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Abstract

Project Code : MRG5480284

Project Title : Development of SnO2-based Ceramics for Varistor Devices

Investigator : Assistant Professor Dr. Niti Yongvanich

E-mail Address : niti.yongvanich@gmail.com, niti@su.ac.th

Project Period : 2 years

Abstract :

SnO, varistor ceramics have been developed in order to enhance both processing and
electrical properties. The synthesis route was chemical co-precipitation with a base system of SnO,-
Co0O-Nb,O;. All samples were also prepared by solid-state reaction for comparison. Zn and Bi were
selected as dopants. The obtained precipitates were calcined at 800°C as suggested by
Thermogravimetric analysis (TGA) and Fourier Transform Infrared Spectroscopy (FTIR). The Zn-
doped system yielded nanoparticles with crystallite sizes in the 4 — 6 nm range. No secondary phase
was detected by X-ray diffraction (XRD). The Williamson-Hall analysis was also used to study lattice
strain. Sinterability was improved whereas the breakdown voltage (E,) was doubled (at 2 mol%). The
Bi-doped system revealed slight differences in crystal growth; the calcined nanoparticles contained
crystals which became larger with increasing content of Bi. The ceramics could be sintered up to
90% density at as low as 1,200°C (2 mol%) which is a lot lower than typical temperatures reported
in the literature (1,300 — 1,400°C). Both grain growth and varistor properties were significantly
enhanced. The E, value was as high as 8,200 V/cm. These results were explained using concept of

solid solution as well as defect formation in the vicinity of grain boundary.

Keywords :

Varistor, tin dioxide, nanoparticle, precipitation
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fdunidusznaudsiavas SnO (JCPDS # 06-0395) Luasddsznaunanuasd SnO, (JCPDS #
41-1445) \Wipadntes lauliwuiWa CoO (JCPDS # 71-1178) lunnwianinalddeadniaas XRD
FamannRDIN LIS B89 Bueno uazamke [7] M98971%3 MILéia CoO 1 mol% "lsjﬁﬂﬁl,ﬁmwanaﬂ
Nil (secondary phase) Wlasannawialasen (onic radius) Serlndifisarn (Sn'™ = 0.071 nm uaz

2 ] a &) ~ . . !
Co =0.074 nm) Bmanziaduasazansvauds (solid solution) 3¢#1313 SnO, Lae CoO

gﬂﬁ 4.6 XRD patterns U8IHI813 x = 0 ﬁmumsmvl,dmsﬁuﬂ%ﬁﬁqmﬁgﬁ@m gfutaan 2 2l
(a) uncalcined, (b) 200°C, (c) 400°C, (d) 500°C, (e) 600°C, (f) 800°C uaz (g) 1000°C

LﬁaLﬁuqmﬁhgﬁmum%miﬁuﬂ%ﬁ wueNnuvasiia Sno, Senunniu luwmed sno §
danasuazlaidsnglu XRD patterns Aivnnisiiaond 600°C Auld lasanaimaasuudasas
anudufiafiaannsudainaaas sno 1l sno, Sireaasasiuns TGA (gﬂﬁ 4.1) finumsifia
Yo Wi luE29 350-700°C UAZIUSISHas Chol UAZAm [8] f51897%31 SnO axBu A Tn
sno, #i 300°C I@ﬁﬂ;’jﬁ%mLﬁﬂaugirﬁLﬁamﬁ 600°C iflwam 1 Falug dwsumanufiavans
Sno, luwem1s x = 0 fwdndn 300°C anaduAaan sno dwnitaiensudsansdu Sno, B4
FEAARDINUNWITHBINUITLVES Majumdar uazAmz [9] AIMewi1l Sno, swnTaifialen

A v Y 2+ o
I HRNUNAD I@Uﬁ’]i@]\?@]uﬂszu—]ﬂ Sn @QLLﬁ@ﬂluﬁNﬂqj

Sno (=) + % 02@} — snoZ (s)
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gﬂﬁ 4.7 XRD patterns U84K4813 X = 0.5 ﬁmumnm‘ldms’éuﬂ%ﬁﬁqmﬁnqﬁ@m 9 1w 2
#2lu9 (a) uncalcined, (b) 200°C, (c) 400°C, (d) 500°C, (e) 600°C, (f) 800°C waz (g) 1000°C

XRD patterns 289H981371L614 citric acid (x = 0.5) Qmmmlugﬂﬁ' 4.7 Tapnsssfilisimms
w laansBunIsusznaudg SnO waz SnO, ludnemzidoanuiunansii by citric acid wins
Wasuuasnnuduvas iz luﬁaaqmﬁgﬁ@"ﬁﬂdw 500°C LAeduipaidnitosdaifiouiung
813 x = 0 NNNA TGA VBINIFNS X = 0.5 (Eﬂﬁ 4.2) wui1 mafiniusasininezufilszanm
480°C s'fﬁﬁmglwﬂjwmmi x = 0 (350°C) 39m@in citric acid azlususamsuasnavas sno lag
migwﬁ'uuuﬁuﬁmaomgmﬂ

Usinounaduwniues Sno, smansadwialdandasusasiuilaia lasdanldszuuy
SnO(101) Uaz Sn02(110) gﬂﬁ' 4.8 UWEAIANMUFNAUTIZAIIUINMNFTNANTVEI SNO, LA
qm%gﬁmﬂmvldmi'éuﬂ%ﬁ Taswuinlugng 120 — 400°C wasns x = 0 asfimstnduesUSunouns
SN0, FNWNFBENITIASY UANIENT x = 0.5 RamIasuulaaieainton %aaﬁumguumﬁ@ﬁiﬁ
citric acid ldudsmIutaansas Sno MldUSinm Sno, Furnfueness x = 0.5 Ruduies

v { a QI J
Lﬁﬂuamﬁaqnmnﬂwmﬂmmmu
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a

gﬂﬁ 4.8 anuguRnTznIsaanamulsuauna Sno, ¢a SnO ﬁqmwnumsmﬂdmsﬁuﬂ%ﬁ

U

@i’]x‘]‘] VDINIRIT x = 0 Uax 0.5

nalngusamsudaswaas SnO tu SnO, Ameitinaziindu @e citric acid wanddy
citrate LAz gﬂﬁuaguuﬁuﬁwmmgmﬂ sno 93ep9 lliiAadfisennueandauniaiialaiiias
Fnviay denalwliifiomsudsansiu sno, wialfedwdsainies Siranasasiumadaouudas
YSunasunnived Sno, Iugﬂﬁ 4.8 ém%’umgmﬂﬁvl,&iﬁ citrate Q@<L Lﬁaqmmgﬁguﬁmwm:ﬁﬂﬁ
sno wdasnglaviud vinlddSunaes sno, Lﬁ'wfﬁuamﬁ’mﬁa%mamﬁaaﬁugﬂﬁ 4.8 lapnw

F1ap9anwaznInladnguas SnO Qnuamlugﬂﬂ 49

Eﬂ'ﬁ 4.9 pwdaasansuznsuladwaad SnO luHIaT x = 0 uaz 0.5
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P

d' = a ad a ad ' a a6 a
ANINN 4.3 VWIONANLRRY (nm) N ammzﬂ@mﬁmmﬂmﬂam‘mmemumnmvl,amsaumﬁqmﬂn“u

@99

x=0 x=0.5

amnpdl (°C)
SnO(101)  SnO,(110)  SnO,(101)  Sn0O,(200) SnO(101)  SnO,(110)  SNO,(101)  SnO,(200)

120 57.0 6.9 63.8 7.7
200 39.5 7.4 44.8 71
400 37.7 7.7 40.2 6.9
500 15.5 12.1 1.4 14.0 17.7 12.7 26.0 34.9
600 154 13.8 13.8 35.1 35.9 341
800 20.6 19.8 19.4 36.3 38.4 30.6
1,000 19.7 17.9 14.0 55.6 61.1 45.8

mMImmaNanafsauIadwalanaunsves Scherrer lasidanlt FWHM wasfiaf

Mmafisuanasgiuwualuszuin (101) 289 SnO uaz (110), (101), (200) §1M3U SnO, aIuaaAIAlL
P v o ¢ ' = A o a . a A € P

el 4.3 anufusIEzRiswananelsiugamnimarn lamnBunidgnuaasluglfn 4.10
WU lUTI9 120 — 500°C MILAY citric acid INEINAGTMIANANTEY SNO Uz SO, laBawIANEN
SnO VBIKIAT X = 0 Uaz 0.5 HAanadanie 500°C Timainiannmiudasns lasnsiials
nnuinuduuenvasaumadngunuduly esnndaduiisiiumunizes O, seandanuidy
283 Kolmakov uazamz [10] Asnemwin Sno azudaswaiiu sno, lasuanuSnaiuiuie

AURNARILNLIND
9 aU U

P v o ¢ . a ' a ac¢ =2
Eﬂ'ﬂ 4.10 ﬂ'J'INa&lwuﬁiz“?'ﬁaqmvﬁﬂNﬂ’]ilqulaa'liauﬂiﬂLLaz“IJu']ﬂNaﬂ“UENNGﬂ']S x =0 W8z 0.5

AFwIMANNINE SnO LAz SnO,

16



mﬂgﬂﬁ 4.10 WUIIWI9 SnO, laAppaINIaN T 2 aesisznaufianlndidserunaziionns
Wasnulsaipainitonands 500°C %&ﬂwmwﬁmm@;mmﬂqnmgﬁlumil,mvlsjgawaﬁa:v‘iﬂﬁwﬁﬂ
sno, laduasnafinldda uasfinsiadsiu Sno, Mfiaanmsulasavas Sno Fefamwadn vinls
ananassiamaUiswulssRoainias Lwié'am@;wumwmmﬂ@hwawmﬂwﬁﬂ \laganms
W citric acid aoud 600°C 3uly Tagawandn SnO, 2a4HIENT x = 0 AR wEntagauis
1000°C UARIENT X = 0.5 exdlenAinduageTIasy B9a1a3AnaINms combustion synthesis 184
citric acid M liAaaNuTaULAZEILENNNTIATES SN0, §EAARBINLINWIIBUEY Uchiyama Wazame
[] finpawinmady citric acid vlwuweninaas SnO, luszwiu (110) uaz (002) feaunniu

LﬁE]x‘]ﬁJ']ﬂﬂ’ﬁLNﬂvLﬂﬁ"U 84 citric acid

4.3 MifnsdwgIwInazasnsanawiluilszian sno,

9T 2 898132NaY (x = 0, 0.5) Ainum s laasBun3gd 800°C uan 2 $alus an
i l@nmdgwingveseymadisimafia TEM uazfinnnsia characteristic length LB WI I
mumm&mmaﬁmmuﬂ‘%umﬁuuwaﬁ'umm@wﬁﬂmﬂ XRD Eﬂﬁ 2.11 U&AININ TEM V8IKIRNT X = 0
waz 0.5 Aitw 800°C 1luaan 2 Falug I@ﬁwmwau‘,mﬂmauﬁy’a 2 sadlaznaufivwinagluszdumlu
waswaziansizdauiradunsanau (equiaxial) FUNAWLNIINZNGY (agglomeration) Vada%MNA
s’fﬁmm'n,ﬁ@mnmgn'm fuwadn S9fUSnmiuiitnennin vldsuudasmsaanasnuwitosan
Auhn  (surface energy) %ammsnﬁﬂvlé’l‘,mmiﬁamiaﬁ’umaamgmﬂ Twisaiaan  partial

sintering 3¥®319NILAN calcination fne

U7 4.11 31 TEM aypmazasriansfidnwnarn lamsBurEsn 800°C Wwna 2 Talud (a) x = 0 uag (b) x
=05

MINITINLIWIABRNIAVBINIENT X = 0 ﬁmayﬂwﬁaa 17 - 60 nm é’auamlugﬂﬁ 4.12 (Tw)
I(ﬂUﬂ'ﬁLa,a'ﬂmawm@mgmﬂﬁvlﬁmﬂ Lorentz fit (1nuaunlugun 4.12) fa 27 nm edudoaiun
10337 (S.D.) INY 7 nm WAZNIINITZANYYWIAVBINIRIT x = 0.5 gmmmlugﬂﬁ 412 (a) lasdl

@hag}'h"ﬁaa 12 — 65 nm LazIWIALRAULTW 34 nm waz S.D. = 12 nm lagWuINIILAY citric acid ¥
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> { . £ . o v & o d v o
‘me@au;mﬂLaaﬂﬁmmﬂmuuazmmsm:mmmmaamm@mwwmﬁﬂuaﬂ TINDAARBINUNATDS

YUNARNANIN XRD (AN17199 4.3) uazuIdeuad Uchiyama uazame [1]

U 4.12 LquQﬁmsﬂi:mué’h’uaaﬂummamgmﬂﬁl,mvl,simsﬁuﬂ’%ﬁ 800°C tHuian 2 72lud HIRNT  x = 0 (d18)
Uaz x = 0.5 (A1)

MINTENsveIrmIalukians x = 0 AuaunindawSoufiouiu x = 0.5 1u3ﬂﬁ 4.12 9
Fufaanmsi Sno, mmmuﬂauﬂaﬁﬁqm%gﬁ@ﬁ'ﬂ (300°C) ¥lAumravas Sno, Aiadulnyden
1ﬂ§Lﬁmﬁ’umgmﬂﬁﬁag’ﬁau udlunTdlvedians x = 0.5 mIudaanavas Sno, AnainAaTud
gamnAannnit 400°C vlwaunazes sno, ‘ﬁ'ﬁagﬁau ianslaaufizwadaudrslng udeuna
sno, fifiedulnafivwnaidn awedsienuuandsiuun mliidansnirasvesmwaisnume

dl v ' tﬂl = = Qs
NN WatdIsuneunu x = 0

4.4 Mivasusinuasansise

;ﬁaﬁ“ﬂﬁﬁmimﬁﬂu"ﬁﬁmmmsﬁa (lagldudnindsofivsnmdannan) aan Ba was Ti 1lu
Zn g3 Zno ldgnmenuihaminsndivdpauifzanisaeiisznn sno, |d nedsiu zno
fefdinin Ba uar Ti Snrsmiesdudsman T dmiumisiensddgitenaznewdond
sulludasldmslzinn  alkoxide Teflanudashdannulin  suarsinadetuauNTEILATI
m&mﬂm‘[maa Sno, Aadnsannauning &1 Bi Lod ﬁx‘iLLﬁ”i’lﬁ]:ﬁi’]m’lu’jTﬁ’Jﬂﬂ%ﬂﬂ?x’iﬁﬂ‘]ﬁ L6l
dovwalasaudilngnit Sn ann AldermgnBEoni “aaide” Gavin ;ﬁ%’yﬁuﬁaﬂﬁa:lﬁai’aq
U3210n SnO, druasT9masil (ZnO uaz Bi,O,) T@ﬂlunﬂfﬁumm:ﬁmﬂ%a Co aglutFunm 1 mol%
1fla991n Co 1iuadFsnsdusmiunganssuanaliidudsduiniuszuy sno,

wananit iRadaldaaduladn Nb,0s Tutsunm 0.5 mol% (atomic) ilasanszuuifinns
W@y Co izdasnads liaunsaia 1V e (mﬂﬁafﬁﬂﬁma\‘]Lﬂéaoﬁaﬁﬁaammmé’u"lﬂﬁwﬁgamn)
lag Nb legnuaunsaunulunszuaunsanaznawdaaiilugues Nb,O; uaziiuaziinianalunan
283 SnO, Tuszninemsikn calcination %dﬂ%mm 0.5 mol% (atomic) 'ﬁlLﬁaﬂ‘i{ vlﬁgﬂﬁ@]aumﬂ

= a A 9 A A A [y a ' P
MIANBUINUNGE9ITH LazwuINUSuarinfdanalwduuluszuy Sn-Co ANWAWILUNGINGR
4.5 @NFINITDIBNIILHAKTN (Sinterability)

{ : a d % o & v = v
NﬂﬁqjﬁQﬂLNqiﬂaqia%ﬂ%gﬁ 800°C vL@]EJ]ﬂu’]ﬂJ']muEﬂaﬂLN@ (Laquﬁﬂugﬂaqﬂ 6 WU. LAz
AWz 2-3 Jy.) ﬁquﬂLN']Nﬁﬂﬁ@lm%{}ﬁ@h\js] (L'Ja']ﬂ\‘]‘ﬁﬁ 2 1y.) vL@TNﬂﬂ]ﬂ&l%uﬂLLﬂuﬁuﬁﬂﬁ:ﬁd
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a o o A a ' ' A £ = o A
uaadlugLf 4.13 uaz 4.14 FWMIVIzLUMIAL Zn (JUT 4.13) wuhanunwwimAsduinteniiie
WNLSHNLes Zn 370 0 wilu 2 atomic% I@m:uuﬁleiﬁmiﬁammmm‘i@mm%mLLu',ué'uﬁﬂﬁ

{ o { { ) { L K=
gumqﬂﬁ 90% mﬁauﬂugmﬁﬁmiﬁaﬁ 1350°C LLqumaammmmmlumnmwﬁﬂﬁgwuﬁﬂ
a ;&’ v Aa A . z:l'z:lq’ Y o ' “« A, Py wval v o A =S E)
Wadumsluszuufininide Bi lunfvelddrin “nade” Weldlianuseaadanuszuudu fawin
luauduase Bi Juwesaillosanilnginin zn un Selahnazdn ldunuiludunisuaafisuas
zn0 ¢ adhilsfionn Adalimanuuaduiseylunsesiudiw) widsnlaaduluszuuniimaie
Bi ﬁﬁamm%muuué‘wﬁﬂfﬁamgﬂm:é’ulﬂﬁﬁm 90% 1 1200°C uazfangh >85% 71 1100°C

UM 4.13 anunmUUUANNNTV8ITUNY Sn-Co-Nb-Zn (SCNZ) ignuenuiinfigmnnTlugas
1100 — 1350°C 1Juiaanadnd 2 Talus

PNHAMINARDIN LG S wTuszuuiimaite Zn  fanuseaasasnuuNANudng (L
& A oA [ ' o o Aa A . o o

psftaznavdughimilourn) uddniuszuofimiie Bi nauTsUTuUReNumInInlunTI

=< | = v A o v o a AV vo Aa € o o & . '
wilnatnadinladta TewaudanunenudngNlasumIafun (FBSUTTUL ZnO " Bi,O, TILAA
papiimamniinlasmafamavaanad wdlulasinsideh daqilide sno, lils zno) law
s od X A o v o d A a £ ' < oo
AMIRIUUUNFIIUE Sigaandednunn IV Selimafiniuvas Breakdown voltage atniifiuldda
(ususuddanuluidwdadu (Non-linear Properties)) asun Fidvdsaaduladiansiganiuda
Aa 4 atomic% YaIMIFAITTUUNANIIEE Zn uaz Bi Muddaziimmesadkninnguniidiniy
1100°C  anasauauydz w1 - anuamansnlumiaiinvasszuufiiiaannmaifawssednag
Uszinn Bi,0, wiali adelifiony UYsmmmuiezgnunalin 4 atomic% LHasan Bi,O; §W1ID
=3 v { a Q/ { o v a ) 1 v A 1
sufia (Volatilization) léfigmnniigs auaramBnnilifagnsuniatesivlulanaiinama doli

WuHafdaautansaaes
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UM 4.14 aunWUUUANNNTVBITUNU Sn-Co-Nb-Bi (SCNB) fignisnuiinfigningiiluzag
1100 - 1350°C Jurimasfiii 2 Talus

4.6 Tﬂ?x‘lﬁ%’]x‘lﬁ}laﬂ’lﬂ (Microstructure)
fapldRgadiananwaldis SEM SwIuTunuyngas (x = 0, 0.005, 0.01 uaz 0.02) Aign
wWnding 1350°C 1luiaan 2 Talus lagdanzdinslvua SEI uaz BEI LiveasragauiWadns s Udsing

i1 SEM-BEI ltiefiaiwanaas (Secondary phase) luTuinn (LN9z@32980U0E1982LB0ANILSII

Do

A

Aufuszmoludumnm) midemeddas EDX Aliasanuns zn uas Bi naf s1aifaannysunmms
Befitaunianumusnlunsaneiaveneias Fonadonanaftisanndastiuns XRD lugauns
\iaadnaae

@T’Jaziwuaa‘[maa%ﬁagammaa%ua’mvlﬁgﬂuamhgﬂﬁ 4.15 lagidenunanzsunuiilais
myde ussAidmaied x = 0.01 wiiiu (gmmwﬁﬂﬁ 1350°C 1w 2 Talug) Lﬁaamﬂ%umugm
5%G]ﬁwéﬁaglui:mwﬁmm:ﬁmmmﬂm ﬁnngﬁﬁ 415 RAUANMUUANANDHNTALIUE A TLDUG
nau laumadens zn usz Bi sawaldinmulasnufiowalvglu vanmudawaeis 19 um mf
ﬁﬂﬁmwawmﬂmiuﬁmmﬂﬁmuﬂmaﬂ'wLﬁuvlﬁﬂﬁ’ﬂf:maﬂa%ﬁaauqagwmﬁaaﬁu‘tuﬁaa Liquid-
phase sintering (IINHAFIRANUENNNIAMMIHKTN) D9 Bi,O, 13 ldnMBuiWILIZLY Zno

LYiNThe
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321U Sn-Co-Nb

32U Sn-Co-Nb-Zn (x = 0.01)

321U Sn-Co-Nb-Bi (x = 0.01)

P Y > o @ A U a a a = . a
Eﬂ‘ﬂ 4.15 Iﬂix‘]ﬁi']\‘]‘gﬂﬂ’]ﬂ LRENIINICINUAIVDIVWIALNIW mmummmﬂwmima (L) 4NI3L38 Zn 71 1 atomic% (NATN) LasAINIT

\38 Bi 11 1 atomic% (#14) laspnuruiind 1350°C iunaaani 2 Talus

4.7 antiaanalaiwidodn (Non-linear Properties)
wqaﬂﬁmﬁm@a'jfmaﬁumunﬂgmﬁgmmwﬁﬂﬁ 1350°C Vlﬁgmmmlugﬂﬁ 4.16 U8z 4.17
fi1 Breakdown voltage (E,) 7 1 mA/cm’ PBIFAINNILIA Zn UT298832193119 3000 — 4500 V/em lawdl
waliudRsduamuSinmnaia zn dmivgasnade Bi Afluwiliudwdonu uddn E, g
nsuh (Wezanos 9500 Viem #i x = 0.02) Iﬂﬂmsﬂ%‘uﬂ;qauﬁ'ﬁm’mvlmﬂm%aLﬁuﬁwl,ximﬁlz
Lﬁmﬁaoﬁ'u'éw%waﬂuaaé'@mugwgu Lﬁaamnm']wmuﬂué’uﬁwfﬁmlﬂﬁﬁmﬁ'umnﬁ’m%’unn
%ua’mﬁgni’@ -V ma;ﬁ%’sm@iﬁnwmwawmﬂmiummﬂuﬁaLLﬂsﬁﬂﬁrgﬁdwmiawqﬁnﬁumm
Lidwdasulasanzdr E, F3msBuiurwainTs (Grain size dependence) ﬁﬁﬂ%gﬂﬁﬂﬁﬂ%
srunBmaeilsan Zno i wenanil WINEwYA3IUV84 Liquid-phase sintering 11339 fia1a
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HuwldldinruseanaiuSinswauiniy (intergranular layer) a1adszwg@aaiilu Shottky barrier '@ @
. . Sx . - X - -
gawalden £, tindunihmariluszuofiimaie Bi fwnuwangunninmanaiingu gazgnnaseu

-V L EUN Lﬁaﬁuﬁmm’ﬂﬁm’liﬂ%ﬂﬂ;a guvaaNY T wBaLdu

U7 4.16 wp@Anvanimaaidmingunud in1ade zn lasgnunniind 1350°C Wuaasnd 2
Tl

307 447 woAnTanimeaiinivguwnud insdesi lasgninwiind 1350°C iluaaasii 2
T lag

4.8 n13tnaNd (Phase formation)

XRD  patterns 2833uauluszuufifinnndu zn0 Waunmaking 1350°C asuaaslugun
4.18 Unngiissiavasna Sno, uas liwuisigasismdsrnunsssniwnm s ldanssunis Lo
Y A A ' A o & 2 A4 X A =2 ' A
JanwzNaNLRaNANNIN uwmsmumﬂ11Lﬂuwaﬂ‘ﬂgamuaﬂﬂﬂwsLmuImmaamaﬂ (\NTW) BENININN
aunnN g
9 U U
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(C} -

Intensity (¢

31fl 4.18 XRD patterns 29954 UszUY SnO, ATn19tdu Zno umisniind 1350°C
Hluaan 2 $2lag (a) SCN, (b) SCNZ1, (c) SCNZ2, (d) SCNZ3 waz (¢) SCNZ4

danuaisaluuaaiis Sno, NiinMudy zno Mafiaanaesiadsnanfanadfouglas
uaafie  (Lattice deformation) 31nMTUaRaNLuGIBazAeNLlaNUaauLALANLNNIBIVINEN
(Crystal imperfection) [24,42]  lagusgsnawnsiinindowandniadsluszauu ludeliaing
unwiasvadninatnaann annInduiavesnania ludrenuszilignld (Dangling bond) [43] 1w
NalilianTTHauAay (Relaxation) LATANTVLGIDONYBILAANTHIDITLOEHIITERINITEUILY D
a & . . AL a \ P A P
0zAaY BNNIAWLNWIBILULIA (Point defect) INUAY 15U vacancy, MIunInfivasallTananlud
93Eninsazaeu (Self-interstitial) LaznImiellves Sn-0 nmsnmaidulaluszninensinn han
= a Aa £ ' a Aa a a ) A A
Tsnnuaisafiinlu danuiaioasassasluszuuiininga zno nngas Huwiliuseandaiiy
a o £y { & { 4 2+ A& ']
U5 znO asuaasdayalua1ief 4.4 evadunannannisunud sn” lao zn Geflswalwgin
AalfiAaanuaoalulaafisuuuasnsaan (Tensile strain) Afanduuin lwsmzi@aanwmsunud
2+ & o v Aa 2- o [y { < A
989 Zn~ n¥NlALAe oxygen vacancy (O° = 1.40 A) [40] lulassans SnO, auaunIn 4.4 iude
JTUUTANTAAAMIHAUAANEANULATEA LA lauN1TIRakazABNLITIA  oxygen vacancy Waziiia
anuaIauuuiuaa (Compressive stress) NAALTIUAL [44-46] ¥NaNTIAIANULATDALLLTENBBEN

NaaFIaInNNLIIIMATLANZNO

A o & o 5 a o A D e \
L3Ja“ﬂ']ﬂ']iLN']N%ﬂ‘ﬁuG']%“qﬂg@ﬁ‘ﬂ 1350°C ﬂi’]ﬂgﬂ']ﬂ')']&lLﬂiﬂ@l%LLa@]“fl‘ﬁ‘Y]LW]ﬂ(ﬂ']\‘iﬂuE}U'l\‘ilel

o o a

finandy wezldaaatataanndafisuiummsteumarniin ilesdsnsidulawszsutiuzas
uan (1nsuw) wszninsmawaniinidunaliiiaanuassauuuiusafivs s uinTnuasinauny
anueIsauuasnsaanidluszuy Usznauiunalnmiaandseuiniasunne danaliaanu
UNWI LS WA VaINENWI DB LN THAASIaEINNN ArAnuesalagTINwasTzULEsTindnas

AMEREINTRINTN
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AT 4.4 AanueIsaluuaaisannnIIeizd Williamson-Hall luszuud

fnm9du zno

Lattice strain

Sample
Calcined 800°C Sintered 1350°C
SCN  (Undoped) 0.0558 0.0013
SCNZ1 (x = 0.005) 0.0439 0.0014
SCNZ2 (x = 0.01) 0.0442 0.0014
SCNZ3 (x = 0.02) 0.0433 0.0012
SCNZ4 (x = 0.04) 0.0394 0.0014

' 2 [ A % . .
mifiegves zn lulasaaineas Sno, aw1saRa1salean lattice constant refinement

MeTasWLIS CELREF lasTuonu SCNZ3 Hinmaiiniingl 1350°C U3namwiauasniislsasinig

venpaanianiay (0.14%) WalisuiuTunu SCN aIuaaitaya lattice parameters 1uan3190 4.5 &9
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Abstract

The greenness of a chemical precipitation process was attempted in the synthesis of SnO,
nanoparticles through the use of safe, environmental-benign citric acid as a chelating agent.
Thermogravimetric Analysis (TGA) of the precipitates was used to study thermal decomposition.
Presence of functional groups was examined by Fourier Transform Infrared Spectroscopy (FTIR).
Negligible traces of functional groups were detected after calcination at 800 °C. Phase formation
and the degree of crystallinity were probed by X-ray Diffraction (XRD). The process with chelation
by citric acid resulted in larger crystallite sizes compared to those from the non-chelated system.
The morphology of the nanoparticles was investigated by Transmission Electron Microscopy
(TEM). Although the SnO, phase could not be obtained at ambient temperature due to oxidative
constraint, chelation by citric acid did indeed reduce the calcination temperature required for the
change in the oxidation number and thus emergence of the SnO, phase. Such results could be

indicative of lessened energy requirement in the synthesis of SnO, nanoparticles.

Introduction

Tin dioxide (SnOy) has a rutile-type crystalline structure with an n-type wide band gap of 3.5
— 3.8 eV [1-4]. Due to its physical, chemical, electronic and optical properties, it is of great interest
for many applications [5-7]. Interesting properties have emerged when this oxide is in a nanoscale

range. Synthesis of SnO, nanoparticles have been reported mostly on chemical routes, such as



liquid-mix technique [8], precipitation [1,2,5,7], hydrothermal [3,4] and sol-gel [6,9]. Among these
methods, chemical precipitation is capable of yielding a large amount of powders at once and at a
reasonable cost [5]. However, obtainment of powders with high surface area is complicated by the
irregular particle morphology, large particle size distribution and the high tendency to agglomerate
[1,5]. To overcome these problems, chemical surface modification has been reported to result in
redispersible nanoscaled powders [9]. The adsorption of organic molecules on the surface of
crystallites was stated to affect both nucleation and growth of crystals; such controlled mechanism
holds promise for the synthesis of SnO, nanoparticles [4]. The degree of crystallinity was used to
quantify the efficacy of this synthetic methodology. The starting precursor in this study was
SnCl,.2H,0 which is cheaper than other precursors. Citric acid was selected instead of other
inorganic, toxic-prone substances for the complexation of the Sn species. In this paper, the
synthesis of SnO, nanoparticles by using citric acid as a surface-modifying or chelating agent via
chemical precipitation was reported.
Experimental

Reagent-grade SnCl,.2H,0 and (CH3COO),Co0.4H,0 were mixed in a 1M aqueous solution
in the mole ratio of 0.99:0.01. Citric acid was then added in different mole fractions relative to the
atomic mole of cations (x = 0 — 0.5). Precipitation was induced by addition of 1M NaOH till the pH
reached the value of 10. The system was stirred for 1 hour and dried at 120°C. The precipitates
were washed with distilled water five times to remove unwanted chloride ions and other anions.
AgNO;3 was added to the supernatant solution to test complete removal of CI". The precipitates were
then pelletized at 200 MPa and calcined in air at various temperatures for 2 hours. Thermal
decomposition and removal of functional groups was examined by Thermogravimetric analysis
(TGA) and Fourier transform infrared spectroscopy (FTIR). Phase formation was investigated by
X-ray diffraction (XRD). The Scherrer’s formula was used to calculate the average crystallite size.
The morphology of the obtained nanoparticles was studied by Transmission electron microscopy

(TEM).



Results and Discussion

The TGA curve of the precipitates (x = 0) is shown in Figure 1 (left). The chelated system
possessed the same trend. The initial weight loss below 100 °C indicates the evaporation of H,O
whereas desorption of chemically adsorbed H,0 on the surface was observed between 100 and 200
°C. The intermediate range (200 — 350 °C) was caused by decomposition of organics such as
acetates present in the precursor mixture [4]. The total weight loss of approximately 0.7% was
immediately followed by a sharp increase in weight from 350 °C to 750 °C. This anomaly can be
attributed to the phase transformation of SnO into SnO; via oxidation process [7]. Since no weight
change was detected after 750 °C, calcination of the precipitates was carried out at 800 °C.

Thermal decomposition of organics was reconfirmed by FTIR in Figure 1 (right). Both
uncalcined and calcined powders contained quite similar peak positions. OH-stretching and OH-
bending at 3450 and 1630 cm™ were observed in all with decreasing intensity at higher calcination
temperatures. This reduction in the OH species was also evidenced by gradual disappearance of the
1030 cm™ peak which belongs to Metal-OH (or Sn-OH) on the surface of the particles [1]. The
sharp peaks at 630 cm™ and 570 cm™ could be attributed to symmetric stretching of O-Sn-O and

Sn-O bonding [2-4].
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Fig. 1. Thermal decomposition profile (left) and FTIR spectra of the precipitates calcined at different
temperatures for 2 hours. (a) Uncalcined, (b) 200°C, (c) 400°C, (d) 600°C, (e) 800°C, and (f) 1,000°C. The data
were of the x = 0 composition.



Phase formation upon calcination of the powders was shown in Figure 2. Two main phases
detected were SnO (JCPDS 06-0395) and SnO, (JCPDS 41-1445). No CoO reflections were
observed within the limit of XRD. The uncalcined powders displays strong reflections of SnO with
very broad reflections of SnO,, indicating a different degree of stability among the two phases. At
500 - 600°C, SnO disappeared whereas the SnO, reflections became sharpened with increasing
calcination temperatures. This phase transformation coincided with the highest rate of weight
increase observed by TGA in the similar temperature range. Also, chelation by citric acid reduced
the calcination temperature required for emergence of the SnO, phase, signifying lower energy

requirement in the synthesis of SnO; nanoparticles.

Fig. 2. X-ray diffraction (XRD) patterns of the precipitates calcined at different temperatures for 2 hours. (a)
Uncalcined, (b) 200°C, (c) 400°C, (d) 500°C, (e) 600°C, (f) 800°C and (g) 1,000°C. The data were of the x =0
composition. Disappearance of SnO reflections occurred between 500°C and 600°C.
To examine the effect of the amount of citric acid, the powders were calcined at 800°C for 2
hours. The XRD patterns (not shown) were similar to those in Figure 2 (e-g). No significant change
in lattice parameter was observed. The average crystallite sizes of both (110) and (101) reflections

with various amounts of citric acid were shown in Figure 3. Upon chelation, the sizes increased

from 20 nm (x = 0) to almost 40 nm (x = 0.5) in both crystallographic directions. Such trend was



contradictory to what has been reported regarding the benefit of chelation which would yield
smaller crystals due to retardation in the hydrolysis reaction [3]. It is believed that citric acid in this
study might also act as an internal fuel, raising the temperature of the system similar to the

combustion synthesis [8].

Fig. 3. The crystallite sizes calculated by Scherrer’s formula from X-ray diffraction (XRD) patterns of the
precipitates calcined at 800°C for 2 hours. The data shown were of various compositions with different amounts
of citric acid. Two crystallographic directions ([110] and [101] were also differentiated.

The morphology of the obtained nanoparticles was investigated by TEM. Figure 4 compares
the particle systems of the x = 0 (non-chelated) and x = 0.5 (chelated) compositions. Both show
agglomeration of particles likely caused by partial sintering during calcination at 800°C. The
particle sizes, in good agreement with the crystallite sizes in Figure 3, were in the range of 20 nm
and 40 nm for the non-chelated and chelated systems, respectively. The HRTEM revealed d-spacing
of 0.3334 (Figure 4(c)) which is very close to the value reported for the (110) spacing in JCPDS

database. No significant difference in this spacing was observed between the non-chelated and

chelated systems.
Summary

Citric acid has been demonstrated to strongly influence formation of SnO, nanoparticles.
TGA showed a sharp increase in weight starting from 400 °C which could be attributed to the phase

transformation of SnO into SnO, via oxidation process, as also observed by XRD results. FTIR also



confirmed such formation through strengthening of symmetric stretching of O-Sn-O and Sn-O
bonding. Upon chelated with citric acid, both crystallite and particle sizes were observed to enlarge.
The size enhancement is believed to be caused by extra thermal energy emitted from combustion of
fuel-behaving citric acid. Hence, this improved degree of crystallinity was testimonial to the

efficacy of this chelation synthesis.

Fig. 4. TEM images of the nanoparticles calcined at 800°C for 2 hours. (a) x = 0 (non-chelated), (b) x = 0.5
(chelated), and (c) High-resolution image of the x = 0 composition.
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