 4 alus IRAUTINQUIIMNURITVIA 2 WA LWULALINUNINANLUS 89 TlALATD%ENS
Aau IneusingiiaiiseAunasulnmiled 778.45 uas 793.80 Blannsauliad 95sAundsu
=2 =i = a & < v ! = PP a 2+ < ]
gamlleniisingiietuludnuasianizvedusiarsg Jadunilfewuiseulossu (Ba?) wasiludia
YIS INNTEAUTUNAU 3d WeSeuliisudeyaiuauide 2 nuidy wudteyaiaiy

A49APaDINU 1A891UII8Ya9 Tian-Nan Ye wazamy [53] F99n15ANwNSeaUnNaI91udanilen
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YDIWULSEU NaNleAaAINds U rietveautseulaaauwintyu 778.9 way 794.5 SLAnnTaU
T7af kaza1uIdeved V. V. Atuchin wazamy [54] F99I1N15ANYINTEAUNSIUTAL T8I0
wULS8UlaeaULTUNY NaTIbAARATNEIIUEAUTeIvadwULssulaRaUWINAY 779.3 way 794.5
a & ¢ P AV v 19 a < ¢ P— ~
didnaseuliad ndeyaiilsainnisasivaeumewmalindndisdlnlndidnaseu ainlnsalal
A11150n817ANEN UL BBNTLATUVDIDL A BUVDILULS UL DD B UV ININA NLULS BULDS LA UATIN U
mMawnsiuindenaslsaigamall 1000 °C Wwan 4 Falue Wifianswdsundasiiusianiiui

WIoLUS UL g UNUNIHNANLULS 81LY DS LALLAYDIESHIAU

o 71180.69 ¢V

7t 182.60 ev

.

2+
/ 2 Zr 17NV

4+

Zr 18232 ¢V

\g BaZrO, nanosize
BaZrO, precursor
. T ] T =TT | y T r T T
186 184 182 180 178 176 174
Binding energy (eV)

JUN 4.27 XPS anasuvad Zr 3d voanindnkuiseaeesiaunii1unsmITaNiuindenaslsai

gamail 1000 °C Wunan 4 lue wWisuileudunsndniuissueslaunuesansnasu

¥ a [ 6 a & = = a 6"
PNNIasTRasumematadndsdliladidnaseuanlasalativemaminuuiseuiwesia

o v =2 = a ' Y = 5 a °
LavasaN TR LLar NNk BUTeslAATIH U S TINAUINdeRaelsAIgam il 1000 °C
Juvian 4 9l dawandlugun 4.27 wud mendniuiseueasiauniiiunsiisiuiuinienas
Lsdinigaumall 1000 °C tWutaan 4 Halue ANAUTINGNUIIUNURIILA 2 RALTuFeIfURINGn

9 Y

LULS LY DS LALUAYDIATTAIAU LagusIngiianseAunasudninied 180.69 wag 182.60

<

dianmsauliad aduszaunadsnudamievengesiadeulosouy (2% Zr") waziduiinvossn

(%
v [

wodlavoufisyfudundsany 3d WieiSoufisutuauideves Sanchoon Ji wasansy [55] B9
msenwiserundsnuiamisvearedladuy nadildrormdsudamisivensesladoy
lopauiiAyindy 180.85 war181.92 dldnmsoulias wudarlndiAgeiy lduanmneiuaged
Hud1Agy ssielndiAeafiueideues A Barrera uazaae [56] Fwimsanundissfundanuda

PN & a W av v Y] = PN PN "o
LWTJEJ'J%@QL‘U@?IﬂLUEJNLSUUﬂu Namiﬂﬂ@ﬂqwaQQWUS@IL‘WUEJ'JSU'E]QL%aﬂﬂLu&JﬂJlaa@uWﬁﬂU 181.17
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way 183.46 didnesouliad R]’lﬂ%@%ﬁﬁlﬁﬁ]’lﬂﬂ’lim’ﬁ’ﬁlaauéjﬁﬁlL%ﬂﬁﬂLgﬂsﬁL’iEﬁWImaLgﬂGﬁauaLUﬂ
Insalal @1unsananilananugeandiadureserneuvoaaesialisulooouve N NLUS oY
woslauafiiiunissuiuindenaslsafiguug 1000°C 1dutian 4 Falua ldifnnig
WasuulasiiusnaiuinsieSsudisufunamEn wuSsuwedlaumuesansaady Jiaonndoety
nanwadaEndiss- Wladdnaseu awnlnsaladveseznovesuiionloosuiinailitiediu

faduandeyailldannissaaeudemaiadndsd Iledidnnsou anlnsalad &
uanaluguil 4.26 uazguil 4.27 anansanamldhassdnuuBengeslawaiiinunsnimiuinge
aaslsAigamadl 1000 °C Wunan 4 $lus liiAanisiasuuasanuzeandiaduusimiiuin
uartsueniliiinnisidsunlasdndnvesmemanuuiboueeslauniiunaniasiagnvng g
wand ML ANIINTINNIRANRULSEILRS lAalnSTuLn AeAaelsAldiinatuaausponBindua
sxneuveLUSeLlossuazwodlaiuylos uUS AU SsdenndefiunaannATiaiAs Iz
519 (Energy dispersive x-ray spectrometer; EDS) é’aLLamﬂugUﬁ 4.6 FavhnsUseuLTiuNeHEn
LudouLeslAunTe TSR uLaEHINANLU S ouwe AR U s su U Aoras L5 AT
gaumdl 1000 °C Hunan 4 $lus Tesnannmaindinnisiguansdndiuszuinesinuuises
YoaeHANLU S swe A s RsT LR AN Ss e SlAATIRIUN SN T UL oRae

lsdigaungll 1000 °C Wuiaan 4 Hluanilndifeediu

4.3 m3anvuavasNINanLUE N lmnumieleBanv3nl3a1snena (BT-BZ-CT)
4.3.1 n15ns29daulaseddrsnanalemaiianisiasiuuvessedidnd (X-ray
diffraction; XRD)
o <@ = a =3 a
NGNS UNTAAVUIABUN AN INANK UL B BRI IAUALAUNM SN IHENLUIS BLaSIA
| ) = ¢ = & ax - oY wi 2 a M vy = 5% v
wasuiuinderaslsn gaduisnisvaansaladewasduismntidudeu 1esnludesly
¢ = &l v O v e o gy I3
gunsalianeniegUnsaiidsiaune AaumemgiInhuussendldiuaisusenevesnlea
a v A a o v 1% a X v a a ad a vy Y
Wedpuniaududeuvedas@aiewings@u loun wuissulnniue- Weledidnninliansnem
Fanasaninisdaasizinaaniusey usislgdannanliasnenlaeisufizenanus
I3 = ° =2 = =~ a a Yy Y ] Y = &
VU TINAINSUWIRENL UL InuafigleBiannsnlSansnemldensuduinfenaslsa g
gamaiiuaneiu launfaamall 800 850 900 way 950 °C Wunian 4 Hilas wagtilunsiaaey
lassadrandn suludsmseaeuanuuiandvessnanuussnlmmusiisledidnninlfarsnzs i
ilumnswiuinfenaslsalugaumginuandesdudiouiisuiunandniuisoulnniunielsd
ansntiansnsnindaunsiedilaannisufisenaniuzaeudanemaianisaeuuresssdiond

\efinwavetgamginsevuinvesmndnuussulnnuaieledidinninliasnena
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2 950°C
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sUN 4.29 Lanasuuuun1siasuusddndvesnananwussulnmiusiielediannsnlians-nem

v U

U A ]

YpsasianuLasNaNanLuSsulnmuaiieleddnnsnlsasne MARIuNITmIIuTUNEaAaslsan
gaunfiuaneneiu Tneviin1sveneguuuunisiaenuussd1ondgiiszuiud (111) uag (200) wis
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[y 1

n1sdaasizinananwussnlmemuaiieledidnnsnliarsaeMlavinnisidendndiu

0.87BaTi0s-0.13BaZrOs—CaTiOs tilasanfdndussnaninansaudffeladiannsnnananlu

31378999 Manoon Sutapun wazauy [57] lnadndau 0.87BaTiOs-0.13BaZrOs—CaTiOs Land
lassadrsmannaniusgninglassasiunnsglnuoa (Tetragonal) wazlaseasrssonludnsea
(Rhombohedral) 91n3U7 4.28 JUwuunisideauusadidnduesandnuuioulnmiuniielsd

v

lann3nldansnenvetasiedunduasizriu weurliSeuleuiuanul 98999 Manoon

o '
(% v I

Sutapun tagame [57] wunndiadAgyyiareiiinTutuiamiudenrassiunayrsnanuuiseulnm

o

¥
6 =2 =

weielediannsnlaisnzMnduasizriuilaseasienaniusesrindassasiunnsylnuoaiay

(%
1Y Y

Tnssasnssenludnsen Insuansiind faionun 12 daunis fiszunu (100) (110) (111) (002)
(200) (210) (211) (220) (300) (301) (310) way (311) mrua1nu agrlsnaunuIndiiave e
wanUasuwesuuisenasusiun (BaCOs) tinTu Wethawmdnuudedlnmundieledidnminls
asmzMfiiuMsEnTwiuIndenaslsdfigaumail 800 850 900 Lay 950 °C Llutian 4 dalus T
¥msasdeusiemadanisiaeiunuessidieng HaysINgI Lﬁam?{ﬂuwaaqmmﬁiumﬂm

v a e ¢

= = P a & a vy & o 2 ¢ &
NQNaﬂLL‘ULifﬂJ‘LWLWLUW-LWEJIGZ]EJLaﬂmiﬂlﬁa'ﬁ@gﬂjﬁﬁfﬂﬂULﬂa@ﬂa@‘liﬂ E‘ULL‘U‘UﬂW‘JLaﬂ'ﬂLUuQNﬁLE]ﬂ%

¢ A

YosananLUS su-lnusie e A nnsnlSansn e AMNILNSEISINAULINAoAa B LSe Noungil
800 850 900 a¥950 °C 1Hutaan 4 Falus AipdAty 12 fia WulRefuiusesnaniuLseulnm
~ a & a v U Ao =1 ' < P a a a & a v
waliela-BannsnliaspeMnduasiziiy agrelsnmunnanwussulnwmunieledidnnsnls
a1s-nzmfunIssudundenaslsaioamgll 950 °Cilwaan 4 lus wufinvela
wlanUasuvaswasiaisulaaanlen (ZrO,) nu uananilununistaauswmua (Shift) vaeia
Aananalugui 4.28 Mian1svenegleuunisideniuusidldndfissuu (111) uay (200) vile
NA15UNDINTSLADUA MU BIRA Nanlad1u1s0dudulaIlASIAS19UDININAN W ULS Ul
wanieleBianuinliansazmiikiunismnsiuiundenaslsaigamaill 800 850 900 uay 950 °C
I~ Q:l [ =1 % = (=3 ¥ (9] 1 %
VU8 4 92109 g9aaiilasaads1anansUulas a5 19N AN U2 1I19lASIAS19 LARSEINUDALAY
lassadasouludasea witloveuuiuliinnelulessadswesmsmdnwudouluniieledidny
snlfarsnznitulifiezneundanvasulaqidnuununaieslulassasisvosnsnaniuissulmm
~ aa a % ) ' = = v N & & P a
waieleBidnnintfansnen aglsfinmuaingliuumsidenuy  Saddndveanandnuuiseuly
wiusieleddnnsnliansnem nunAINUTLYIRATUARaY BaLARITALAURIYUIANENUDIN

= = = a & a Yy U a <
NaﬂLLULiEJiJi‘VlL‘VlLu@]LWEJIGZI@Laﬂ%iﬂliﬂqimgﬂ?ﬂlﬁﬂaﬂ

4.3.2 nM3nsIvdaudugIuIvet laendasganssAaudidnasauwuudadnsa (Scanning
electron microscope; SEM)

salunintiuiiosnnlassuiirwiuszavanuduialunsansuinaisussnavoenles
Betou wuiSsuwelawslnonsliindonaslss duuiddihasusznovsenladiifiaududeu

11034 suldunnutssulnmuaiieledannsnlsaisneniuassinnisasvuinsundanaslsa
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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 wiillethuUIeuisuiunisinsiuduindeioaumngll 850 °C aziiuladng

D

a

gaungil 850 °C aymadivwiafiinas uasilvueilndifsstuinniumnifisutuoymeiigumagi
800 °C lngruinoymaRdswity 1.98 + 0.70 lulasuns danluniswnfigungifigetu m i
gamgdl 900 °C wuinazidumswnfigampifigaiuly synavesuiSeslnmundielsdidnnin
¥ansngianmnuisdnveseymaindudnuas Suduviouwisen dennieuiunavesnis
nndeulassadimdndeeiianisideiuusiibndandiuldd fgumgd 900 °C dufinula
uwanUaeuvetuuiFeumsvaiuniazeesiadelaenludifintuiveyuldhdnvasvosoyma
fLiuuriasnqduoraiueyninvesosiuszneutesans suiisunisuaiunuiowesladoula
oonlud MiiTsanunsoagdifitgamgiinlslunsanuany Seulnmunelsdidnninl $as

meiafuanzauiian femsiisauiundenaslsnfigamgil 850 °C 1Wuian 4 Halus

JUN 4.30 LARINIMAIEIINNERIRaNTIAUBLENATEURUUADINTINTBtBMALULS L LIWLUALTEY

aaa <

ladianninliansnemilaainnisn3suaiedsuiisenanuzrewds waziviinswnswiungs

a

Aaslsagaumiunnsneiu lauwn nswniigaumgil 800 850 wag 900 °C Tukian 4 il
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unil 5
dgunanisaiiuau

1INA15ANYINITARTUIRBUNIAAITUSENBURaNlEAgataudulaLa wuiSey lnnium
(BaTiOs) wuiseaiwasialun (BaZrOs) wazansusenaveanlunmidedauluisedlniniun-uuiseuiwes
TeLun-unaLdouigeslaiun (BaTiOs-BazZrOs-CaTiOs; BT-BZ-CT) Failuianifieledidnvninlsans
pzit Ingvinnsueseuansietaesilniieiuifssanurveds Metimsediedie fe
NIzUIUNSERERUAUA (surface-active etching method) TneviinisiBsuutasgungiiluns
wnanshsuTniuindenaslsd Wemanmefmngaslumsldindioymeavuinseduuuuns
vdolulasunsvngen Tasanunsnasunaldiad
5.1 nM1sanvuakuEENlIILLG (BaTiOs)
nszvIuMsEes LR denaelsdiuamsaanoymaLUEsL LRI TUA
Tngszaululasimms (> 5 um) asneglussduunTumnsigamgil 900°C (Huiean 3 Halus Tned
YUINBYNALRRBLIRY 775 + 25 nm Taglifinisiudsuniasdadiussdiuse nouniaai
(psAUsEnaUMaAiiszning BaTi Sinavidy 1:1) wazamnsawdsudnuazsusisvesoymadil
annsaszygUaiueuld 1iusyniaildnwaylndlRmsenausiafstinngnsz nefvosug
uargUI1NYeIeyNIABE WaN AN Tngayia BaTiO; fnatnsuanslassaiiawanidunuuis
nszlnusadadulassadreddyfiuansarfioslsdidnyiniigamgiivies
5.2 n1sanIUIALUSEIYaslAn (BaZrOs)
nsrvuNsdesruiuiafsinAenaslsdiuansnanoymakuSeusaslaunanaun
Tngiszaulilasiuns (> 2 um) aseglusaulilasiunsvuingon igamail 1000°C 1uan 3
#las IngfvunneynARaswiniy 167.87 + 22.96 nm lagldfinmaidsunlasdadiuesduszney
maall (eadUsgnaumMaaiisening Ba:zr Senavintu 1:1) uazanunsaasudnuwarsusiwes
oymafiliannsasyysuituiueuld WuoyneiildnuaglndiAsmsanandifinisnszaedves
yuauazgUsIveseymasnsaiane Inseynia Bazros sananuandlassaiiandniunuy
Al newlonsvasuantinisuasmuiannsafmnamuaundanulivindu 4.96 ev
5.3 N15anUInE15U5EnaUlASeEs 19 T9aunusaunnIun (BaTiOs-BaZrOs-CaTiOs;
BT-BZ-CT)
nszrUIuMstesruiuRsndenaslsriuannsnaneynakSeugeslanIN LA
Tngjszavlalasiuns (> 5 um) asneglusziululasunsvuingen fgumgil 850°C Wunan 3
#lus Tnefivuineynadewindu 198 + 7.0 nm uazannsadsudnuuzsusisweseynailil
ansaszygusueuls ueymediidnuaslndifsmsnauiifinisnszaedivowuinuas

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 x 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 Yobserved  Observed intensity profile

A pre-exponential factor: min™"' o extent of conversion

a unit lengths along crystallographic x axis B heating rate

b unit lengths along crystallographic y axis Y angle between the basis vectors a and b

c unit lengths along crystallographic z axis & dielectric constant

E activation energy: kJ/mol x goodness of fit

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

Rops observed R factor 1. Introduction

R, profile R factor Chicken eggshell is a by-product in food processing and
wp weighted profile R factor manufacturing plants and has been considered as natural waste.'

tan loss tangent Several tons of eggshells are sent to landfills daily without further

|4 volume of unit cell (A%; 1A% = 0:001 nm’) processing. Accordingly, it is economical to apply eggshell

Yecalculatea  Calculated intensity profile 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*®
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.'?

and removing dry

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 Rawn characteriza

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) — CaNb,Og(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 /character o]

In order to prepare the ceramics, the calcium niobate powder was
ground by a mortar with 5 wt% 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

Raw material characteriz
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,O3), 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)hi>atCaO(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 400-4000 cm', respectively, before and after
calcination. The infrared (IR) band for the uncalcined precursor was

', due to the carbonate (COs>") anion
19,20

observed at 1417cm
stretching vibration mode, which was related to carbonate in
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
powder vanished. Furthermore, absorption bands at the low wave
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 100-320ecm ' 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 Ef Jum
Apart from the temperature of calcination, the effect of soaking time
was highly significant (Figures 6-8). Figure 6 shows the FTIR spectra

240 min
120 min m
60 min

| Y
o\

15 min
o~
Uncalcined %

O,
O,

Intensity: arbitrary units

1417
742
566
478

T T T T T
2500 2000 1500 1000 500

Wave number: cm-1

T T
4000 3500 3000

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 400-4000cm . 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,” 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 100-320 cm ',
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
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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 15 min, 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

?03
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@® \b 4
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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
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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
¢ = 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 CaOgNbOgNbOs—CaO4 array is formed
along the @ 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)




Green Materials

Utilization of eggshell as a low-cost
precursor for synthesizing calcium

niobate ceramic
Kamkum, Vittayakorn, Seeharaj et al.

Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution

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®>>*
0-00484F 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; — my)/(m; — my), 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 3 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

303439 45 shown in Table 2.

those in previous research works
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 gos Y, O2, 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 Ca*", YT, Sm>",
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 Pp, 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 Vo/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: ¢ o< 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 Ceg g9y Nbg 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,0O3 (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 995 Nbg.oos Y 0>
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 Ce’" 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 992 Nbggog Y O2 is shown
in Fig. 4 where the electrical conductivity, g, 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.992-:Nbg.00s 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.00s 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 Eyp 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-[Ce®]-[Nb°T]-
[YH]) decrease. More importantly, both the E;t and Eyt
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
Ey 1 and Eyp are shown by open symbols in Fig. 5. The latter
ceramics show a slight decrease (increase) in Ey v (Eyr) 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
Cepo9o_Nbgos YO, contracts with an increase in x.
Therefore, an increase in the FEyr 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’t (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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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 Ceq 99— Nbg 00s YO 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 00s Y O> ceramics.
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FIG. 6. Room temperature absorbance coefficient of undoped CeO, and
Cep.992:Nbp 008 Y, 0o, where x=0.000-0.008. The inset shows the peak
energy, Emax, of the absorbance coefficient as a function of x.

(1-R)* «

F(Ry) = R )]
where R is the reflectance and o and s are the absorption
and scattering coefficients, respectively. The F(R,,) for
Cep.092- {Nbg 00g Y O; 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,, ~ 4E),
where Ej, is the SP hopping energy. In the itinerant non-
adiabatic SP limit, traditionally applied to ceria, Ej, ~ Eyr. The
expected Ep,x dependence on Eyr is shown in Fig. 7 together
with the experimental results. It is obvious that the FEj.x
= 4Eyr 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 + Eyr (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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dence from the SP theory according to Ref. 19. The solid line is the fit to the
empirical Eyx = 1.1 + Eyp 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 BaTiO; 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 BaTiO5; 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
BaTiOs 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 BaTiO3 nanopowder

The BaTiOs precursor was prepared by the solid state reaction be-
tween barium carbonate (BaCOs) 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/4tan6 (1 )

where By represents the corrected peak width at half-maximum in-
tensity, as Pry = [P observed — P2 instrumental]'’?, and 6 is the
diffraction angle. The lattice strain was modified and rearranged by
Williamson and Hall in the following equation:

Priacosd = (KN/Dygp) + 4etand ()

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. 1.1t 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 BaTiOs (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

- NaCl,,

Ti#

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

Weight% Atomic%
14.84 50.23
22.01 24.88
63.15 24.89
100.00

Weight%
14.70 50.12

Atomic%

21.58 24.57
63.72 25.31
100.00

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) + Fy, (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 Fy,,, 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) + By (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 PAmm PAmm P4mm P4Amm
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
A1(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:1(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) + A;(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 BaTiO;
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) %i Z"; A; 3)

where e is electron charge (uC), V is unit cell volume (cm?), 2”; 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 BaTiO; (um) precursor (a) and BaTiO3 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; + LO;)], 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 BaTiO3; 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 + 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- where d;, and d represent the average particle size of the product par-
tion [47] with Eq. (4), as follows: 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-
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Fig. 5. TEM micrograph (a), lattice fringes (b) and selected area electron diffraction (SAED) pattern (c) of BaTiO3; 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 BaTiO5 (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 23 205.5 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;.503.,5) and Ti-rich (Ba;_sTiO5.

5)- Whereas, stresses on the non-stoichiometry surface of the BaTiO5
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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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 é 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 BaTiOs 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 + 28r)) + (1—V)((ger—¢r)/(€pr + 28r)) = 0 )
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 &gy, &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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Fig. 11. SEM image on the surface of BaTiO3 bulk specimen prepared by cold-isostatic
pressing.
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Fig. 12. (a) The relative permittivity and (b) the dielectric loss as a function of temperature
of BaTiO3 nanoparticle products at 900 °C for 3 h.

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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