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ABSTRACT

This research focuses on the synthesis of Spinel M-Zn-O Complex Compounds (M=Sn, Al)

Including Zn,SnO, and ZnAl,04 structures via co-precipitation method combined with
calcination process to acquire high purity and high crystallinity. In this work, the effects of
synthesis factors including pH value, calcination temperature, and precursors concentration
using zinc chloride (ZnCly), tin(lV) chloride pentahydrate (SnCl4®5H,0) and aluminium
chloride hexahydrate (AlCl3»6H,0) as starting precursors of Zn, Sn and Al, respectively on
relevant properties of synthesized products. The as-precipitated and the after-calcined
powders were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM),
X-ray absorption near edge structure (XANES) at Zn K-edge and Sn L3-edge, and

Thermogravimetric analysis (TGA). XRD results indicated that the after-calcined powders at

900 - 1100°C can be identified as a spinel structure and have a good crystallinity. The SEM
images exhibited that Zn,5n0O, particles had thermal stability and the products obtained at
pH value equal to 14 and precursor concentration of 0.3 - 0.4 M had cube-like morphology
and homogenous dispersion. Meanwhile, the analyses of oxidation state XANES spectra
showed that the oxidation state of Zn ion was +2 and Sn ion was +4 in all Zn,SnQ,
products, which well corresponded to the theoretical values. For ZnAl,O, structure, the
result indicated that spinel ZnAl,O, powder in spherical particles with high crystallinity could
be obtained at optimized precursor ratio 1:2 assisted with calcination process at 900 °C.
Meanwhile, the calcination temperature was varied at 600, 900 and 1,000 °C. It was found

that high crystallinity with greater in grain size of the compound could be obtained by

increasing calcination temperature beyond 900 °C.

Keywords: M-Zn-O Complex Compounds (M=5Sn, Al), Spinel structure, Co-precipitation

process
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2.1 lassadrananiuuatiua [3]

Tassadrwanuuuatiua (Spinel structure) Wulassadsvesansusenaveanledsiminnia &
gaslumuaiivuu AB,O, lae?l A fe lossuvsdlansfifiAaudwiniu +2 wialsandn
divalent cation @ B Ao leesuveslansidaliaudiviniu +3 sel3enin trivalent cation
lassainatiuaiilassadawuugnuian Fenauesldindumsnaunaiuiu szuinalassaiesen

= - < —2 1
998 (Rock Salt) nugeALUau (Zinc Blend) amauvataan@iau (O )azagmaﬂmwﬁwmgu
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o4

'
=

Tasaasailil 12 Ho931e Feasliuiogues 1 eyyauanaes fu 2 suyauanaululassad ugmu
Yotoanarinsea 2 Tesfulansdnsen 1 Yy aedoyuavanunney Tassadisfiuguisiuou 8
wad ardnEsshiudumewadlnidsl 32 0° 16 syyauin luseseonnydnsoauar 8 ayya
vinlumnssinseaduanduguil 21 Megrvesasusznaviiilassadandnuuuativa léua
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Tanusiwanililylany

Trssadsetiuaiiniu 2 wuu e atwamluluteunnsednsoassi A warludeswennyd
aseail 8" o ﬂ'ﬁ‘lJiSﬂE]Uﬂfrjmf?LﬁLLﬁ ZnFe,0q, CdFe, Q4 MeALO4, CoALO,, NiALO, MNALO,
war ZnALO, dulasiadsativasnudandslaun DUYA N wnsnegludeseennzdnsen wavdn
ﬂéwﬁwaaa%a g"’ wnsnaglutesoannzdnsoa BAB)O, Tassatrawvuinuann waswuly
d15Use¥naU FeMgFeQ,, FeTiFeQ,, Fe;Qs ZnSnZnOy FeNiFeO, wavanshtaudRdunslingn
wilneslsd (Ferrite)

Ocrahedral gaerstice
(32 per unit cell)

Tetrahedral interstice
i Onygen
J {64 per unit : cell)
& cation in ocahedral site

() Cution in tetrahedrat site

E\Jﬁ 2.1 lassasnealiua (After AR von Hippel, Dielectrics and Waves, John Wiley & Sons,
New York, 1954)



2.2 aulAvasderanles (Zinc Oxide)

Bedoenled (Zinc oxide; ZnO) viaLdunFinluu “aalud” Fadunwsdudlua
WWusnsssurannduusadsTylud (Smithsonite) wyudlddsdeanladlunisinuilsndudluya
S8UAluTl Fedeenledddnuusidunseyninagidondvnn uansilédudauaiide (Ant-
bacteria ) lifiarundufindoanmes veninshuuaiieuddsetosfuuasdudinisulaead
voawuaii3s Memguaiidsdeanleniadunilsluasiiddglunsdusduuueiide wasds

A10150UDAUTIA UV-A way UV-B sedunausulifislsyasn

TuneTageans Jadeenlandainduasieiatssnndu dlassswdnuuuiiales

@ o a L3

(Wurtzite) uasddiuau (Zincblende) fegufl 2.2 (n) waw (a) Weegluguaisnadind eanlye
sflantfau iy Janudnsguiunadlds waunduaamiuniie Insindeufivedian
aseud uaransnsaadldl al aamgivies Wiy Mgandivunaiiahdnsenleaiunldou

NaudlaAnsating 819wy 97 Wi lUs e nudamesstaiauu wazlalanlauas

(n)

U 2.2 Tasaadradnuesdedoonlest (n) Wurtzite uag (1) Zincblende

2.3 @15Usznav JeA-fiv-eenlen (Zn-Sn-O compound)

TneThluansusynauimaunisenlesves Sn-zn-0  Fedldaiiunie Fefaunuiun (Zinc
stannate) flay 2 wiladoriu fie ZnsnO; fidel3unde FIAWMIALALLLA (Zinc metastannate)
Wae Zn,Sn0, Siaisenie Sureelnaunuiun (Zinc orthostannate) Tng Znsno, Wulassadnia
ieRasTiilasaswanuuumasanalng (Perovskite: ABO,) @y Zn,Sn0, SlAstasnsiilddosuuy
dunesaatiua (inverse spinel: ABO,, Spinel: AB,O,) lumieiaduuy fcc (face-centered
cubic)  ZnSnO; #1HNTAEUATIEHLAINAITHA1EAINIIAINUSDUVDIRIALEATONTALAULUS
(ZnSn(OH)) lutasgaumgd 300-500 °C uasidlopmumafifinduds 600 °C azduAnnsaaisd
wazsdsuiulaseadnemes Zn,Sn0, LLasmiamaé‘hw'Nﬂ'a'm%'aut,ﬁa’[,ﬁlﬁ‘[ﬂsaa%"mﬁmzawﬁmﬁﬁ

as

gaumadl 900 °C  ulY ddundadaannsesduasigvlilanoululasenuiife syninwes

o

ZnSn(OH)s wandslusmunszuumsalasuluayniaves Zn,Sno, luddudnaly
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A 5,
Rty

Perovskite (ZnSn0,) Cubic spinel (Zn,Sn0O,)

JUN 2.3 Taseadranfnvesdefauwauiuniiideseida taun Jefumaunuunddilnseadig
wesenalng wasdneslnaduwnuiundailassasidunssaativualaseznoulunnas
1lasaasna (Zn, Sn, O) lseylilusy [4]

2.4 AuUAY93T9ARRLNALAUIA (Zinc orthostannate, Zn,SnO,)

Zn,5n0, Lflui‘aﬂaﬁ?iaﬁfaﬁﬁﬂzjﬁmé‘u (N-type semiconductor) siiAuaundsnudosing
(Ey wirfiu 3.6 Blannseuliad TeiedesvesdiinaseugaUssuna 1015 a15suiiunsee
Tadund (cm’/\s) hlviensdalniags Tugnzial (bulk state) Zn,SnO, ilAseadned
ledesuuy duesaativa (inverse spinel: A,BO,) Tasiiwisfiwesveasviewas (unit cell
parameter, a) WU 8.6574 §3¢993 (A) uag space group #e Fd3m (JCPDS PDF 24-1470)
iefiazeSurensusnguestonsuraslaveluudasuaniadesveslasairativa 1s1amnse
L%auqmn,ﬂﬁlugﬂﬁ"ﬂﬂﬁﬁﬂwawwmmﬂﬁulﬁlﬂu (Zn>Hisn' zn* 10, Inefinuduidn
(parentheses) wazaulng (square  brackets) vaneisuanfiddosinnsedasoa (A) wazuand
atovoannzinsen [B] muardiu Tasillossuvesden (zn") agnszaneaglumumisuaniiadosin
nsvBnseauaveannsBnsea diuloauvesiiu (Sn) sznssaeagluduniianiiadesaannyd
asealivsegaied lassaiativadiulngamnsafaunagnisaidesunisiodunduaes
loauveslansld SuazvhliAeanulifusadoviulsaiie wasviliaudRvesTanuasululs
Famstundudanfaluinsenhauasfiatoninnszdnsen (A) uazuaniiadeseenaBnsen (8] (5]
Iﬂ&ﬂﬂiﬁﬂﬂﬁuﬁ’%’uaéﬁ’lﬁﬂﬂﬂ‘ia‘U’JuﬂﬁL(ﬂ%ﬂuUEWJ fangnarineglussiuulu wazruinves

loasuanalan (6]



JUN 2.4 1p59a1amdnveedea solvauauiun (Zn,5n0,) Falilassasrauuuduesaaliua

o a 2+ = 4+ u o ] = 1 =

lnedlaeauvasden (Zn) waghiu (Sn) aznszaivegludiiuniiianiiadosinnsed
o =t =t 2 ' a

asoanareennzdntea lnefinsanileves Zn  azusingedlunaniades

'
=

=l 24 a =t =t 4+ ' a "
WnsEERTea UM Zn° BnAseniliuay sn avusingeglunaniiades

a T = = v = 1
senazdasea Fuudsauisafgugnsiaiiluguialuifiesvennisusingue s
v 2 q 2
lessuvatlanglimdu (Zn SN Zn 10, [5]

A5UaNUANINNIBNTWVRITA aolnaunuLUn

gasluana Zn,Sn0;4

o F96 a0lnaLAULUR (Zinc orthostannate)
Tassasnandn Inverse spinel

Space group Fd3m

Lattice parameter 8.6574 9Im389 (A)

d

VN, VN-TUN



2.5 35mslwaiaa (Sol-gel method)
i & =l = v v v @ v

mawseuamsazanglealaiunsnssuasanshineamswasniilndiulegldeos

1% R v o A ° o s a v & o o o o o
muasnieudinuTeuenagiliansuandnasinnsnudiduiusy  ielmnluansedy
Tminusesns ddsasavaneleanatiitusauluniswseuasiligenn aansaiilussuud
lildssuvagginala - awnsamurulinamsleasuasldrunuiiiiowionansiouiosasd

a Ao =i = 1% 5 8 = o § a1 1

wataihasiedeuldduasnilumswtoafiduue ity nsuyuedou  msfuadeu

1 A 2 v A g & v o v = v g
wazmsnuadieu Wudu viaduamsdsiulunsdunmsiliedluglvemavioaynialusyiuand
=

fauainanenalasiainlaenaie neufizenszuiunislea-laalutunausig 9 uwanslugui
2.3

Derse thin Him

= ad = Y aa
31]% 2.5 |NTRTBUEIA Eﬂa']‘élﬂ'lﬁnﬁa'ﬁﬁﬁﬂa'lﬂiﬁﬂ L4

2.6 NITUIUNITANALNBUIIN (co-precipitation process)
nszuIumMshenaienlésndenilsin nsvuiunisuaniasulessu (ion  exchange)
ﬂismuﬂﬁumumsm’bﬁuLaqamalaaauwazmaag’LumsasawLﬂﬂmil,mnmaanmmn
ansararslagardenafuarsiadiiungauiidendt WiIndiunus (precipitant)  ag1adnqly
USthaufinewmane ﬁaﬁmnﬂﬁauuﬂmqmw@ wWiamuiu ieandnauauisalunisazane
yosszuvananiliszuuiimannagneuiniu Tnsauausalunisazasannsnaifungms
avangldwadl
- ansuUsznevleseiinilavarstlé
- ansusgnauvadlaveny 1 vnd wWu NaCl Li,CO; K50,
- a1susenovveuelulladlesauvnga iy NH,CL (NH.)3PO,
- ansusznauraslumnlosauynda Wy CulNO,), AUNOS),
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- ﬁ’\i‘dizﬂE]U‘U’zNﬂaaLiﬂlﬂﬂ@ﬂ?}ﬂ@h 19U LiClOs Mg(ClOs),
- msUsznauvelesmaslinlasaunnd eniiu KCLO,
- ssUsznauweinalesaunnsd aniiu CH,COOAg
- asUseneuleseiniliazana
- gnsUsznovvedlavieny 2 iy CO5" Po,” SO BAKiU MgSO,
- ensusznavvaselavisny 7 fu Ag' Hg,  uay Pb™" Liu *AgCl Pbl,
- a1sUseneveanlyn dalvd waz lansenledvedlansynuiin sniiulaveny 1
waz 1y 2 U iU Ca”* S Ba”” (lalasaglut uazanglFFlu NH,)
Hadefisnadonsyuiumst
(1) A1 pH YaUffizen
(2) gaungilunsEuIuMILEN
(3) Anuutuesansiadu
(8) Sasrduvasasiesy (nsdldansadusudaesiingul)
(5) ¥ilnvosanInagy

Solution Supermate
=
Suspension Precipitate
= - = v
E‘U‘Vl 2.6 m‘saxawLUaﬂumﬂmsaaa'IEJL“TJum::ﬂaumﬂmmaﬂLUaauiaaaumﬂﬂismu

ANSANAENAUTIY

o o
2.7 AMMTNUNIUATTIUATIUNLNYIVDY

[

nuidglutagiulatimsduanegiianUsznausenladdtousgiluinuiuunn  wilunsdl
voamsinwlasadrilagasBontudsliresunsvasann  seulumAfeidisddmunumide
uq AlTimsAneiBmsdaunszd sulufimsdludssgndld dedunsinundusulsznauly
meviamdded sudenuiululiuaevsslonllunsldoumnlasadiidomsine dean
MSNUMUUNAMIAAEWUI  MsiRnUssavinmeesianusznovsanlendsdoulasaing &l

waaranunsaiulsgavinmmsvhauvesdanld uazduduinsiudundoudnde a1fu

M. Suarez uagAmgddy [7] dvihmsduasiziianusznoulasiadvaliuavesuuniiFou
agiliun (Magnesium Aluminate; MgAL,O,) Menszuun1slea-iaa tneldansaaiuniingraslsn
nyiluinsa uazlanzeanled wudt arswunii@eveaiiiue wxlidnuwuziluoyniauily fign

waaumaIge AULTEs Anuvuinusn Snvsdaduiagusiialusuaslddndae Jeanunsn
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v a o v = = = @ T P ¢
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ot &

d o Gl = a o dl 5 Y = 1
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136 ansasiunivalluwse uagvsieonled [7]

1% 12

o5 | —— Chibride sol-gel
A ~Nrite wf,,iﬁ
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5UN 2.8 AmsvggivesanTanlassainalivaveawuniiiBenegiiuaidunseiainaling
v e ¢, v o= & v Aa o ' ¢, v |
suniivyaaalsd (1Fuitu) asawiunivygluese (Fulse) waewjesnlen (Wuya) d
= iy o oo & v oda o
AMUNINABNNYDITUNUITMF AT SRIsURTIngraelsafiiunszUIUNTT
b1 [7]
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JA. Aguilar-Martinez uazanzdde [8] lvinsduaieiuasfnumautinislasiadiwes
Tanaliua Co,SnO, MenszuIuNslea-laa 3NN1sAnYINUT Tanatiuaves Co,Sn0, a@unsa
Antulfidloiunssnigamgivseana 900 ssmwaldes widmuasisduitliaunsainiu
ulassadreatiuald mnvhmsiiwgamgiilunssnasfismdu 1500 ssmwada aeldlase
NAnaTiLaYes Co,5n0, DONINMAVLA FBARSBIRUNANTIATIEY XRD ﬁmam‘lugﬂﬁ 2.9 uay
efsansaes SEM Tugudl 2.10 (n) mawnansisduigumgdl 900 swrnwadea Ssnamunis
\Anansmasuiidu SnO, uway Cos0, é’qmwaamé‘aagjLL@iLﬁaﬁwmsﬁmmwmummsﬁqmmﬁﬁ
1500 29ANTALTYE FTWUVDUNTUTDINENTALAL uazaunvewdnaliuawiny 8.464 +0.005
BAGLFRH mexasﬁum‘nmﬁqquﬁ 1500 esrwaes Judugumgiiinzauiiaalunisiin
nanatiuavey Co,Sn0, %&%’mﬂui’aﬂﬁﬁaﬂﬁmuLsﬁ']ﬁﬂ waskdnbesiintulndfuusnareuves

Aiueanles dinaumsiunisiananaliuaves Co,Sn0, Hnduldsaannisi 1 fl

2C00+Sn0, —255Co,Sn0, (1)

BedanrrosiunanITlATzINIsaRtgfmRASeunsyylin  nsingamgivsalinuiou
1 & ' ¢ a = ad = o g va & =% o
wAsnsAsRusEnIlaveaduasiynignngiidaus 900 ewwalea  szvilitiadundnalliu

s A
av83 Co,Sn0, AakanInalugun 2.11

+ CoBn0,

34

+ 8nQ,

Intensity (A.U.)

0 80 100 120
20 {degrees)

JUN 2.9 nanliensilassainndniieiinsdeivuvedannsaurasianaliva Co,5n0,

FUNTTRT 0 geunfil 900 waw 1500 adiwalTes [8]
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JUN 2.10 wamFaTsimeiuiaesiagatiua Co,Sn0, MIUAITEN o gaumadl (n) 900 wae

() 1500 peAaLgea [8]

—
Lo
565

] - 50
3 T
= mg
= L 400 2
B 2 _ -
29@9— @« g
& ) @ *315‘0@
S &

885 - 24

caf 250

BT ISR S S sy o e D | ¥ T
0 200 400 600 800 1000 1200 1400

Temperature (°C)

P> a ¢ o v & v o v ¢ = =
E‘UVI 211 Naﬂ']'i’.]Lﬂ'sqSﬁﬂqﬁﬁaqﬂﬂjﬂ']QﬂfﬁuiﬂUTaqaqiﬂqﬁu‘mﬂ'ﬁ%ﬂE]Uﬂ?EJIﬂUaamLLaﬂﬂUlﬂm

gnsMsiiuAuieou 10 esmigalluasauy (8]
R. Lodha wagaugdds [9] lavirnsdnwnansenulunisislessuniivszq +4 onfigy

O+ 4+ o or [T = &1 A a A 3 FY a1
Ti &g Sn ﬁQEL'LI'Jﬂ@]‘ MgAL,O4 W'i'@llﬂ‘U‘Vﬂﬂ']'i']LF’]'i']%ﬁ’]']a'ﬁ‘ﬂLﬂﬂuﬂaﬁlﬂiﬂiﬂﬁ'ﬁﬂLLaBa‘ﬂJ%ﬂuﬁJC‘]@

nsiiandniasiaisativadadouldodials  nszuIuMIIASBuRARA IS LIINaTsRadui
Usgnaumeuunilide (Magnesia; MgO) agiliun (Aluminate; ALLOs) HIUNTEUIUNTITUAGIBGNUA
finandiseu 50 seudeundishsansidelmmiieulaeenled (10, uaziulaoenles (Sno,)
Asuanudeulesie Wevhlildndn s dundnativaves MgAL,O, ﬁgmmuﬁﬁ'aaamﬁaw
naneilu Mg, TiO; %38 Mg,SnO, 9nN1TIRaRvBI3denU dledaluifinisidolosaufiivsey

o a s ey o ar =2 a o o
+4 adluan MeALO, nandnsflsavduduaras MgO  wazndnaliuaves MgALO, firAsf
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YpINENUTEL ) 8.082 Saamsay Weavhn1swn o gaunil 1500 esrgaLfua LLﬁLﬁaLﬁuqquﬁ
Tunswdu 1600 uay 1800 ssmwadva Aasiivewdnativafiutuiu 8.086 Swanseu 33
mainAnanmiiezaevosunidenldfinsunsidunlundnaliva Swdwaludndvunlng
Fu urdniinisielessuwes T wio sn” asluTan MeALO, agwuin dimsnaslundnal-
\Waved Mg, TiO, 138 Me,SnO;, Wiefinsifiuesifudvasansiie dwmalviAnsindnvemansos
filiRfindude Falddumandmmguifaandusuil 2.12 laeUinuniade sno, 7 10
f915 % azlidmefivosndningnin (Uszana 8.5-8.6 Sansey) diaifleusundnues MeALO,
\osainnisvuineznenves Sn fvwnlngnin ﬁaﬁgmﬁamwﬁqquﬁﬁaeiawa‘lﬁﬁmmwiﬂéh
avmouvosasiieaslulassaieativaledmalinanues Mg,SnO,  Hvuralugniwdnves
MgALO, @1umsiaa TiO, aslulasiainwes MeALO, azlAnan1TunaaLiuABIUNITITD SNO,
aslulAssainaves MeAlO, ﬁaﬁﬁwmﬁ%wﬁﬂqaﬂfiw wAdsnsdAaanitAInfiaowmdnaes
Taseasne Mg,Sn0, Tassan1sisgimeiiuinluguil 213 wandliidiudn msdndundnges
MgALO, (3U 2.13 (n)) yunvessdnitliiainae Snsvausvesansluuisudiom Aingngule
338 TiO, adlulasainaves MgALO, GU 2.13 () a¢lglpseadiavesansiineiAoudiuy
figwqution fauduioiuaiugs tukansdh ayniaves TIO, daelfnisifousetusywineens
Aetuldd daunside sno, adlulassadieves MgALO, wuIndinsiialassad1satiuausiiavey
\nsuveEns insifingnuidntios tuuansin mside sno, ssielilasiaswesansinndug
wpuiNdu (U 2.13 (@) nsrneddldssnudiuba Sdssnisitumasiivesdnl e
Wty Senadendiside Tio, atludaglasainaliva \Hesnnlassaseatiuavas Me,Tio, &
yuadnnit Bk syniAves TIO, aunsaunsniaviewsniadulassaeiidugaunnsedly

Tasadn wazdsanusaiilessudilululassadeldunnindndae

o
90
b

®1600°C ' 8.134
e W 17004C
. <
i 8114 | w1800°C o B2
£ k=
z a2
§ 8.10- =
b= =
ES B 810
E 8094 E
] 5
55 ]
(n) 809
8.08 = y —! 8 . : .
-0.5 4.5 2.5 145 = 0.5 45 9.5 145
Theoretical mol. % Mg,Sn0O, in spinel Theoretical mol. % Mg, Ti0, in spinel

gﬂﬁ 2.12 Namiﬁﬁmmﬂ'ﬂmﬁmamﬁﬂmmqwﬁ‘umNé’ﬂﬁfﬂma‘uaa (n) Mg,SnO, waz (1) Mg,TiO,
[9]
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gﬂﬁ 2.13 Namﬁmﬁ3ﬁm10ﬁuﬁmaﬁﬂaﬂﬁma (1) MgALO, (V) Mg,Sn0; wa (R) Mg, TiO, [9]

Mohammed M. Rahman waganz3ds [10] lavihmsdauasiziuasiannianaliuadad
Welse (Spinel zinc ferrite; ZnFe,Og) MREnsruaunsialasinesuea a gamgll 150 aaen
WwATEE 1INNIINARDINUTT T80 ZnFe,0, NduaT1zilavziilaseaieuviaunly (Nanorod) &4

wnzAiuegLuy fvuaduiugudnatayiiiu 210 unluiues fslansguil 2.14 n1sredn

\Wundn ZnFe,0, lnsaadvatiuainfumiyannis 2-5 fail

24 5

ZnClyy — Zn* ;#2CL 2
FeCl,, — Fe™'  43Cl (3)
NH,+H,0 — NH* +OH ()
Fe™ , +Zn*", +80H  — ZnFe,0, +4H,0 (5)

Pnaumsi 2 uay 3 Huaunmsuansdensldansdsiuresdduasimeslsaiusynauie
nyaaelan duaunsi 4 Wuaunsnsuandavesuaviadaivinliianisanazney  eth
asavanpuRaNiukazitunssuIunslelasmeaneaagyi iiiamsnesdundnaliva  ZnFe,0,
Tassaawisulueenindsaunis?l 5 Seemnsadufunsdundnimenanisiinseinig
Tnssashensidenuuesdiannseudsguil 2.15(n) Tnsssuruninaliuares ZnFe,0p ATIAU
Wy 20 Wiy (220), (311), (222), (400), (331), (422), (511), (440), (620) uaz (622) a"augilﬁ
2.15(1) wandliiduinnisnemuemEnatiuares ZnFe,0, #BnszUILATIENSaintulaa3s
Tnefaupduwindy 538 war 552 cm’ Wunsiiaiusesewinslangfusendiau tufe viuse
I¥WINTATUeenBIaY  (Zn-0) uwauwelsinueandiau  (Fe-O) LWiqzasﬁuﬁdﬂqﬂlﬁ'ﬁw Ay
nszurumslelasmeneainansasiuredduazmaslsiranlss  awnsavildnsifinnisiesa
WEnatiuaes ZnFe,0; I antiurnisdiduldthanaliua ZnFe,0, iduemelduseyndld
Tun1svidmsaduansiall (Chemical sensor) Tnelusdseildthunnsiaduansieinefniles

(Formaldehyde) @awuindiehiagatiualassadrauvisunluves ZnFe,0, TWisenaulugunsal
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aTvdvansall sztheiulszdnsamlunmsasaduasniivesindloalsniu laeen sensitivity
' -2 -1 [ v ow al 2
AUz 4.10 £0.05 HA cm” MM lazaunsansadumuiudutesasiaiinesing lanlé
AgaiANudutuYsTINM 0.0089 UM ynanudidurasansaiivesindlasiu 0.1 M ns
L2 = v 1 s = A=i L 2 1 [}
asaduamsialisziingannizash esnniinnududugann laswaiauriaunluves ZnFe,0, lal

annsaiazgaduayninveeiindlenlan Jedwmalviusydnsninvesiingiaduanas

JUTN 2.14 nan1siATzineiuivesianativa ZnFe,0, [10]

o
=

70 .
Y (v) '
;]
£ e (n) é o
-

; 80

S : I

2 i .

E 20 E =0 I§ ‘:E -

- *7 -8 ¢/
0 20 4 §

4000 3500 3000 2600 2000 1500 1000 500
Wave number {cm™)

U 215 () wamslieneilasainednmeiSnsteiuutediarnseurasianaliva

ZnFe,0,4 Uae (1) HaNTIATIzIniusEIAllaEds FTIR vetidanatiua ZnFe,O, [10]

s

R. Deng wazanzf3y [11] lhihnsAnwdviswavesUSunamsidediyn (Tin; Sn) 7iilua
melassaiadudauily (Nanobelts) vesdsdoanlunmenssuiunislosewmeansiall (Chemical
vapor deposition; CVD) :nMsvaaasnudn msdaasziansiie sn adu Zno denszuiud
Wlildansiflasahavududauly Sauenveaduluseivlilaswns nfadszana 180-
600 wiluwms fauandusuil 2.16 TasmaiFousinuues Sn alidwmarinlilassaieesens
Wasuwasll Ssmaiidnuasvsndulenuiy uidevhnsinnmeidnememalasiadieseianis

BYNULYBBANATOUNUIN MSIe Sn lTulSuadies (Mindd 0.7 wasidus) laswdnvesalsn
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Fuareilamadulasamdn wurtzite vesTedennled uwidiuSuunsde sn whiu 2.1
Wodldud wwiiandnalivadiundu (nverse spinel structure) 989 Zn,Sn0O, uaziilavhnis
Feaswialiing 123 wWesdud asfansidsulasednemwdn wurtzite Tfundnaliua
dunduionn  fasiiasaluiivesnladuasdsdeonlodivinfy  Taouanmaliluguil 217
yntunneiteldfnviinfedvinavoimside  Sn dwafledlsremsivdsuasacian
FuAT1E9 Sn:ZnO Fewudn mstiunisFeUiunaes Sn daus 0.7-9.0 Wedifudosney vdwa
Tunsiwasiaswesderoanleniudis 3.25 Barnsaullian Lé"aulﬂmawé’amuﬁqﬁw%a Blue
shift 1oam191n3vEnavesUsngnsel Burstein-Moss effect Faaziintulfidofinnieusun
asmnnluianansiinidandusud 218 widifsviinunmade sn didewly 123
Wefusozmen vvdwaliniswawaadoulunmamdsudisnas wie Red shift Tugas 3.25

dlarnsaullan wardsdwanamsiaadiugig 1.7-2.7 daensauliad Lilaswnainnisnesidy
NANUDY ZNn,SNO, WINTY

d _ ‘;’ - -7 s 3 A = 1 af
JUT 2.16 nanFApsIEimeiiuiavesiandunsieyt SnznO Taenusuinnside Sn wiriu (n)
0.7 way (1) 12.3 waidudazaau [11]

b o L B Zn0
Sn0.7 hth < 5o
t ] ® Snf
» " o2
" .
 — A AL
.5 -
=
-
- : -
2 A Py . a i 4 % =
B | Su%lath N
"
g
= PO | iy &
% ] a A, * &
Sn 123 4%
i & & A 4
A iA:a s A A ks
" i 5 1 2 § " 1 " 1 . 1 .

g}

300 35 40 45 50 55 60
2 theta (deg.)

JUN 2.17 mamTiingilassainndniieiinsideauuvediaanseuresianduasizd Sn:znoO
W o = ' a
MEUUIUIUNISHD Sn NuAnEaiU [11]

1492598
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8o I230i% i
3

e i

Inensity (a.1.)

Sad7 8%

e e
/\____

Normalized intensity .0.)

pame Zal) nanowires "

i 3 & k3 2 i s i
1.8 21 024 27 3833\ 36 38/ /34 32 33 WA, 35
Photon energy €V} Photon energy (&V)

i 1 s ar 3 dl = d 1 o
JUM 2.18 HamsiUduaseasiandaasient Sn:ZnO IVsHImAISAR Sn iumnsneiy [11]

Mnnnuitefifgatostunisvih faneenleddsdeuliilassaira Sundnativadsills
ety tuineliiAausdlesilunasdug lidwadumsilfiiugunsansaivasiad
Fapwauas 1Wudu lurasiefuianuszsnousenlesi ey M-zn-0 Midduasruseneauds
fimsduaswilivnidn swdnsdnvimdessaiialasazSenddlifinnsfinwadrsdanu il
nAsandunsfinvnaresmadelanvusasvinasluianusznousenledisdon M-zn-0 $
dwmarpautinlasaranazauious vesaisednsls sauditadedug ey anududuves
arsmasiy gamgiilumainans Wudu TnsaeAnurindadeweriuszdmadevun fuiiin was
auRvesans damsdneilusifeiaadiasdunsmounsuasAnulasedilaasndonves
Yaqlnumaianisgandufdind walumstunuanuilvg dessdmnuilassu uasmniady
MswinUszavsnmussgunsaline Wethianiasedrsativaluyssendldausiely

2.8 mﬂﬁﬂﬂ']‘i@ﬂnﬁu%'\iﬁtﬂﬂ@ﬁ’ (X-ray absorption spectroscopy, XAS)

wmaianisgandufediond e1fendnnisiilooznouvesaaslifuiediondfindaay
s mdsnudnmieivesdidnaseulusrnoutu oxnouazganduisdendvinlibiinaseu
vosozmouludundinussiuanudsussiuundinulusgluduuugeiisin egmn¥ediendiian
inndmdsnuBamisnfivadnios visaunseisdidnasoungasenininnagmoumnndsi
Sefondiiduiniu magandusidiondustezneuiiusuulatlufundsnuvesiiiiondiioad
ﬂimgﬁ‘;}u‘tmqa%’wﬁ'ﬁaﬂ’h X-ray absorption near edge structure (XANES) wag Extended X-
ray absorption fine structure (EXAFS) fisgufl 2.19 wansfisiunveslassaianisgandusidiand
fiAnnnnsAsuanugndInueIBldnaseuLasngRnssumsuInaenvesdidnasoufiveznoy

AU NSIHASITULATIASNIS XANES avuandanimuwinaaulaesauszaauusiiulnalfos aniuy
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napiiveseyneu lnglanizetudianugeandindunendniifuiizuuuuresnisganiuidiondd
Duendnualmusduszneunisead Sanunsaldsuunedaveduananieasusznauls dwmsu

1598319 EXAFS  duiinanndidnaseudifindeuaaigliuddinginssudunuundudeasgn

u
Y

v o | o w & a v = | Y
avvioundulageyneudiduq Neglagsau Madunsinseilaseaing EXAFS Fevanisiieany
n13dnLSeedvetesneNfBu Negdousavarnauiiganiiuiediond 1Yy T2881193E 71319

a o a = A & 1 a
DEFDU VURVDIDEMADU LLa3"07“’]“%3@3351?]““385@“5@1] N19Aa89 EXAFS TNJJUESIEJWIJE]E}NEN

Y
2/

fun1simsisilassasanidunanlussesdu suaasassiliiduadnlesnie [12]

Scattered x-rays r’H

Incident x-rays Transmitted x-rays

5 4
Flugrescence x-rays. i 1
1 i~
Photoelectrons
x-r:;‘“\\ﬂ Z Photoelectric absorption
E>Eb
X-ray fluorescence = MM
T N
N Ky, Ky, etc. L1213
\\\ % HoplKey KBRS,
S Auger emission kP "

JUT 2.19 dupsizensevinedidiendnuesmenluianlumaiin XAS [13,14]
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FEmraw paa
$0

FepEsEbrrRaTEserannny

P

e

Vot . oo e

o

59 /-&iﬁ [\’ E fkﬁ\f} 6.5

5UN 2.20  1A59a$19 XANES ag EXAFS AAAINATIURIUARI UL NS 19UV 9B ENATaU

nnsgandudedid nduaznginssunsuninaenvesdlanaseuiiuoyneusoudng

[12]
I, !
= -
X-ray
@) Sdipie
1y
X-ray y
¥ Fluorescent X-ray
X-ray detector
(b) (c)

JU 2.21 nMveaeaiuwaiian1IvaasInisganiuididng (a) nsinAinismzariuves

s

$988nd (b) Mstnauiduresidilndvigoasaiwuduay (o) nMsinAnszua

dnasau [14]
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-~ o - g v a =~ A @ o &t
lHe91InNIsNAgaUMmEmAla XAS  UApee1dun15UasUAINE1IARUYDISIALD NGR
aunsanseinlalaenisiuasdulasasauingiuy n1sldmatda XAS iion1lATIas 199 ANy
fumsiluldlunsinseiinglusateswinsiamisavnmmaseslatvaisildilasads

wan Juduten Mudsniinismnass XRD

] s

dmsulnuanisvinanumemaiia XAS auisanuaantaidu 3 watla aua (1) n153aen

MInzqetuvesisdiend (2) matnmnuduvesidiondgeaisawuduas (3) myinAinszud

a

siannseu Taluuanisnggrrulasuaiuilenuiniign lnglnuanisnzqriutiazfesoidy

o

duuszAndAmiladeeduisismnuansalunsvzqriuvessadiendiuianiiaruvuiami

Fa9ndn duuszindnisgenausediend [14]

in o/ )

T

Sample Photon Energy (eV)

FUR 2.22 n1svaassnisganausidiendlulnunnisnzaniuvesiediong waznisuusan

dyaailfifunsminisganiusedidng (14]

=g ™ agld Lix = (n(lg/1) (6)

-
Taeh
£ 4 s ﬂ-'-:l 1 s
| = Anuvessdendnvzaruianaenu

lp = ANUTNYesTIFiendrouns gL dEn

s L4

H = dulsgdnsnisannausdiond

[

X = Anuvuvesiagisadiondvsani

9
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K 1] 3 -
m-efl S
‘ *ﬂmﬁ, EXAFS
& M
¥ ¥
= WA/
i
1 A 1
i i
]
1.0 edge % ;
&
HE I i
i i
0.5 - I !
[ 1 1
18
o Energy (eV)
| ¥
0.0 4 - R = .
11400 11500 11600 11700 11800 11900

U 2.23 amwsiuwasnl XAS Tisynausiediedaanasie [13]

U

fantananiuings dsuasesielunifmsigisinansndudedddsidiondanniases

Andawasdulasasou %&ﬁﬂﬂm%’uqq waEnasulneunsailles aztumsnaaadlulseinelne
v v o o A a v oaw a ;

vzsndltinsasnudenadulasnsou (Wasdsn) o aa1tuidouasdulasnseu (Synchrotron Light

Research Institute, SLRI) §9winuATs19ELT [15]

Optical path (side view) - = = monochromator

Bragg angle B8 14°65°

Crystals KTP(011) for 1.3-2.0 keV
INSB{111)  1.8-3.7 keV
Si{i11) 2.2.8.4keV

Ge(220)  3.4-10 keV
Si(220) 3.6-10 keV

Changing crystals can be done within an hour,
thanks to the DCM mechanical design and the
bypass vacutm system.

c! 4 aaa = =] o & oAl - 4
sU# 2.24 YiojUAn1s beam line 918 (BL8) au aotuIdeuasdulasasou aldlunis

neaau XAS [14]
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aaa

U 2.26 aanilvaday XAS w e fORnas BLS [14]
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unil 3
ATALIUN5IY

3.1 gunsalildlunismaaas

wieduiy

arddanybeila N
winsimiog
ASRHT

5U# 3.1 gunsalflglunisnaass

3.1.1 as.afinld
- @eanaslsn (ZnCly; Ajax)
- sygililoumaslinianaylawnsn (AlCL6H,0; Ajax)
- fiunaslsamusglamse (Tin Chloride pentahydrate, SnCl;*5H,0: Sigma-
Aldrich)
- TwAsulaasanlays (Sodium hydroxide, NaOH: Ajax Finechem)
- ﬁlﬂﬂaaﬂﬂ‘i:ﬁq (Dl-ionized water)

3.1.2 gunsafiililunmaas
- inseamuanslaglduvisusiingn (magnetic stirrer) (IKA C-MAG HS 7)
- nTesdaniBen 3 sunis (Denver instrument TB-403)
- N3EAWIRAINTA-LUE (universal indicator)
- 1%8sui (Schott Duran)
- U9, (buret) (Schott Duran)
- N3EAENTBIAs (Whatman)
- Yuau (ULVAC DAH-60)
- genTaLuUdyInA (Pyrex)
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- A3%0a (crucible)
- m18u (oven) (Yamato ND300)
- WA (furnace) (Chavachote)

- uafiundasiue desdudlainaranuaiu

3.2 wsasdiefldlunisAnedneazianiz

- Thermogravimetric Analysis (TGA)

Netzsch TG~ 209F3  wadsunteldusssiniafingeandiau-lulasiou
TNYUUYH 32 - 900 BeFTATEE dnIINITIVANINTEU 10 Brwaldasiawnd

- X-ray Diffraction (XRD)

PANalytical -~ X’Pert  PRO tfiudioyaluzas 26 = 20" - 80 lagld CuK,
Shuundsifinied@idndanenadu 1.5406 A

- Scanning Electron Microscope (SEM)

Zeiss evo mal0 uas Jeol jsm-6510 Funafifidewens 5000 wag 10000 i

- X-ray Absorption Near Edge Structure (XANES)
Fa#l Zn K-edge (9659 Bianmseulian) uaz Sn L3-edge (3929 Siannsavlaan)

Tulnunnsveguou lneldnding Ge (220) (Germanium) Wulslulasumme3 (monochromator) a
e = = - v oA a "
SPUUAIALUAIN 8 (beamline 8) @nUuidsuasdulasnseu (Synchrotron Light Research

Institute, SLRI) 39inuAIsvau Useinelne

3.3 FUABLANTNAADY
331  TuABUNITIATENEYATA Zn,5n0,  a1elddn pH va9Uf)fiTen
fiuandasiu Taedgn1sanaznauiaa
1. wauansava1s ZnCl, Way SnCle*5H,0 Liteduanssediuuesdsd (Zn) uagiu (Sn)
muddy Arnududuednees 0.25 Tuans lasansazareeaosiivsunas 100 fadans
2. navansavanuRsduTtaesrinddsfuasduniu 15 wi
3. IwsBuEnsazans NaOH anadudy 0.5 luans
4. Aosvusasazas NaOH asluansazanemruinanlilude 2. aunsetiansazane
Fanandien pH = 10, 11, 12, 13, waz 14 Taeduniuluvazmeadie Felutuneuiesiungneoud
‘uﬂﬂsﬂﬂg*ﬁu Fagudi 3.2 ntudunusedunan 20 und LLa:ﬁ‘L!a'aaﬁali’ﬁqquﬁﬁadLﬂuLaaw
Uszanas 1 49lus iieliansiinnisanezneu Tnsasiiansuntusewinasasansvasaunanfiu

fEnNauy
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v 8/
o

A o P o v o ' o ' ¥ M v o
5. gauegtuuueanliuniige Ineliindeusnznaunuans udrnsneuildundig

Y
melasndsey Ingldyansesiideiuduauuaziinszmunseshwinfinsowmznauenly viims
aemENouUIUNTE9A pH vesasazaneilustiunsnoufiddszuin 7
6. thnzneuiildannisdrdlueufioamai 100 ssmnaidoa Jua 24 d2lue iteld
AN
o o v ow v o = a =~
7. ihagneuiwimuualuasnuaans udniluenigamal 1000 ssrwaidea Tu

WRUE 7 Tl

o a w 3 o @ [ a w ¢ A @ &
8. thudnsnsiganeluiiuliluviniiundadue ivelesiuuawazanuiu

; 4. ,
3UN 3.2 nenaudrninifistulunssuaunisanaznousis

o

332 JUABUNITIATENBYAIA Zn,SnO, neldgungiinasinn

U

nuanA1eNue Tneddn1sanagnausay
= o v '

1. \wIvNa1sazas ZnCl,  wag  SnCl,*5H,0 Nianudindustieas 0.25  luais
Tagansazaevisansivsung 100 faddns

2. lanasazauRnunsdesriindmeiuwasduniu 15 uidi

3. I3BUE5A¥ay NaOH Anaduty 0.5 Tuans

! ] e v &

4. Apgquenansazals NaOH adluarsazaneasnuinaulilude 2. aunseisasazaney
s 1 =1 y }73 q'- n’fv dv [ =l Ag n’j
Aanandie pH = 14 Inetunluvnigveasie Fdutunsuiiazifiunzneuduniusinglu 9ndu
y | a ' & ywa a v & A v a
Tunusialuinm 20 wifl wazUdesidlifgungliveadunasyana 1 $ilus ieldansianis
ANAEAeU Lagazlinnsuentusewinansaraluvesvaliunznau

Y d Y v a v oA ' v | [ 4 Ay v 1%

5. gihfisgduuusenliuinign laglrviousngnausiiudis udrneneuilduidig
P H o a1 o o P ° v o v o
meilaeaadssy legldyansesdenuluaunaziinsemunsoiutnfinsesmznouenl’ ¥iinis

o/ a'J 1 & 1o = 1
AIAENBUIUNTEYNAT pH ‘ueamiazaWawﬂuagﬂumzﬂauumﬂssmm 7
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[
=

6. dngnauilaannnisdaniveuiiaamall 100 ssrngados Wuan 24 4alua tiela
AU

i
=

7. dhngneufiwisudiuualuasnuaans udnhluiniigamgi 900, 1000, waz 1100

parwaea Tuwendunan 7 92l

o a oa L4 o/ [ = a  a ¢ o @ &
8. hudndnaigavingluinulilunafiundadue edesiuuauazaruin

A17197 3.1 YSunarsasduildluniswienaynia Zn,Sn0, nelédidn pH  U{ATen

waggnmiinsnuaneiulagiinmssneznausiy

Aty (uans)

¥ - . U3ua SnCle*5H,0
Tudaeausey 100 USuna ZnCly (n3N) "

USuew NaOH (n3y)

g (h51)

Nanans
0.25 6.816 8.756 -
0.5 - - 16

333 dunaunisiaisuaynia ZnSn0,  a1eldaanumduduvecaisaedy
fuansefulagisnisanasnousau

1. w3BuaIsavats ZnCl, uaz SnCle*5H,0 finrmdutusdieas 0.1, 0.2, 0.3, uay 0.4
Tuans Tneansavanesiouaiiuiuins 100 fadans

2. nanansavaefafuisassinfidenududuvhiudndeiuuasdunau 15 wnil

3. wiseNasaza1e NaOH anandudu 0.5 Tuans

4. Aoy endIsavate NaOH  aslumsavanaseuiinalilude 2. sunseiansazans
fanandidn pH = 14 Taedunnilurnenoade Ssludupeudasifiunnaufunusingiu sniy
Junusteifuan 20 il wagudesiislifenmpivendunayssnn 1 42lue Weldarsians
pnnznou Tneasinnsusnduszisasaransvesmmfungnou

5. grinilegduvusenlsunniign neliivdousngneusiuais udhazneuilldungne
Futhaentsyy Ineldgensesiineruivaniaeiinssnunsonihmihiinsemgnouetls sims
Famenauaunseiiad pH yosensaraeiivuag fungneudlaseua 7

6. thnznaufldanmsdnslueuiigamgll 100 ssmwadoa Wuian 24 42lus dield
AL

a

° P v o o a
7. u’lﬁaﬁﬂa‘u‘ﬂLLﬁx‘]LLﬁ’?ﬂJ’]UﬂIUﬂ‘iﬂUﬂﬁ’]i LLa’JuﬂlﬂLﬂdﬂqumﬂﬂu 1000 wayA gAY Iu

U

wNLduan 7 92lus
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ATeh 3.2 USnamsdsiunldlunismisueyniagnuian Zn,Sn0, aeldauiduduues

assafunuananatulaeITNITANAENauUTIU

Aty (luaisd)

¥ - L U3uas SnCly*5H;0
Tunhuasausey 100 Usua ZnCl, (n3w) .

U376y NaOH (n5w)

TN el
0:1 2726 3.506 -
0.2 5.453 7.012 -
0.3 8.177 10.518 -
0.4 10.902 14.024 -
0.5 - - 16

34 agﬂifumaumwmaaam'im%'ﬂuaigmﬂ Zn,Sn0,
34.1 TUABUNITLATBNBYAIA Zn,5n0,  n1elden pH vaeUjiTen
AuansrsiulagdTnnsanaznausay

ZnCl, 6.816 n3u SnCly*5H,0 8.765 n3u
Uaeausey 100 mi iaenuszq 100 ml
(0.25 Tugs) (0.25 Tuans)

Junau 15 undl

Vuadn3aLa18 NaOH Anuudy 0.5 Tuans

d@1sazanedlan pH = 10, 11, 12, 13, uas 14

|

AanznaUY

v a | a1
iluﬂ'Szmﬁ’]'iaxmEi‘WiJuE)Qﬂ‘tJm::ﬂauum pHLER

l

9V 100 oerwalded L‘ljuL’Jﬁ'\ 24 139

l‘Uﬁﬂ,uﬂiﬂ‘Uﬂﬁ’li

1 1000 asAnwaldod Wunan 7 dalus

v

HanSuTTanving

P = ¢ ] aas = 1 )
JUM 3.3 WU MNSRTENBYNIAGAUIAN Zn,Sn0, AeleiAn pH  aeaufATenfiumnsnanu

u

TngATNsANAZNaUIIN



342 TUABUNITIATENBYAIA Zn,SnO,

29

Auananenulagdsn1sanaznausIu

ZnCl, 6.816 N3y

Junu 15 wdt

a

neldguugiinasing

u

ﬁ‘ﬂﬂaamﬂizﬁ; 100 ml
(0.25 la1an3)

SnCl,*5H,0 8.765 n3u
iUaeauseq 100 ml
(0.25 lu@n3)

A

neAA15AaYa1y NaOH Anusudy 0.5 Tuans

\4

asavansilan pH = 14

l

ANRLNDU

unTETsAsarareiUusdiungnauliA pH ~ 7

|

29U 100 saFaadea Wunan 24 Talug

lumlumnumms

LW 400, 500, 600, ..., 1100 DA LTaToE Junan 7 %"’ﬂm

AR gAYy

'
= =

sUN 3.4 ununmeIENaUNIAgAuIAN Zn,Sn0,  areldamuaiiniswaiuanaieiulaeis

ANSANAZADUIIN

U
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%
#

30

LANANSNULABATNISANASNBUIIY

ZnCl, 2.726, 5.453, 8.177, 10.902 nsu
ihUaeauszq 100 ml
(0.1, 0.2, 0.3, wag 0.4 lua1s Aud1eU)

UABUNITLATINBYAIAZAUIARN Zn,SnO,  ArEldAMududuvasasAAY

Juniu 15 it

SnCl,*5H,0 3.506, 7.012, 10.518, 14.024 ASY
ivaenUseq 100 ml
(0.1, 0.2, 0.3, wag 0.4 lua1s audau)

weAASarany NaOH Anutudu 0.5 luans

A

= 1
dangaisial pH =

14

l

}78
ANFATNBU

G‘) ﬂl. o = 1
ftluﬂi%“ﬂﬂﬁ’ﬁﬁSﬁ?ﬂﬂﬂﬂﬂ%ﬂﬂﬂ%ﬂﬂuﬂﬂq pH~=F

Y

9U 100 s naldea {Wunad 24 1alus

A

UALUASNUAETS
y

LN 1000 asAadea 1Wunan 7 9alus

A 4

AR UANFAYNE

v

JU# 3.5 LNuAImNITATENBYAIANUIAT Zn,Sn0,  AneldAuiduduveansnanud

wanAanulagdSnnsanaznausu
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3.5 {:’sumaun'lsm%ﬂuﬁflsasmatﬁaﬁ'@mﬁzﬁi'aq ZnALO,

1) wisnasazanelnedednanlin 0.1 Tuans uazevgiileuraslsd 0.05 0.1 0.2 uaz 0.4
Luansnudwy Andudnsdusenindedsoosgiilonwintu 21, 11, 1:2 uay 1:4 luthaen
UsyqUiuna 500 dadans mﬂﬂy'u‘fjumumiaxmaﬁqquﬁﬁmL"f;luna'] 30 U

2) vnmsveauesluideilensenladluasazarsded 1) WelfiAansanezneu Tnaven
afaay 5 fiadans winsavdauANA-UE (pH) Sunseisansazanaiimn pH Wity 8 andush
nstunuigamgiivioadunan 30 un

3) dwandaeinliludaseiasatszy Tnsldsruvayyinmatelunsdrmegney
WAsEIRAN pH Wiy 7 udsndudilueuiigungdl 100 esrieaida aunssimznouuiuas
nsusnzneuliidunsasden

@) vwmamznauildieniigamgil 900 svrteaidoa (Huaan 4 dalus

5) Thwanduslinsgilasaisismaianisiaeuutesiidiend (XRD) dagu
phendewanssmidianaseunvudensie (SEM) uatlassaiaaiifeesaisuuaninsa
1nU (Raman spectroscopy)



32

unil 4
NAN13338
4.1 madnszisutinieanufeuvamenou Memaianisitessinsiuasunlamiminy
§9u (Thermogravimetric Analysis, TGA)

mslleseimemnufeudteguuiiuguiian amsileansliunnuieu wnfnmapaniu
wasumsouielilunisaaei viemewdinuauieuiiofalasiaefiudsuuasiy
PN wazenadsadathminvesaansliuAsuuladly dwmsvautinaanudouvessdnasii
¥annsyuaunsanaznaudsluitiiae Znsn(OH), waz Zn(oH), Taglddeulunsanaeneunteld
A1 pH waUFAzevinfy 14 aamglinistun 1000 ssrwaldea uasaruiduduresasaaiuia
aoawihiiu 0.25 Tuard aunsoindeildnmaudsuuaniminvesasidlefinsidsuuag
gl wansdazui 4.1 Tnsraannisliinedia TGA Alswvinudn Wiansvurunisdsuutag
thwiinas 1 77 Tvogitrsgumgiivsvana 216 ssrnwaidea viniinvasasanaslulszann
14.34%  FaPunainanasTuanath (H,0) luaunisi 4.5 svmeeenly udsndulidns
Wasuwaniminifatu Somnemiudigungiindsaintas 216 ssmigadsadudululil
Tuanalesaneiieanly usoreiimsuwasuuadanaiaoiussluanld dwannsaduduldde
waliansideauressdiendaely

dmsunalalunisiiaufaserdudnssuaunisnisanasneuluauisnseuiunism
sunsgiadiumsiAsunlaniminvesasiitasgamgiivssinm 216 sswadsaanninosue
IiFmauntsil 4.1 = 4.5 lnsanun1sdl 4.1 uay 4.2 WAAINTZUILNITVBIATTHIFL ZnCl, Waz
SnClesH,0  avansluth mudhity Tasassieaesil NaOH  viwthiluanideulessu daann
AsyUIunITHIdesl ey IR ldnBndusieanuide 39dlansenled (Zn(OH),) uaziiu
lansonlad (Sn(OH),) masd iy Saufy NaCl uagi sdsrnduluaunisil 4.3 uansnszuaums
VD4 Zn(OH), Lag Sn(OH): 3 ulunanAnsiarnaunisieunting (4.1 uay 4.2)
iansuanildsulossuldnanfaditdu Znsn(OH), was Zn(OH), deidnvausdunsnaudan
wsnduilionisdaasnsasmeneull NaCl fargnuzdnseanty (uanadugnasiis, |)
mndudengnoumevldrutiy sudaduaunsi 4.4 lethesudsunnaniuzveamaniu
annuzuia uazgavnaiieth ZnSn(OH), iuniigamgiigs sunseviaglurisenmniussina 216
asrgadua ZnSn(OH), aziianisidsunladassadraduddiumannuiun (Znsno,)  &eil
Tassaauvuimessonalndiut 3 Tuiana dau Zn(OH), Ssadassadadulaifinadsuuag
Hulessa$redu evhmsdnnadmidnead 3 Tuana Sedianusfuufauasugaseniuuen
spuv Wsufutmdnesansiousn wuiridainanasly 1%  Sslndidestudiidainnis
wwSasile LLﬁiLﬁaqmwQﬁqaﬁuﬁﬂ ZnSn0; fiu Zn(OH), azifinnsiUasunlandulasiadrdlmine

F9A pelnauaulun (Zn,SnO,) Feillassasswuvalivaiuii 1 Tuana wasfigamginnanieh
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Wi flanuzilunfauazngasenluusnszuu nalnlunszuiuniswingnsuves ZnSn(OH),
sanalauansliluaunisi 4.5 uas 4.6

aunsuansnalnlunsiinufisenlunszuiumsanasnoualasiningnautad ZnSn(OH),
ag Zn(OH),

(1) nsazae ZnCl,

2ZnCl; (s) + 4NaOH (s) + H,0 () - 2Zn(OH), (ag) + 4NaCl (aq) + H,0 (aq) (4.1)
(2) M3sazaie SnCly*5H,0

SnClg5H,0 (s) + 4NaOH (s) + H,O () — Sn(OH), (ag) + 4NaCl (ag) + 6H,0 (aq) (4.2)
(3) MINNALNDULALNITANAENDY

2Zn(OH)(ag) + Sn(OH)4(ag) + 8NaCl(ag) + 7H,O(aq) —

ZnSn(OH)4(s) + Zn(OH)(s) + 8NaClag)| + 7H,0() (4.3)
(8) mseulanrudu

ZnSn(OH)s (s) + Zn(OH), (s) + TH,0 () = ZnSn(OH), (s) + Zn(OH), (s) + TH,O (g)  (4.4)
(5) MsinTignugiige (~ 216 serniwaldoa)

ZnSn(OH)s (s) + Zn(OH), (s) —> ZnSnO; (s) + Zn(OH); (s) + 3H,0 (g) (4.5)

(6) MaNMNIEe (e) (> 216 aFwadea)

ZnSn0O; (s) + Zn(OH); (s) —» ZnSn0;s (s) + ZnO (s) + H,0 (g) —> Zn,Sn0y (s) (4.6)

100 ——

T T T Y T LR SIS pen. pien PYSC SIS 0.0

LR Ll

80 —

TG (%)
(urwog) HIA

-2.5

[——cy - -3.0
~-—- DTG}

—TT 7 71— T T 1 1 133
100 200 300 400 500 600 700 800 900

'
60 (3

i

i

Temperature (°C)

i ﬂil !ol ar Ai! S
UM 4.1 ariniswdsundasdmingaungin19veengnauss ZnSn(OH)s uag Zn(OH),
v v aaa v aaa W v
ldanudisenmsanazneulaglden pH veeUfitewvindu 14 wazarududures
ansnasuaeaiiy 0.25 Tuans
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4.2 M1531A512MA1A9E5190999YNA ZN,SN0, figuaszinielden pH maaﬂﬁﬁ?mﬁ
HANFINY
421 nshwesrziiddaseadredrsmaiianisiasauuvesiedond (X-ray
Diffraction, XRD)

nMsaseiiflasadesemaianisieuurecidiend  vemanSasMEInIsHAT
gamgf 1000 ssrwaidea 1uan 7 $alus Aduaseidenszuiumsanaznausianelda
pH vosUfASefiunnsneiy Tnsansresuiaosdaaudud 0.25 Tuans namasaguit 4.2 wui
wanssivamngSeula (pH = 10 - 14) ﬁgﬂl,mumﬂﬁymLUU%Q'%’&%L&H%L‘TJW@& Zn,5n0, wazl
wumsBuUuou dmiugeniiym 20 = 20.2°, 30.4°, 35.9°, 42.7°, 45.7°, 51.7°, 55.1°, 60.5°,
71.5° way 72.4° Lﬂué’fﬁgfmmmﬂﬁymLuuwaa%’ﬁmﬂ%muszmu (200), (311), (222), (400),
(331), (422), (511), (440), (533), waz (622) Mua1AU FenrFeItUFIUTBYAYEY Zn,SNO, §1984
JCPDS card No. 74-2184 Immsmuﬁma’ﬂlﬂugﬂqumﬂgmmwuaaqua%NaﬂLua dlavihnns

AIILIAKaNRal e ldaun15u99 Scherrer wulruandniadedlanlnalAssiusglugae 80

L4

- 90 wiluuns nadAea pH vesUjAsulifinadelasasialiuaasoyniaidunszvls

duiurnandniadsveseuniayniieuluiiruananaunsves Scherrer (2.10) liuanalilugud

4.3 Jazm1519n 4.1

ar
o
;
& | Ve V) Ty 9
o .o 2 —_ AN < o
8 *UIBJ ) T8 C HLEF SR a8
B o = Y E: '{_}\e’
P pH 14
’; | pH 13
83,
z | s I
g = A M ’& P - | A il oo,
Z z pH 12
pH 11
b
pH 10
I i I T I ! ] ! T
30 40 50 60 70

20 (degree)

- & a o o ¢ 2 1
FUN 4.2 sUnuunsiaeIuuYassidionduadaynin Zn,5n0, Nduas1Einelae pH 209
Ujfsernuansafiu (w9 1000 aseiwaided 1Wuian 7 Talus anududuves

aNsAIRUNIENINY 0.25 Tuans)
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140 : '
130 |— " X . T
e ®
= 120 e - i 14
< 110 SRR M— @
= e &
& 100 ’ WA AR | S—— @pH 13
ot “e ®
@ 9{) i &w % ‘ ’ SR S S S !
£ g0 . o _— @@ @pH12
O 60 : : p
S
>0 | ®pH 10
40
20 30 40 50 60 70 80
20 (deg)

JUM 4.3 nslvuiandniadevesaunia Zn,Sn0, Niduasisiatelia pH  903UfAsend
' ) P P & o v w & v ¥
WANKNNAY (I 1000 admngal@ed [Wula1 7 9alue,  AUIINTUYBIANTAIALNY

#@9UvnAY 0.25 Tuas)

A13199 4.1 YW awaniadeveseunia - Zn,Sn0, - NiduasizRadeldal pH  weUiisend

WANAI9AL (WA 1000 perwalded WWual 7 #alud, A1 dudues
ANSFNRUNIADIWINNY 0.25 Tuans)
f pH 10eUfAsen  ausndEniade (uiluwms)  d-spacing (Ssanse) FAsluaniia
(Baansay)
10 80 2610 8.656
11 91 2.605 8.640
12 88 2610 8.656
13 87 2613 8.666
14 84 2607 8.646

422 mAAereidnvausmedyguiveivesiuiafendananssmibiinaseunuy

d84n31A (Scanning Electron Microscope, SEM)

gﬂﬁ 4.4 UEIE NN REMEIUIN1TBINENBULALOYNIA Zn,Sn0, TidaAT1zsineléAn
pH vasUfA3eniunnsdrstunazinndl 1000 ssrwadea Wuna 7 4alus Tnwansheduieaesd
aududiu 0.25 Tuans TagazifiudneyniafieSendl pH windu 10— 11 (GUA 4.4(), 2.40),

4.4(c), uay 4.4(d)) Tanwazidunguieuveseunipuimeiu ldanunsassygudnvallddaou ud

A aaa a & a & a w & W o = = -
Wier pH asufisenfiuduiu 12 wsunundsdunduioundaautu lnedidnvaziousy
o i s o d @ i ¢ ;
Juraunaus WAZNUINBUAATATEUTN pH WAL 13 - 14 (U7 4.4(g), 4.4(h), 4.4(), uaz 4.4()
fidnwauzadefiugnuiriaunalszain 3 Pm 3snanlddinisiuturesen pH vesujizen ay

[ Vs s & =l = o 14 a I3 c,; = 1 8/ o o -
quﬂﬂaﬁﬂm%ﬂlﬁuﬁﬂ@mﬁﬂﬁ’]ﬂﬂUQﬂU’lﬁﬂM’]ﬂ‘Uu ‘Uﬁ%zﬂiﬁlﬂﬂqﬂ’]ﬂﬁﬂﬁiﬂiﬁ%?&lﬁl'@)‘ﬂauﬁﬁL‘Wll
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k4

wunRalun1afnuizen Neilwsigan pH windu 13 uaz 14 desldaisazate NaOH luuSunai
oA g v s ' 0§ v a = v ¢ : =

wnaleulenlde pH - d1ndy diliiAsnisuanivdsulessulaauysauinndn esain
] a o/ =il aaa a 5 v = al =

asazany NaOH vhwihillusuanildeuleseuluufiten stud1usunm NaOH fiunnifiuned

i liiinagnoues Znsn(OH)s NadnauyalndniwddnvusiindrafiugnuiAfunay

wananiimsuanildsulessuiiauysalainnislden pH  veslfisenviiu 13-14 Sl

USUNNveImENaUINNTUDNeIY

ADULN

Gk

= Y] ) a & A o o ¢ o
JUN 4.4 SNBAENINEUTIUINE1VDIRURIVOINENBULALBYNIA Zn,Sn0, NFIATIERA1 1A
A1 pH  vewlfiFevinnu 10(a-b), 11(c-d), 12(e-f), 13(g-h), waz 14G-) Tuns

ar P & v & v &
Az (WA 1000 asrwadea Wunan 7 dalus,  anududuvesansieduns

daavinfiu 0.25 Tuas)



ADULAN

EHT =20.00 KV Signal A = SE1 Date :18 Jun 2014

MNolse Reduction = Line Avg  Serial No. = EVO 10-15-71 Time :15:06:38

NI

EHT = 10.00 kV Signal A = SE1

Moise Reduction = Line Avg  Serial No. = EVQ 10-15-71

maldd pH wesUfA3eninnu 10(a-b), 11(c-d), 12(e-f, 13(g-h), uag 14(i-)

Tumsdamsied (W17 1000 eermwatded Wuian 7 49lus,  aududuves

A15AAUNIERINAY 0.25 Tuans)




10 pnr WD = 11.6 mm EHT = 20.00 kv Signal A = SE1 Date :18 Jun 2014 T
AR ‘ ZEISS

| Mag= 10.00 K X Noise Reduction= Line Avg  Serial No, = EVO 10-15-71 Time :14:43:26

o EETN.

WAILN

WD =115 mm EHT = 20.00 kV

| Mag= 1000 K X MNoise Reduction = Line Avg

o ] s o = ¥ = o w &
UN 4.4 (si9) aﬂ‘le}fus:maamgwmmwadﬁummaamsﬂauuazaqmﬂ Zn,Sn0, NEIATIER

melad pH velfisenwviniu 10(a-b), 11(c-d), 12(e-, 13(g-h), uaz 14(-)
Tup1sdaasies  (wadl 1000 ssrwaldea Wunan 7 dalus,  eududuves

ATRIAUNIARYINAY 0.25 Taand)
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' 2

5UN 4.4 (d9) dnwusn1NEUFIVINGIVRINURIVDIRLNDULALDUYNTIA Zn,Sn0, NEUATIEN
malda pH vasufisenindu 10(a-b), 11(c-d), 12(e-, 13(g-h), uaz 14(-))
lunsdamsied (W19 1000 asAwadoa \Wuian 7 $9lus,  anududuees

asAaRuaaaaingu 0.25 Tuans)
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e 119 Jun 2014

ZEISK

} Mag= 1000 K X ine Avg - 10-15-71 Time :13:48:47

ﬂi 3 o al = ¥ = Au L3
3UT 4.4 (f9) Anwmen U IUING1VRIRURNYOIRZNBULAZAYNTIA Zn,5n0, NFLATIH
aelddn pH vaaufisewiniu 10(a-b), 11(c-d), 12(e-f), 13(g-h), uar 14(-)

[ T = ea Y] v W
Tunsduasnzn (WA 1000 ssrieaided Wunan 7 99lue,  Anudutures

A5AIAUNIEDINNU 0.25 Tuans)



a1

4.2.3 mpnsianeandintuveslessuuindsanasulndvaunisganauid
and (X-ray Absorption Near Edge Structure, XANES)

sUfl 4.5 uansanasulndvounisgandussdiond (XANES) v84aun1a Zn,Sn0,
Funswineldien pH vesUfidefiuansretu Tagwndl 1000 ssrnwaiea Wunar 7 4ol
wazanssduaesinududu 0.25 Wwans Jafl Zn K-edge (FUT 4.5(a)) uag Sn L3-edge (5Udl
4.50) Tulvmmsmzgrnu Felfihnsussuifieutuansuinsgiudieds lufiie zno uaz Sno,
dmsu Zn K-edge Wag Sn L3-edge m1ud1Avu 3@ Unasu XANES YD
Zn  K-edge zituliinAnisgandundenuresdidiendvasaynin Zn,Sn0, vgﬂﬂﬁ'aulm
(Ey ~ 9659 Blanasoulrav) fnruilndlAsaiuasuinsgiu zno dsBuduldinlosauves zn lu
aYANA Zn,5n0, vgﬂB]L‘f'alaulwﬁam'weaﬂ%mﬁuﬂu 2+ lunsdlaiunnsu XANES
289 S L3-edge  AINITRANAUNGNIUVITIFONGVDIBYNIA Zn,SnO; nnm‘f‘i‘au‘lw
(Ep ~ 3929 Blanmsoulaan) dmmnilndiAeeiuasuiasgiu Sno; Faduduldileseuvos Sn Tu
oun1n  ZnsSn0;  wnqieulufianiizeendiaduilu 4+ wenaindanniu XANES
493 Sn L3-edge ailzuuuuiiadrepdstuanpdunetasuinsgiu SnO, Fstliiuilesouves
sn" vianualuaynia Zn,Sn0, wnqdeulugndouseusneavaeuvasmendiay 6 ezmey 1y

JUnsawanti (octahedron coordinate) ﬁ’qgﬂmmiugﬂﬁ 4.5(b)

(b)

Normalized absorption (arb. units)
Normalized absorption {arb. units)

f Detahedral intersice
| {32 per unit cell)

9650 5700 : 3800 3950 4000
Energy (eV) Energy {eV)
o ) Y A woa ¢l
sUN 4.5 awnedulndveunisganauiediendn Zn K-edge(@ waz Sn L3-edge(b) vataunia
o w v o1 aaa P | ) B
Zn,5n0, NdATIERAEAAY pH YouunsEUmnAIenuL (pH 10 - 14) (w1 1000
parmwaldea  Wuan 7 Filus  enududunesansdafuisdaaminiu 025 luand)
= I o a <
gﬂqmmmlaaawaa Sn  VIgNABUTDUAILDTABUVDIDINTLAU 6  BzABY LUUFUNTI

wUantin (octahedron coordinate)
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4.3 Mmylansildassaieveseyniagnuinl Zn,Sn0, fiduasizineldgamginismwd
WANFA9AY

€ =

431 nashasisiilalaseadredremaianisideauuvesdediond (X-ray

Diffraction, XRD)

msieseiddasiadeiemaianisideiuuresiviiond  vowansusiudanisundi
aaumgdl 400 - 1100 esmwaldea Wunan 7 42l Aduaseidenszurumsanaznausulasd
f1 pH vasUfiSeintu 14 uazansdsduriaesdimmndudu 0.25 Tuans uansieguil 4.6 - 4.8
Tnelug 4.6 lduansguuuumaidsnuuesiifiendvesoyniaildanmsnnazneusia wuindy
SULUUNISAE LTI ZNSn(OH), Faiflasaarauuugnuier (cubic) denndeatugtudaya
U8 ZnSn(OH)s 81984 JCPDS card No. 73-2384 wé’dmﬂﬁmﬁaaumﬂﬁqﬂdﬂgﬂLmﬁ'qmﬁqﬁ
400 - 1100 sriwalea wuintagamail 400 — 500 ssriealded JULUUMIAEIULTEISaE
ndludsudures Zn0 Fethazanannisaansdaaes Zn(OH), LLﬂSﬂELéNU‘S’IﬂQEULLUUﬂ’]i
Goauuiiunaniassadsativaves Zn,5n0, Fadamsdiaruduresdnyaaluudassensqua
fu zno  eglutasgamail 600 - 800 asrneaLdva ntuiloguugiiiiududu 900 asen
waldea fuandlusui 4.7 wudguuuunsidenvuvessdendudsuiues zn,sno, Tl
wua’liﬁiuﬂm"ﬁau ﬁamﬂé'aaﬁ'ugﬂu‘ﬁau“awm Zn,Sn0O, 1989 JCPDS card No. 74-2184 w“aﬁ'
Lﬁ'aqmmﬂm'ﬁamwaﬂuLaqa ZnSn(OH)s Tithilanana Zn,Sn0, IWagauysalitennuseu
[20] wdaanduilegungligauludnidu 1000 - 1100 ssanwaidea swAnnsvenevasinsush
Thunandnlvg/iu deralioymefinnudundnuiniiu Sussnduldaneandimesdygiolu
aLHORgIINTY UasAl FWHM luirassenanas SUT 4.8 uansguuuunisieniuuvomwan ot
wdanswnngaamgiftldinnisunass dwsuruandniadsveseynanideuluiifuinen
aun3wes Scherrer (2.10) Ieiuandliluguil 4.9 uavansnedt 4.2
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0ZnSn(OH), SnO, ®ZnO #*Zn SnO,

* *
- ) A An Amr R
00 °c

i *
700 C

gt G ¥ kW oy B )

: e 00 °c
B sl e A . -4 " M, S
‘@ g " o
g i " . = w W€
S e - 3
400 °c

as-precipitated

I ! | A I 4 T . T

20 30 40 50 60 70

26 (degree)

5U# 4.6 JUuuunsidediuuresTidiendvesnaniuainaen1sminaaumvgiinigg (400-800
asrgal@ea) tWulian 7 42lus wasnznaunldannnisdunsiedt (A1 pH  ves

URAsewnTiU 14 wag anududuresasiwdiuniaswiny 0.25 Tuans)

~ * ZnSn(OH),
3,
5. =
N ST B >
S~y S fd /&7 ol
AN L NI/
é 1100 °C
z
Z - i
8 ! e H # -
E R W] g o . e AR
h 1000 °C
A A -\ A o
s 900 °C
Y e ° . °
as-precipitated
y T J T J T T T v T
20 30 40 50 60 70
26 (degree)

i = o = = @ s 4 a
sUN 4.7 gUuvunisidgavuresiidiendusanindasindinisiuifigamginigeg (900-1100
= [ & Y o/ € 1
aartraldea) Wuiat 7 Malug uazngnaunldannisduasiz (A1 pH  ves

Uisewiiu 14 waganududuresansassiunsaaasiniy 0.25 Tuans)
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=) e SnO. =7n0O *Zn SnO
a 2 2 4
= 5 = g
e « [=
§ 8 R g i a8
I ;j ] 2 =z L fe
AN = i { ik
1100°C
~
=
< . T ) i
4 Y
2 1000 °C
& H
§ |
= ; i A A i\
o e o L T 5007
o * lmif!“ ¥ xm * Fa %t oa * %
® k m ‘4m kg ok _¥km ¥ w u *‘32“’
| e * R YT % xm . Y
o u n = 600°C
T = an . L = X . 50°C
400°C
- T - T - T T T T I
20 30 40 50 60 70
20 (degree)

31] 748 ﬁJqunmamLuumaﬁqaLaﬂwawamnmwaqmimeammuma*] (400-1100
perwaiBea) 1uie 7 $alwe (A pH 199U VINU 14 uazA N tuduYey

ANsPaRuNIEaRviniy 0.25 luald)

140 4o T =y, ALASOLOEOL O T
120 2 0 _;»___. £ % af L ) _@ . Q w e Ly
- | | |
"&" 100 F——t-R.T m.,” o i mm_,’_ ERCCURN el _,.. @600C
= i ® e i i
i [ ] i f
a ¢ |
2 80 —ro L\ 87N NN iy, S/ N eSS 4 7000
wy { i
y \ D2 ; ° » ®800C
= B0 e e et sl
B ] !
; : ® 900 C
) = o s ‘ | @1000C
20 : 3 N, - v .4
! @ - 4 ® @1100C
0
20 30 40 50 60 70 80
260 {deg}

ﬂﬁ 4.9 ﬂinwfummwaﬂmawmaumﬂ Zn,Sn0y memwnumaq Wwan 7 m‘[m (A1 pH

vosUfiiewviniu 14 wazmuidutuvesasieduisaoayiniu 0.25 Tuans)
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a ol

A19°99 4.2 YwenBniadevetaynin Zn,Sn0, wfignngiieneg W 7 $alus (A1 pH

U

YoeUfiisewiniu 14 uazanududuratansisduiiasayiiu 0.25 Tuad)

PEUNNINTTIN waKANedy  dspacng  AiAsTiuaniia
(a9riaLTya) (luiuns) (896m584) (B9am509)
400 - - -
500 - = -
600 36 2.604 8.636
700 36 2.602 8.630
800 33 2.610 8.656
900 45 2.620 8.700
1000 84 2.607 8.646
1100 109 2.610 8.656

a ¢ o o a A a v ¥ da &
4.3.2 ﬂ'ﬁ'ﬁLﬂi']zwaﬂﬂmgwq\'lﬁmg'lquﬂqﬂaqwuNQWQﬂﬂﬁa\iﬂﬁmﬁiﬁuﬂLﬁﬂﬂﬁau“‘uu

#94n31A (Scanning Electron Microscope, SEM)

= |

U 4.10 uansgU SEM - vesmnaulazeynin Zn,Sn0, wiigamgiisng Wunan 7
1l Tagldian pH vesUfAsoniniu 14 uagansheiuisaasiiniududu 0,25 Tuans Tavawiiu
Teynandsliiunssuiunswiiidnyusmadaguinerdeiugnuirtvuinszann 4 pm
ntuidlevinisinwisnavesgumginisndednuaseduguine) nuheyanignind
gaumglisnedesdidhvasadeduanuiad waadliiudoumedandnfinauatissnauiou
Taansainudnuusnsduguinenfuviingniniguuniald wiesdaunaivlsiuie
guvginiswfinduds 1100 °C symagnuiAdiGuiinsinignduvasusiuiu Weanmstiuls

[ = ci: = Voo -:‘i‘ o mé‘ -:k‘L = aan
YDUNTULAEAIUTUNANNNINTVU san'rsLmsﬂ@uﬂuu%m'waw uﬂ'l‘il.ﬂﬂﬂ{_]ﬂ'ﬁ%ﬂﬂﬂﬁﬂ
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EHT = 20.00 k¥

10 pm

MHoise Redu

EHT = 20.00 kY

( MNoise Reduction = Line Avg

25

JUM 4.10  SnuenNFUIUIMEIUINURIYTRIRENU(@) La¥aUNIA ZnSn0, 1T 900(b),
1000(c), wag 1100(d) er@alfea (A1 pH veufisewindy 14 uazaududues

A15A9PUIERUVINAY 0.25 Tuas)



a7

1000 °C

1100 °C

900(b), 1000(c), wag 1100(d) eeraldea (A1 pH vaURATe AU 14 uag

AULILTUIBEN SRR UERawindU 0.25 Tuans)
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433 malpngianizeandinduveslessuvindeannailndvaunisganauisd

L% (X-ray Absorption Near Edge Structure, XANES)

U7 4.11 uansaunm3u XANES 48304A Zn,Sn0, wiigaumgdisneg Wunan 7 42l
Taglden pH v0sUfR3o1iniy 14 uazanshedusansdimnududu 0.25 Tuars Sail zn K-edge
(5UTl 4.11(a)) waw Sn L3-edge (3U 4.11(b)) Tulmummisnzarinu Sslévinissdeuiieuiuans
nasprudredatuiieriunavesdoulunslia pH vesufftoniuandreiu (e 4.2.3) an
alneiu XANES 984 Zn  K-edge 9zuitulddndinisganfundiuvesisdionduesoynia
Zn,Sn0, nnqﬁau‘l‘u (Ep~ 9659 Banmsaulian) danulndlAesiuasunnsgiy Zno Fedudule
Hlosauves Zn lusyma Zn,5n0, ynqleulafianizesndindudu 2+ dnlunsdawnniu
XANES 984 Sn L3-edge figuriu Inafiamsqanfundisuvesdedionduaiaynin Zn,Sn0, ne
Foulv (5, ~ 3929 Bidnaseulrav) Indidestuatsuinssu Sno, Fedudulditlessuvos Sn Tu

83A Zn,Sn0, NnqReulufianmzesnBetiniu 4+

,\
b}
S
8
St
y

Normalized absorption (arb. units)
Normalized absorption (arb. units)

s0c /|
Zno : : /
Bl 500, e’
§650 5700 ] 3500 3950 4000
Energy (eV) Energy {eV)

= a Y 4 v o el
5UN 4.11 awnesulndveunisganiusediondf Zn  Kedge(a) uaz Sn  L3-edge(b) va3
HARANTVAINI TR T (900 - 1100 asrieaidea) iuan 7 Falus

(A1 pH YeeUfiseviniu 14, anududuresansaasuiiaaaitiu 0.25 Tuand)
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of

4.4 MIIATenidalaseasnevesaynia Zn,Sno, Nduaszinieldanududuvasaisnsdiui

WANFNSAU
4.4.1 n193AT1IzMITlaseaiedrmnatinnsideatuuvesisdiond (Xray

Diffraction, XRD)
ATIATITALTILATIFS I AEMATANISEEMUUVDITIFENT  V9INBAA I VEINITINAT

gaumgdl 1000 ssreaLioa Wuna 7 42l fidumszsishenszuiunsanaenousiulasiian pH
vouFiseintu 14 Tnewdsunrududuresasdaduisansdasdiu 1:1 uAnIFIgUT 4.12
wuiwansnsivemngdeuls (Arunduduvesmssiuisasasiniu 0.1 - 0.4 Tuad) Uuuy
Msisuuressdiendiures Zn,sn0, dullasiasatiuatagliinuasuluiiou aenadeq
AUgMULBLATEY Zn,Sn0, 81984 JCPDS card No. 74-2184 dlevhmsiunamuunandnedslag
Waunisves Scherrer wuivuandniadedielndidssfuaglutas 60 - 90 wiluwns nanfe
Audiduresasmeiuiaaesiiisnnan 11 lifinadelassasrsatiuaresouniniiduasedld
dmfurunanEniefevesaymannitouluiiduamanaunses Scherrer (2.10) WWuansflugud

4.13 uayansei 4.3

=
<
57 .
— —_
~ & =) 3 S,
2 (=] — — wy —t A~
g ). BN C g 28
N «, g o2
i e [ ( ) 7
2 i
| =
f | f
g ] it _:'!L ! o\ 14 b
8 03 M
=
i £ ;
=3 18 ” LN
0.2M
A L\ J A _JLA__M
0.1 M
T T T T T T T T T
30 40 50 60 70
20 (degree)

ﬁi. lél o o & ‘J s L4
JUN 4.12 JUuuunsideiuuvessidionduaaynin Zn,Sn0, Ndeasizinngldainuidudu
u‘j v 1 s 1 aas 1 s = =
VDIETAIAUNUANATTU (A1 pH 28U [ATe1IAY 14, N 1000 s vaides

Whuan 7 F7lua)
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1 B —

BADF | e u e 2 RN
o | e |
§ I ee |© ® | 3 . @02M
o 100 L e - «© '
o { i & e i
= o © ; . $03M
2 90 }p0o-—oV2® | 1 U T — SU—

i | | @
60 @ '
®
40 s
20 30 40 50 60 70 80
28 {deg)

ar .

JUN 4.13 nIMTRIARENIRAETEIBUNTIA Zn,Sn0, NduATIEN1ElAAMIUNTUY DA TR Y

u

AuAnANAY (A1 pH  vasUAseviaiu 14, wadl 1000 ssrngadoa Wuaan 7
F2lu9)

M15799 4.3 YuendniadevetaynIn  Zn,Sn0, Tiduasieaeldaeldnududuvesans

g:' 17 A ! o 1 - aa 1 L2 A =
AR UNILLANFIIAY (A1 pH ‘Uﬂﬂﬂ{]ﬂ‘i&f’]W]’]ﬂU 14, L% 1000 pafLa LY ed

Wunan 7 $al9)

v o & o = | 3 1 = a
AFMULVUVUYDIATNTENAUVINEDY  YUIRNANLAALY d—spacmg ANRNNLLARNE

(uans) wiluuns) - (BwEmses)  (BsEnses)
0.1 66 2.610 8.656
0.2 88 2.610 8.656
0.3 86 2.602 8.630

0.4 74 2.608 8.650
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= o o =3 5 = fa
442 0197 Lﬂ‘é‘]zﬁﬁﬂﬁmﬁﬂﬂﬂﬁmgﬂu’?ﬂ mmmwumé‘wné’awamsﬂua LANATOUIUY

#®4n91A (Scanning Electron Microscope, SEM)

sUT 4.14 uansgU SEM 8emgnauuarounIa Zn,Sn0, iduassianelimiududuyes
msheuTiadasiiuandnetiu Inelda1 pH veaufTeintu 14 uazwnd 1000 ssriadea Ju
nan 7 42l Tnwnsdivinoyneiedenlagldamududuresmsisiuisaoariiiu 0.1 - 0.2 Ta
a3 (5U7 4.14(a), 4.14(b), 4.14(0), war 4.14(d)) FdnwazAsuirndegnuiar uidndloynadl
lusasrygUinuallddmauninizaguinaiuin dlfldansadanadnvuzvesgnuieild
Faau winudeymaindeulagldamditurasaieiuiasainty 0.3 - 04 Tuans (U
4.14(e), 4.14(0, 4.14(g), uaz 4.14(h) TdnwazadrafiugnuIARTAUINIAUTENIN 2 pm 39

¥ L5

Na1lAIIN1 T RN TUVBIAIITNTUY DI TANAUNIERY ey lvndndanniaddnsueaaiaiu
gnuIAiunnTL Faagtaelieynialinisnssangdnauaziiununialunsifauiisen visilinge
AUTLTUYDI ZnCl, wag SnCl*5H,0 Winfy 0.3 wag 0.4 Tuans asiilyuSunaesaisunnnin
Reulviildmnududu 0.1 uaz 0.2 Tuans snnsnd 3.2 Fulisualioudumsiiuduiulosoy
TuufAsenlvinnniu uasdlonauivansazaie NaOH anududu 0.5 luais Aasiinnisuaniuieu
el WY < '
lepsuinnuneuazauysnindi Wesnnansarats NaOH galdllunsuaniddeulessuninnii
- g v v v W P a v & v v O v &
Reulvildnnududutoy niwheasagats NaOH wnifuly AauuALuduYea SRRV
d dv 1 L3 dv E74 v/ 173 ﬂ’.’l v/
gasfvnzadlunisvaaetiiazeglugie 0.3 - 0.4 Tuais uananin1sldnuTNTNTeENTHIAY
TudBinadanandailildviinamemenaunnniudnme dmiugud 10 wae 1(h) Tuluves
P = = o o -
AYNIA Zn,SnO,  TINIUNTTUIUMINAT 1000 BeFgalded asdunnliuaiiuTeniogniy

= a = a & da a aaa v 1w
U?L'ﬂmN'ﬂ“ﬂﬂﬂQﬂUqﬂﬂ %\ﬁnﬂLWMWNV]N']IUﬂ'ﬁLﬂﬂ‘lJﬂﬂiEJ']@?fJL‘U'Uﬂ‘L!
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- o

ANUULNNFUFIUINGIVRINURIVDIOYAIA Zn,Sn0,  NdUATIZRATelA
ANLTUTUVDIETFIAUNIA@DUNIAY 0.1(3-b), 0.2(c-d), 0.3(e-f), waz 0.4(g-h)

& 1 o aa 1 s 4 QIJ
Ta13 (A pH Y99 iseindu 14 wagiuin 1000 asrwaldes [Wuran 7 9alua)
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CNDULAA

i 1 ot s = d‘l - AJU '3 E 2
UM 4.14  (69) dNunEnIENgIUINEIVBINURIVBIDYNIA Zn,Sn0,  NiduATIzRAela
AULUNTUYBIATSAIAUNIdBUNINU 0.1(a-b), 0.2(c-d), 0.3(e-f), uay

5 1 aan 1] at A =
0.4(g-h) @13 (A1 pH  ¥8U{ATeWINU 14uaziu 1000 oA LwalEea

Wutan 7 tla)
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ADULHN

WEILE

4

gﬂﬁ 4.14  (¢i9) é’ﬂwmzm&ﬁmﬁw‘iwm‘uaaﬁuﬁwmaqmﬂ 7n,5n0, Tiduaszneld
aududuresasaefuiiaonyiifu 0.1ab),  02(cd), 0.3(ef, uas
0.4(gh) Twars (A1 pH  vesUfATeMAY 14 uagw?l 1000 seAwaTea
Huan 7 49Tu)
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ADULHA

7]

sUN 4.14  (dd) dnvaegndugIuIne170aNulIveIeUNIA Zn,Sn0,  NdLATIEiAele
AU NTUTDIANTRIAUNIFBUNINU 0.1(a-b), 0.2(c-d), 0.3(e-), uway

< 1 aaa 1 s A =
0.4g-h) Tuas (A1 pH  vaeUfAse AU 14 uazikif 1000 ssegaldea

Wuan 7 Flug)
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4.4.3 mAAwenianmeandintuveslessuuindeanaiulndvaunsganduisd

LN (X-ray Absorption Near Edge Structure, XANES)

‘gﬂ'ﬁ 4.15 uanEUnmiu XANES 9999UNA Zn,Sn0, fduaszingldnududure
ashsduTiaesiiuananeiy Inewniigamgd 1000 ssrsadva Wuna 7 4alus warlden pH
roeUfiiSewiiy 14 3afl Zn K-edge (3UT1 4.15()) wae Sn L3-edge (U7l 4.15(0) Tulnuanis
vrgeiiu GsldvhmsiFoufisuivannasgudidaduiu mnaunadi XANES 999 Zn K-edge
wiulddiAnsgandundsanuvesiidienduesoynin Zn,5n0,  yneieuly €, ~ 9659
aidnaseulaa)) finnulndlAssfuansuinsgiu zno  dsduduldinlosouves zn  Tuoynia
Zn,Sn0, ‘vm*]L'gaulsuﬁamwaan%m%’mﬂu 94 drudlUnasy XANES
9950 L3-edge  Auduiu lnafidinisgandundesiuvesiidiondustaunin Zn,Sn0,
nnqdeuly (€, ~ 3929 Bidnmsoulaa) lndiAssfiuasinsgiu SnO, Tadusulsinlessuves Sn
Tuaynia Zn,5n0, ynqleulafiannseonfiaduliu 4+

Normalized absorption (arb. units)
Normalized absorption (arb. units)
<
>
Z

9650 5700 3900 3950 4600
Energy {eV) Energy {eV)

JUN 4.15 awnafulndveunisganduisdiendd Zn  Kedge@ uay Sn  L3-edge(b) 104
o o # 1% v o & v ' @
AUNIA Zn,Sn0, NFUAT1ENN8TAAITULTUTUVDIAITAIAUNUANAIIAY
1 aaa " W < =
(0.1 - 0419 (A1 pH  09UfATe AU 14 Uazin?l 1000 seAnTaldea

Wuran 7 44lua)
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4.5 mAwnninavedasdulneluavesssnaiussnineiddoszgidon Zn:AD Tums
duasnzioun1nfedazgiivug (ZnALO,)

4.5.1 madnneidsassaieiemaianisifeauuvesdidiond

mswseiiddasaieteynauludsresgiiun  meldieulaniswiouiishsd
vasergiifoudnaiy Inevhnsduangiimnsn-tuauasiinuiizeviiu inTigaumgil 900
oarn-waldea Wuna 4 $7lus Mewedanisdsnuuresiiiendiuandunni 4.16 wuh 7
Snsrdruezgiidouiuandnafuasiiliifnsuuuunsidenvuresisdiondfidetu ammnsauts
wansomRstudu 3 sunuu Taun Adeulusamdnlneluavesezgiiflealudsdivhiu 0.5 uay
1’Lu§1Jme7'i 1 azusngdygrudouriviuvesans 2 Igaia fe Funaudishumis 260 = 317
345 366 475 565 627 67.8 waz 69 dwiusiuigniausnlulassadraeneslnuea
(Hexagonal) vesTsAoanlenszuau (110) (002) (101) (102) (110) (103) (112) way (202)
Auay Ingd19899 NN TINAATIZRNTEIY JCPDS nunelay 36-1451 LLaxi'g]mﬂﬁamUi’m;]
Funauiiumi 20 = 313 368 450 49.1° 556 59.4 653 74.1 uay 77.4  Suwustu
Tnseadsatiuavesdedovgiiuniinseduseuny (220) (311) (400) (311) (422) (511) (440) (620)
wag (533) mudiu Tngd198annsmiiesiziunnsg i JCPDS nunelay 05-0669 uanslyifiuin
asdoulansisdeudangm ssfmfumsUsznavssninideanlafuay mﬂavamum umasn
nnildnsdesezgiifivuteniuly Suiliitlonsuvesezgiition (A" 'I,uaﬁavmﬁmaamu

m’n%mmLﬂu‘uqmezgmuwusqwﬂm wagiilesanshsidrurastedunndsinlilessuvesded
2 =
Zn“ ) \Aa

L ZQAQQOQ o Zrd
” » " ZnAl=1:4
WWW:“& s LL P,
o ALY 2
- =
b | ] » . R ;L .=
:,5 i P L . TENSPE S
ol
> o o ZNAI=T 1
@ . 0 =0 o} © -
& b M e iim kT \:M
“‘E:' -
Zn Al= 2:1
O
" in L
- 4 LR X_....,.) W
, - . . .
20 *;0 50 60 70 80
26 (Degree)

5U# 4.16 Uuvunisideinuuvesiidiendvesdnsrdrulagluavesasniuszndiedenne
avglilleyniionmgll 900 ssm el \Huian 4 Falus
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[ = i

@I'ﬁ'N‘VI 4.4 VUANANUDINITIADE LUA AR5 18UVDI0Ta ﬁtﬂﬂﬂﬁﬁhﬂﬁ’u

ansndauvesdied : avaliviley vuravawan (wiluang)
Zn:Al=>1:05 106
Zn:Al=>1:1 174
Zn:Al=>1:2 42
Zn:Al=>1:4 70

msadiuszivleseulansenda (OH) Wewfigamgliasdviliianinuedroenlentu dw

1
=

nAnfusluguuuud 2 ﬁL'E{aulmé’m'leifswadasqmLﬁaulu%ﬂﬁwhﬁ’u 2 s Ingduaunsaiu
fuwmisues 20 = 313 36.8 44.8 368 36.8 49.1 55.7 593 654 74.1 uaz 77.4 dustusii
lnssaivesdefaygiiiunlussunu (220) (311) (400) (311) (422) (511) (440) (620) uaz (533)
Tnegredeannnswiinstesiunmsgu JCPDS mnelay 05-0669 Taednyaymidildseyfnisidundn
vosdsrorgliunlasiainalivaiiseguieon wezdilinuasvudoudntunnnsinisude
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Effect of Precursor Concentration on Physical
Properties of Cube-Like Zn,SnOQ4 Powders
Synthesized by Co-Precipitation Method

WANICHAYA MEKPRASART, PURITAT NAKHANIVE],
THANIT TANGCHAROEN, AND WISANU PECHARAPA*

College of Nanotechnology, King Mongkut’s Institute of Technology
Ladkrabang (KMITL), Bangkok 10520, Thailand

Cube-like Zinc stannate (ZnySnOy) spinel powders were synthesized by co-precipitation
method using chloride starting precursors of zinc and tin. The influence concentration
of precursors on relevant physical properties of ZnSnO4 was investigated by increasing
concentration of precursor material at 0.1 to 0.4 M (Zn:Sn at ratio 1:1). Structural prop-
erties of as-synthesized and Zn;SnQy crystal were characterized by X-ray diffraction
(XRD), scanning electron microscope (SEM ) and X-ray absorption spectroscopy (XAS).
The results indicate that as-prepared material without calcination process is in cu-
bic symmetry of zinc hydroxy stannate (ZnSn(OH)s) affirmed by SEM and XRD results.
Meanwhile, spinel phase of Zn,SnOy with strong crystalline and eminent cubic structure
can be achieved after calcination at 1000°C. Homogenous dispersion, high crystallinity
and good cubic structure of Zn;SnQy powders are occurred at higher concentration
of precursors. Moreover, the oxidation state of these samples were investigated by the
Zn K-edge and Sn L3-edge X-ray absorption near edge structure (XANES) using the
synchrotron radiation light source. The analyses of XANES spectra revealed that the
oxidation state of Zn was +2 and Sn valence was +4 in all Zn;SnO, samples, which
well corresponds to the theoretical values.

Keywords Cube-like structure; precursor concentration; Zn,SnO,

1. Introduction

Nowadays, the global energy resource is rapidly decreasing while the energy consumption
is extremely expanded relating to the important worldwide problems. Therefore, new func-
tional energy materials have been intensively researched for the compensation of traditional
one. Among of energy materials, complex metal oxide is considerably explored due to its
suitable properties in energy field. There are several reports on the unique performance of
spinel-type oxide semiconductors such as high sensitivity in gas sensitive materials, good
conductivity of alternative transition conducting oxide and excellent absorptivity in solar
light [1-3]. The chemical formula of spinel structure is AB,O4 which A divalent cations
located in tetrahedral plane (A-sites) and B trivalent or tetravalent cations occupied in octa-
hedral plane (B-sites) surrounding with oxygen anions closed pack in face-centered cubic
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with Fd3m space group [4]. Meanwhile, inverse spinel structure is an alternative arrange-
ment by swapping divalent ions in half of trivalent ions hence divalent cations in A-site
occupy in tetrahedral and octahedral sites [5]. One of attractive inverse spinel materials
is zinc stannate (Zn,Sn0,) because of its exceptional properties in photocatalytic activity,
high electron mobility, high electrical conductivity and low visible absorption. Generally,
7Zn;Sn0,4 material is a wide band gap n-type semiconductor and stable in the inverse spinel
structure with a face-centered cubic (fcc) unit cell. One half of Zn?*+ anions occupy at one
half of the octahedral B-sites and all of the tetrahedral A-sites, meanwhile, Sn ** tetravalent
anions locate at the other half of the octahedral sites [6]. Due to excellent potential of
inverse spinel Zn,SnO, properties, it can be utilized in energy applications including gas
sensor [7], synergistic flame retardants [8], photoelectrode in dye-sensitized solar cell [9],
luminescence materials [10], anode material for Li-ion batteries [11], and degradation of
organic pollutant [12].

There are several methods to synthesize Zn,SnO, powders such as hydrothermal
[13], spray pyrolysis [14], solid state reaction [15], mechano-chemical grinding method
[16], and supercritical water in a batch reactor [17]. X. Hou and co-worker reported that
excellent cycling stability and reversibility of Zn,SnO,4 material prepared by solid state
reaction could be alternative as possible anode material in Li-ion batteries [18]. B. Li
and research group synthesized Zn,SnO4 — SnO, heterojunction nanocomposites via co-
precipitation method assisted by ultrasonic treatment for working electrode material in dye-
sensitized solar cells. Device efficiency with Zn,SnO, nanocomposite electrode could be
increased up to 1.29% comparing to reference device with pure Zn,SnQ, [19]. Meanwhile,
nanosized Zn,Sn0y particles reported by EX. Wang and collaboration were synthesized
via hydrothermal process in water/ethylene glycol mixed solution using different type of
amines. Due to high surface area per volume in nano range, Zn, SnO, nanoparticles had been
utilized as photocatalyst in photocatalytic activity for H, evolution from ethanol aqueous
solution [20]. From previous published works, high purity and strong crystallinity of inverse
spinel Zn;SnOy4 with high performance exhibited the feasibility in many fields of practical
applications. Among of potential material synthesis, co-precipitation process is one of
interesting technique for high yield and large scale of the production. The major advantages
of this method include simplicity, low-cost, and rapid process time. Moreover, uniform
powder, small particles and pure product can be obtained via this process. Moreover,
the formation of Zn-Sn-O compound by varying Zn:Sn ratio via co-precipitation method
had been researched in previous work [21]. Mostly, the crucial preparation factors in
precipitation method are focused on pH and calcination temperature. However, the effect
of chloride precursor concentration on physical properties of ZnSnO4 has rarely been
reported. In this work, the effort has been carried out to synthesize Zn,SnO4 by simple
co-precipitation method at room temperature under the variation of precursor concentration.

2. Experimental Details

All reagents were analytical reagent grade and used without further purification. Mixed
solution of ZnCl, (Ajax Finechem) and SnCl, - 5H,0 (Sigma-Aldrich) were prepared with
distilled water and stirred under vigorous magnetic stirrer. The concentration of two chloride
precursor mateirals were varied at 0.1, 0.2, 0.3, and 0.4 M (Zn:Sn at ratio 1:1). Clear solution
was precipitated by adding dropwise of 0.5M NaOH until pH at 14. White precipitate was
gradually occurred throughout colloid solution following by washed with distilled water
for several times until pH reached to 7. The precipitate was dried in the oven at 100°C for



Downloaded by [Wisanu Pecharapa] at 21:20 23 November 2015

140 W. Mekprasart et al.

B * ZnSn(OH),
o ~ B
g & —~ o 3 st
§ 18 §z2 §¢ 1 a8
A 1T 8 1 & &
.4 M
3 i Lot i ,i\ i‘ Ak
@. 0.3 M
‘g
E ! i k ik iz
0.2 M
T ol R T | "
2 0.1 M
J Ao e ANNW || &/
as-preciptat
2 ¢ ® T X T ' T T T
20 3 46 50 6 70
20 (degree)

Figure 1. XRD patterns of Zn,SnO,4 powders at pH 14 with different precursor concentration.

24 h before calcined at 1000°C in alumina crucible for 7 h to obtain stable phase material.
Finally, Zn, SnO,4 powder were kept in dry place to avoid the moisture. Structural properties
of all samples were characterized by X-ray diffraction (XRD, PANalytical X Pert PRO).
Data was collected over 26 in range of 20° to 80° using Cu-K« with wavelength 1.5406
A. Surface morphologies were monitored by scanning electron microscope (SEM, JEOL
JSM-6510) with magnification at 5000x. Meanwhile, X-ray absorption near edge structure
(XANES) of Zn K-edge (9659 eV) and Sn L3-edge was recorded in the transmission mode
using a Ge (220) double-crystal monochromator at the beamline 8 of the Synchrotron Light
Research Institute (SLRI), Nakhon Ratchasima, Thailand.

3. Results and Discussion

XRD diffraction patterns of Zn,Sn0O, powder prepared via co-precipitation method with
different precursor concentration calcined at 1000°C are illustrated in Fig. 1. For as-prepared
sample, XRD pattern is compatible with ZnSn(OH)s that developed by ion exchange
between Zn-Sn cations from chloride precursor and OH™ anion from NaOH solution
during co-precipitated reaction following by equation (1);

EZﬂClz(aq) + Si’tCl4(aq) + SNCIOH(HQ.) —> ZﬂSﬂ(OH)ﬁ(s) + ZR(OH)Z(S) -+ SNGCl(aq) (1)

However, the product of Zn(OH), is not detected in XRD pattern due to its naturally
amorphous phase. The intermediate product of ZnSn(OH)g and Zn(OH); could be further
dehydrated and transformed to stable Zn,SnO, phase following this reaction,

ZnSn(O H)(s) + Zn(OH)y5y A ZnpSnQOysy + 4Hy O, (2)

Therefore, calcination process is crucial for the decomposition of as-prepared sample to
stable Zn,SnO, ternary oxide material. After calcined powder at 1000°C, the characteristic
peaks at 26 of 29.2°, 34.4°, 36.0°, 41.7°, 45.7°, 52.5°, 55.2°, 60.5°, 71.6°, and 72.1°
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Table 1
Crystallite size of ZnySnO, powder with different precursor concentration from XRD data
Precursor concentration (M) Crystallite size (nm)
0.1 66
02 88
0.3 86
0.4 74

are ascribed to (200), (311), (222), (400), (331), (422), (511), (440), (533) and (622)
planes, respectively according to JCPDF reference pattern, No. 74-2184. All characteristic
peaks indicate that Zn,SnO,4 powder after calcination is mainly in pure spinel structure
without contaminated composition. This result confirms that the intermediate products in
hydroxide group are completely transformed to stable spinel oxide due to high thermal
enengy corresponding to previous work of B. Li and research group [19]. Moreover, good
crystallinity and strong sturcture of Zn,SnOy are evidently occurred by the increase of
precursor concentration as shown in XRD patterns. For the confirmation of this assumption,
ZnySn0y crystallite size can be interpreted from XRD peak width at 311 plane of spinel
phase calculated by Scherrer equation;

pL KA
"~ Pcos

3

where D is average crystallite size, « is the shape factor (0.9), A is the wavelength of
incident x-ray Cu K, (A = 1.541 A), B is the full width at the half maximum (FWHM)
on 26 scale and 6 is the Bragg’s diffraction angle. The average of Zn,Sn0O, crystallite
size at different concentration is approximately 66-90 nm as informed in Table 1. From
the calculation, it can be suggested that strong crystallinity and large crystallite size of
ZnySn0y is significantly changed as precursor concentration increases.

Surface morphologies of as-prepared sample and calcined Zn,SnOy4 powders at dif-
ferent concentration monitored by SEM images are illustrated in Fig. 2. For as-prepared
sample depicted in Fig. 2(a), the formation of micro-cube ZnSn(OH)g is formed after
complete precipitate reaction according to XRD pattern. Moreover, the agglomeration of
Zn(OH), amorphous phase surrounds on the cube structure. After calcination process in
Fig. 2(b)-(e), fine micro-cube and uniform structure are evidently obtained in Zn;SnOy
crystalline due to the agglomeration of small polycrystalline in the matrix and the decom-
position of anhydrous ZnSn(OH)g from precursor material. As concentration increased,
Zn;Sn0y cube is insignificantly developed, however, the formation in strong cube structure
and small crystalline and amorphous phase are evidently vanished under high precursor
concentration. The effect of precursor concentration on Zn;SnO;, stable cube structures is
depended on the amount of precursor ions in the solution. At lower concentration, Zn**
and Sn** metal ions from precursor material are insufficient to the formation in cubic struc-
ture after saturated precipitation as depicted in SEM results. Meanwhile, large amount of
starting ions is produced at higher precursor concentration resulting to good formation and
perfect crystalline in cubic structure. It is observed that Zn,SnOy4 formation in complete
cube structure is obtained by the optimization of precursor concentration at 0.3 M according
to XRD results.
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Figure 2. SEM images of Zn,SnQ4 powders at pH 14 (a) as-prepared, after calcined at 1000°C with
precursor concentration (b) 0.1 M, (c) 0.2 M, (d) 0.3 M and (e) 0.4 M.

The experimental X-ray absorption near-edge structure (XANES) spectra of Zn,SnOy
powders synthesized with different precursor concentrations (0.1 to 0.4 M) are illustrated
in Fig. 3. All samples measured at Zn K-edge (Fig. 3a) and Sn L3-edge (Fig. 3b) in
transmission mode including reference standard materials (ZnO and SnO,). For Zn K-edge
XANES spectra (Fig. 3a), it can be clearly seen that the absorption energy of all Zn;SnO4
powders (~9659 eV) is similar to a standard ZnO, which confirms the 2+ oxidation state
of zinc ions for these samples [22]. In case of Sn L3-edge XANES spectra, the absorption
energy of each sample (~3929 eV) is close to SnO, spectrum. This result suggests that
oxidation states of Sn ions for these samples are 44- [21]. Moreover, the Sn L3-edge XANES
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Figure 3. Experimental XANES spectra at (a) Zn K-edge and (b) Sn L3-edge of Zn, SnO,4 powders
synthesized with different concentration of precursor material.

spectrum of all samples show identical feature as presented in SnO; spectrum. These results
indicate that all Sn** cations in Zn,SnO, compounds are in octahedrally coordinated by 6
oxygen atoms [22].

4. Conclusion

In summary, cube-spinel phase of Zn,SnO,4 powder was successfully synthesized by co-
precipitation process accompanying calcination at 1000°C. After co-precipitation process,
the augmentation in cubic ZnSn(OH)s surrounding with Zn(OH); amorphous was initially
produced according to noticeable peaks in XRD and its morphology in SEM results. There-
fore, complete inversed spinel Zn,SnO; could be obtained after calcination process due to
high thermal energy resulting to the decomposition of hydroxide group and the improve-
ment of its crystallinity. After calcined at 1000°C, Zn,SnO4 powder is in dense and strong
cubic structure following the increase of concentration. With increasing precursor concen-
tration, strong ZnpSnOy crystal was occurred accompanying with the averaged crystallite
size of approximately 66-90 nm. The development of Zn,SnO, structure was occurred
by the influence of high precursor ions as increasing precursor concentration leading to
stable and strong structure in the product. Moreover, Zn,SnO,4 formation interpreting form
the insignificant change in XANES spectra was designated as the 2+ oxidation state of
zinc ions and 44 oxidation state of tin ion in inverse spinel structure after calcination at
different condition. Therefore, it could be deduced that the optimized condition for stable
cubic structure of Znp,SnO, powder is obtained at 0.3 M of precursor concentration.
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Abstract. Zn-Al-O compounds were successfully synthesized via co-precipitation method at pH 8
followed by calcination process at 900 °C. Influence of different precursor (Zn:Al) ratio and
calcination time on their structural properties and formation have been investigated. Varying Zn:Al
ratio was conducted at 2:1, 1:1, 1:2 and 1:4 with different calcination time at 0, 2, 4, and 6 h. Phase
transformation and morphologies were characterized by X-ray diffraction and field-emission
scanning electron microscope. Moreover, chemical bonding of Zn-Al-O compound was analyzed by
Raman spectroscopy. The results indicated that chemical bonding between Zn-Al oxide evidentially
occurred in all samples in composite form and spinel structure. In addition, the amount of Al
content considerably contributes to significant aggregation in zinc aluminate (ZnAl,O4) spinel
crystalline phase affirmed by XRD result. Meanwhile, SEM images reveal high crystallinity and
strong formation of the compound obtained by prolong calcined period.

Introduction

Zinc oxide (ZnO) is a well-recognized n-type metal oxide semiconductor with wide direct band
gap (3.37 eV), good piezoelectric property and great exciton binding energy at room temperature
[1]. Due to its outstanding structural, electrical, and optical properties, various applications have
been created based on ZnO material, for example, piezoelectric transducers, gas sensor, and solar
cells [2-4]. Meanwhile, ZnO-based compounds have been considered to be one of the efficient
materials comparing to the others. There are several types of ZnO compounds offering the
improvement its properties. ZnO alloying with suitable metal ion is an effective route to adjust its
optical bandgap. The enhancement of piezoelectricity has been performed by doping with lithium or
vanadium in ZnO because of lattice distortion in its structure [5]. Meanwhile, mechanical and
optical properties can be enhanced by composite route with compatible compounds. Increasing
absorptivity in the visible light region, promoting electron—hole pair separation, and activating in
photocatalytic activity under sunlight can be accomplished by the incorporation of CuO on ZnO
surface [6]. Most works with ZnO alloying and composite have been carried out on bulk materials
or films. Alternatively, complex ZnO compound with other metal oxide is a kind of potential
material due to nanoscale regime, symmetry structure, and high surface area per volume [7]. Several
formula of ZnO compounds can be preferably oriented in spinel phase; ZnM,04 (M = Al, Ga, Fe,
In, Sn, Sb, Ti, Mn, V, Cr). Aluminum (Al) can be considered as one proper loading element for
improving ZnO properties since the electrical conductivity of ZnO is significantly improved by the
influence of Al doping resulting from extra electron after the modification [8]. Because of ion
substitution by small Al ionic radius, the disorder locations created in the crystal host structure is
important for the enhancement of ZnO properties [9]. Therefore, this research focuses on the effect
of high Al concentration for ZnO compound formation synthesized via co-precipitation method. The
several types of ZnO compound can be founded in different ratio of Al doping.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (ID: 115.87.218.210, College of Nanotechnology, Bangkok, Thailand-16/10/15,11:28:56)
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Experiment

Zn-Al-O compounds were prepared by co-precipitation method using zinc chloride (ZnCl,) and
aluminum chloride (AlCl3°6H,0) purchased from Ajax. Zn:Al ratio was varied at 2:1, 1:1, 1:2 and
1:4 in distilled water (500 ml) stirring until clear solution was reached. After that aqueous ammonia
solution (30% PA-ACS,UNILAB) as precipitating agent was dropped in the mixture at pH 8
followed by continuous stirring for 1 h. White precipitate was filtered and repeatedly washed with
distilled water until neutral condition (pH 7) then dried overnight at 80 °C. Finally, the precipitates
were calcined at 900 °C for differently designated periods of 0, 2, 4 and 6 h to obtain the Zn-Al-O
compounds. Structural properties of Zn-Al-O compounds prepared at different conditions were
analyzed by X-ray diffraction (XRD; X'Pert PRO PANalytical) and field-emission scanning electron
microscope (FE-SEM; JSM-634DF). Meanwhile, chemical structure of the compounds was
determined by Raman spectroscopy (Thermo SCIENTIFIC) in the region of 250-1800 cm™.

Results and Discussion

XRD diffraction patterns of Zn-Al-O compounds prepared via co-precipitation with different
Zn:Al ratio and calcined time are shown in Fig. 1. At low Al precursor concentration at 2:1 (Zn:Al),
the prominence of ZnO crystalline in hexagonal structure is identified in XRD pattern at 26 of
31.7° 34.5°, 36.6° 47.5° 56.5° 62.7°, 67.8°, and 69.0° relating to (110) (002) (101) (102) (110)
(103) (112) and (202) planes, respectively (JCPDS No. 36-1451). Meanwhile, the XRD patterns of
secondary phase of spinel ZnAl,O4 located at 26 = 31.3° 36.8°, 45.0°, 49.1°, 55.6°, 59.4°, 65.3°,
74.1°, and 77.4 ° corresponding to (220) (311) (400) (331) (422) (511) (440) (620) and (533) planes
(JCPDF, No. 05-0669) are also observed indicating the complete formation in the composite form.
However, ZnO phase is decreased by the additon of Al precursor concentration at Zn:Al ratio 1:1. It
can be seen that boarder peaks of the sample at higher Al concetration were obtained indicating to
the formation of small crystalline of ZnAl,O4 as shown in Fig. 1(a). The mechanisms of the ZnO
and ZnAl,O4 formation via co-precipitation method with ion exchange of Zn-Al cations and NH;
precipitating agent accompanying with calcination process are proposed in our previous work [10].
Meanwhile, strong and large ZnAl; Oy crystalline can be obtained with increasing calcination time
interpreting from the sharpness and narrowness of XRD peak due to the increase of thermal energy
in the system as illustrated in Fig. 1(b).

Raman spectra of Zn-Al-O compounds prepared at different Zn:Al ratio and calcined period are
shown in Fig. 2. At low Al loading, distinct Raman shifts positioned at 329, 380, 436, 579, and 654
cm™ are ascribed to Zn-O bonding of ZnO main phase [11]. Additional Raman peaks located at 419
and 659 cm™ are attributed to E,; and Ty, scattering mode of ZnAlyOy in spinel structure [12]. As Al
content increases, the Raman spectra relating to Raman-active modes of pure ZnAl,O,4 phase are
heightened. Further notice of the broadening in Raman peaks suggests that ZnAl;O4 is in small
crystalline structure due to low excitation energy in the condition of higher Al concentration. As
calcination time increases, Raman characteristic peak in all condition is found to be identical. This
result suggests that ZnO compound is endurably stable in its structure under high temperature
situation.

FE-SEM images of surface morphology of as-prepared and calcined Zn-Al-O compounds at
different Zn:Al ratios and calcined periods are displayed in Fig. 3. Nearly spherical particle shape is
evidently occurred at low aluminum concentration due to prefer orientation in ZnO particles as
illustrated in Fig. 3(a) and (b). At higher Al ratio as observed in Fig. 3(c) and (d), the rearrangement
of small particles takes place because of high dispersion of Al ion. High agglomeration of as-
prepared powder in micro range is initiated due to non-heat treatment resulting to uniform structure
in form of hydroxide product as illustrated in Fig. 3(e). After calcination process in Fig. 3(f) and (g),
the development of fine particles is evidently obtained in strong crystalline of Zn-Al-O compounds
due to the evaporation of absorbed water molecule and decomposition of anhydrous Zn(OH), and
Al(OH)3; from precursor materials. As calcined time increases, grain size of the compound is
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developed to good spherical particles because of high energy for the formation of strong crystallized
particles.

Summary

Zn-Al-O compounds were successfully carried out by co-precipitation process with different
precursor ratios and calcined periods. XRD patterns suggest that the presence of ZnO and ZnAl,Q,
phase in the composite form with spherical shape are detected at lower Al loading. With increasing
Al concentration, ZnO phase is diminished while ZnAl,O4 phase in pure spinel structure is
dominant. The augmentation, enlarged particles and strong crystallinity of ZnO compound were
originated owing to long calcination periods according to FE-SEM results. The optimized condition
for the ZnAl,O4 formation was obtained at Zn:Al ratio 1:2 after calcination process for
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Fig. 2. Raman spectra of Zn-Al-O compounds (a) Zn:Al ratio and (b) calcined time at 900 °C.

Fig. 3. FE-SEM images of Zn--O compound at different (a)-(d) Zn:Al ratio (:1, L:},q12-and
1:4) and (e)-(g) calcination time at 0, 2 and 4 h.
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4 h. Meanwhile, Raman results suggest that the formation of Zn0O/ZnAl,0; composite can be
obtained after calcination process in this method accompanying the presence of Zn-O and Zn-O-Al
bonds. As Al doping content increases, pure ZnAl,O4 phase is obtained in small crystallite size
interpreting from the boarded peaks in Raman result.

Acknowledgement

This work has partially been supported by the National Nanotechnology Center (NANOTEC),
NSTDA, Ministry of Science and Technology, Thailand, through its program of Center of
Excellence Network. Authors would like to express deep thank to King Mongkut’s Institute of
Technology Ladkrabang Research Fund (KMITL) in contact No. KREF045711 for financial support
and Rajamangala University of Technology Thanyaburi (RMUTT) for XRD measurement.

References

[1] M. Karimi, M. Ezzati, S. Akbari, M.B. Lejbini, ZnO microparticles, ZnO nanoparticles and

Zn0.9Cu0.10 nanoparticles toward ethanol vapor sensing: A comparative study, Curr. Appl. Phys.
13 (2013) 1758-1764.

[2] CT. Pan, ZH. Liu, Y.C. Chen, CF. Liu, Design and fabrication of flexible piezo-

microgenerator by depositing ZnO thin films on PET substrates, Sensor. Actuat. A-Phys. 159 (2010)
96-104.

[3] N. Han, X. Wu, L. Chai, H. Liu, Y. Chen, Counterintuitive sensing mechanism of ZnO
nanoparticle based gas sensors, Sensor. Actuat. B-Chem. 150 (2010) 230-238.

[4] T. Ganesh, J.H. Kim, S.J. Yoon, B.H. Kil, N.N. Maldar, J.W. Han, S.H. Han, Photoactive
curcumin-derived dyes with surface anchoring moieties used in ZnO nanoparticle-based dye-
sensitized solar cells, Mater. Chem. Phys. 123 (2010) 62-66.

[5] A. Mhamdi, A. Boukhachem, M. Madani, H. Lachheb, K. Boubaker, A. Amlouk, M. Amlouk,
Study of vanadium doping effects on structural, opto-thermal and optical properties of sprayed ZnO
semiconductor layers, Optik 124 (2013) 3764-3770.

[6] R. Saravanan, S. Karthikeyan , V.K. Gupta, G. Sekaran, V. Narayanan, A. Stephen, Enhanced
photocatalytic activity of ZnO/CuO nanocomposite for the degradation of textile dye on visible light
illumination, Mater. Sci. Eng. C 33 (2013) 91-98.

[7] B. Xu, F. Wu, X. Zhao, H. Liao, Benzotriazole removal from water by Zn—Al-O binary metal
oxide adsorbent: Behavior, kinetics and mechanism, J. Hazard. Mater. 184 (2010) 147-155.

[8] O. Giirbiiza, S. Giiner, Role of annealing temperature on electrical and optical properties of Al-
doped ZnO thin films, Ceram. Inter. 41 (2015) 3968-3974.

[9] A. Alkahlout, N. Al Dahoudi, I. Grobelsek, M. Jilavi, P.W. de Oliveira, Synthesis and
characterization of aluminum doped zinc oxide nanostructures via hydrothermal route, J. Mater.
(2014) 235638, http://dx.doi.org/10.1155/2014/235638.

[10] W. Mekprasart, S. Worasawat, W. Pecharapa, Effect of pH and temperature on physical
properties of zinc aluminate based nanostructure synthesized via co-precipitation method, Adv.
Mater. Res. 1103 (2015) 53-59.

[11] K. Samanta, A.K. Arora, R.S. Katiyar, Local vibrational modes and Fano interaction in p-type
ZnO:Sb system, J. Phys. D: Appl. Phys. 45 (2012) 185304, doi:10.1088/0022-3727/45/18/185304.

[12] M.M. Sinha, J.S. Kim, Analysis of vibrational mode and phonon density of state of aluminate
spinel, J. Korean Phys. Soc. 43 (2003) 237-241.



Key Engineering Materials Vols. 675-676 (2016) pp 539-543 Submitted: 2015-06-05
© (2016) Trans Tech Publications, Switzerland Revised: 2015-08-20
doi: 10.4028/www.scientific.net/KEM.675-676.539 Accepted: 2015-08-20

Effect of Zn:Sn Ratio and Calcination Temperature on Phase
Transformation of Zn-Sn-O Compound

Puritut Nakhanivej'" 2, Thanit Tangcharoen'®, Wanichaya Mekprasart'®

and Wisanu Pecharapa "

'College of Nanotechnology, King Mongkut's Institute of Technology Ladkrabang,
Bangkok, 10520, Thailand

®p.nakhanivej@outlook.com, bthemitt@hotrnail.com, ‘wani.mek@gmail.com,
Ykpewisan@gmail.com

Keywords: Zn-Sn-O compound, precursor ratio, phase transformation

Abstract. Zn-Sn-O powders were synthesized by simple co-precipitation method combined with
calcination process using zinc chloride (ZnCl,) and tin (IV) chloride pentrahydrate (SnCls*5H,0) as
starting precursors of Zn and Sn in aqueous solution. The effect of precursors ratio on phase
structure of Zn-Sn-O compound was investigated by varying ratio of Zn:Sn in the co-precipitation
system. For the effect of calcination temperature, the as-precipitated product obtained at Zn:Sn ratio
of 1:1 was calcined at different temperatures (400-900°C) to study phase transformation. Structural
properties of as-precipitated and after-calcined powders were characterized by X-ray diffraction
(XRD) while surface morphologies of final products were observed by scanning electron
microscope (SEM), and thermogravimetric analysis (TGA) was used to study their thermal
properties. The results indicate that the XRD pattern of Zn-Sn-O powders obtained at ratio of Zn
greater than Sn can be assigned to mixed phase of ZnO and Zn;SnO4. On the other hand the XRD
patterns of products obtained at ratio of Sn greater than Zn confirm a mixture of SnO; and Zn,SnOj.
For the effect of calcination temperature, the rarely spinel phase of Zn;SnO,4 begin occur with mixed
phase of ZnO and SnO; at the calcination temperature of 600°C and pure spinel structure can be
obtained at the temperature above 900°C,

Introduction

Interest in Zn-Sn-O compound has gradually increased in the recent years because of its attractive
properties in great photocatalytic activity, high electron mobility, high electrical conductivity and
attractive optical properties [1]. One of an important member in Zn-Sn-O compound is Zn,SnO,
(so-called zinc stannate) due to the stability of their structure. Normally, Zn,SnQOy is an n-type
ternary semiconductor with wide band gap of 3.6 eV and electron mobility 10-15 cm? V! s [2]. In
the bulk state, Zn,SnOy, is the stable phase in the system ZnO—SnO,. It has a fully inverse spinel
structure in face-centered cubic (fcc) unit cell with space group Fd3m and there is Z = 8 formula
units per cubic cell. Thus, Zn** ions occupy tetrahedral voids and Zn** and Sn*' ions randomly
occupy octahedral voids [3]. According to the Zn,SnO4 properties above, it can be applied in a
widespread application fields including gas sensor [4], photoelectrodes in dye-sensitized solar cell
[5], and photocatalyst to degrade organic pollutant [6].

There are several processing routes such as hydrothermal [7], co-precipitation [8], and mechano-
chemical grinding method [9] have been employed to synthesize various kinds of functional metal-
oxide materials. Among these methods, the co-precipitation method combined with calcination
process has been proven to be a simple and effective way to prepare well-crystallized of Zn,SnO,.
I. Stambolova et al. reported that Zn;SnO4 could be obtained by thermal decomposition of Zinc
hydroxystannate (ZnSn(OH)e) at the temperature above 900 °C [9]. The synthesis of Zn,SnO,
nanoparticles by hydrothermal using Na;Co; as a new mineralizer was reported by
A. Annamalai ef al. The results showed that Zn,SnO4 products had the particle size in the range of

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (ID: 115.87.218.210, College of Nanotechnology, Bangkok, Thailand-16/10/15.11:29:35)
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20 nm to 50 nm which can be applied for dye-sensitized solar cell [7]. From mentioned previous
works, spinel structures can also create large deviations from stoichiometry. High point defect
concentrations, such as oxygen vacancies are present in non-stoichiometric spinel structure.
The metal ions disorder and stoichiometry have an influence on Zn,SnQy properties. To the best our
knowledge, the effect of precursor ratio and calcination temperature on phase transformation and
physical properties of Zn-Sn-O compound product have rarely been reported. In this work,
we synthesized the Zn-Sn-O compound by simple co-precipitation method at room temperature
under the variation of precursor ratios. In calcination process, the as-precipitated powders were
calcined at different temperatures to investigate phase transformation in Zn-Sn-O system.

Experimental

Zinc chloride (ZnCly) (Ajax Finechem) and tin (IV) chloride pentrahydrate (SnCly*5H,0)
(Sigma-Aldrich) were used as the zinc and tin sources, respectively. 0.25 M 100 ml of both
precursors (Zn:Sn at ratio 1:1) and 100 ml of various precursor ratios (Zn:Sn at ratio 2:1, 3:1, 4:1,
1:2, 1:3, and 1:4) were prepared and mixed under vigorous magnetic stirring. Clear solution was
precipitated at room temperature by adding dropwise of 0.5 M NaOH until pH value in the system
of 14 was reached. The precipitated product was washed with distilled water for several times until
pH reached to 7. After that, the precipitate was dried in the oven at 100 °C for 24 h. The various
precursor ratios samples were calcined at 1000°C for 7 h to obtain well-crystallization. Moreover,
the ratio of 1:1 sample was calcined from 400°C to 900°C for 7 h to study phase transformation.

Structural properties of all samples were characterized by X-ray diffraction (XRD, PANalytical
X’Pert PRO) using X-ray source is CuKa with wavelength 1.5406 A. Surface morphologies of
samples were observed by scanning electron microscope (SEM, JEOL JSM-6510). Thermal
property of as-precipitated powder was investigated by thermogravimetric analysis technique (TGA,
Netzsch TG 209F3) in oxygen-nitrogen atmosphere, ranging from 32°C to 900°C at heating rate of
10°C/min.

Results and Discussion

Effect of Zn:Sn Ratio

Zn-Sn-O compound synthesized by co-precipitation method with different precursor ratios
calcined at 1000 °C were investigated by XRD and their corresponding diffraction patterns are
shown in Fig. 1. The XRD patterns of samples obtained at ratio of Zn greater than Sn (Zn:Sn ratio at
2:1, 3:1, and 4:1) can be assigned to mixed phase of ZnO and Zn,SnO,. This can be arised from
excessive Zn ion in the co-precipitation system. The peaks at 29.2°, 34.4°, 35.9°, 42.7°, 45.7°,
51.7°, 55.1°, 60.5°, 71.5°, and 72.4° are assigned to (200), (311), (222), (400), (331), (422), (511),
(440), (533), and (622) diffraction planes of Zn,SnOs, respectively. Meanwhile, the peaks at 31.8°,
36.3°, 47.6°, 56.7°, 62.9°, and 68.0° are ascribed to (100), (101), (102), (110), (103), and (112),
diffraction planes of ZnO, repectively. These XRD patterns show that the structures are crystalline
in spinel phase for Zn,SnO4 and wurtzite phase for ZnO. However, The XRD patterns of samples
obtained at ratio of Sn greater than Zn (Zn:Sn ratio at 1:2, 1:3, and 1:4) can be identified as SnO,
and Zn,SnO4. This also attributes to excessive Sn ion in the reaction. The peaks at 26.6°, 34.0°,
38.0°, 55.1°, 57.9°, 61.9°, 64.8°, and 66.0° were assigned to (110), (101), (200), (220), (002), (310),
(112), and (301) diffraction planes of SnO; rutile phase, respectively.

Surface morphologies were observed by SEM images as shown in Fig. 2 (2:1 and 1:2 samples). It
is clearly seen that both samples have auniform distribution cube-like morphology due to the
preferred orientation of hydroxide precursor, ZnSn(OH)s. The cubic of 2:1 sample is more uniform

and smaller than cubic of 1:2 sample. This is probably due to more complete ion exchange in the
co-precipitation system.
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Fig. 1 XRD patterns of calcined Fig. 2 SEM images of calcined Zn,SnO4 particles obtained at
Zm,Sn04 particles obtained at pH14 with Zn:Sn ratio of 2:1(a) and 1:2(b).
pH14 with different Zn:Sn ratios.

Effect of Calcination Temperature

Thermal analysis of the as-precipitated powders obtained at Zn:Sn ratio of 1:1 and dried at
100°C is shown in Fig. 3. One small mass loss could be observed on the TG curve at the
temperature 216.2°C (mass loss 14.34%) that could be attributed to thermal decomposition from
ZnSn(OH)s to metastable zinc stannate, ZnSnOj;, and the evaporation of three water molecules
according to the equation Eq. 1. The calculated mass loss of water molecules is almost the same as
experimental data.

ZnSn(OH )4 ,, +Zm(OH),,, —A ZnSnQOy , + Zn(OH),,, +3H,0,,, @)

Fig. 4 shows XRD patterns of the as-precipitated and calcined samples. For as-precipitated
samples, all diffraction peaks can be indexed to ZnSn(OH)s that can be developed by ion exchange
between Zn”" and Sn*’ cations from chloride precursors and OH™ anion from NaOH in the co-
precipitation system. Morover, Zn(OH), can be also developed in this reaction, but it is not found in
diffraction peaks because in general, it has amorphus phase. The as-precipitated of ZnSn(OH)s and
Zn(OH); can be transformed to be stable Zn,SnO,; phase by thermal decomposition. After
calcination at 400°C to 500°C, the results can be seen only XRD patterns of ZnO, but when the
temperature increased to 600°C, the rare XRD patterns of spinel phase of Zn;SnO4 and SnO; began
to occur while the patterns of ZnO gradually decreased. The diffraction peaks of Zn,SnO4 became
sharp and suggested the high crystallinity of spinel phase at the temperature of 800°C while ZnO
and SnO; phase are decreased and rarely found in XRD pattern. Therefore, it can be predicted that
the pure spinel structure can be obtained at the temperature above 900°C [9].

SEM images of as-precipitated powders obtained at Zn:Sn ratio of 1:1 and calcined at different
temperature are shown in Fig. 5. Surface morphology of samples before and after calcined differ
slightly and can be observed in form of cube-like morphologies. It can be deduced that Zn-Sn-O
compound is stable at high temperature and well-maintained morphologies after calcination process.
However, when the calcination temperature is increased, the particles can be seen in form of cube-
like agglomeration due to grain growth and higher crystallinity as seen in XRD results.
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Fig. 5 SEM images of as-precipitated(a) and after-calcined ZnaSnQOy4 particles at 400(b), 500(c),
600(d), 700(e), and 800(f)°C obtained at pH14 with Zn:Sn ratio of 1:1.

Summary

In this work, we reported the effect of precursors ratio in the reaction and calcination temperature
on structural propeties and phase transformation of uniform cube-like Zn-Sn-O compound
synthesized by co-precipitaion method combined with the caleination process. The results showed
that ZnO and SnO, phase can be detected if Zn and Sn cations excess in the co-precipitation system,
respectively. The surface morphologies are insignificantly changed by varying precursor ratio and
calcination temperature due to thermal stability of products. Pure stable Zn,SnOj4 in spinel structure
can be obtained by thermal decomposition of ZnSn(OH)¢ and Zn(OH); at the temperature above
900°C with Zn:Sn precursors ratio of 1:1.
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ABSTRACT

Spinel-type zinc stannate (Zn,SnO,) powders were synthesized by co-precipitation
method using zinc chloride and tin chloride as the precursors for Zn and Sn sources, respectively.
Co-precipitation process is one of effective techniques due to non-complex system, short
process time, high yield, latge scale production and cost-effectiveness comparing to other
methods. The influence of calcination temperature in the range of 900 °C to 1100 °C on the
structure, morphologies and cation distribution were studied using various characterization
techniques. A single spinel structure phase formation after-calcined powders are confirmed
by X-ray diffraction (XRD) results meanwhile scanning electron microscope (SEM) showed
the appearance of cubic-like shape. The aggregation of particle and strong crystallinity was
distinctly increased resulting to their greater size by the effect of high calcined temperature.
Moreover, the non-equilibrium site occupancy of zinc (Zn**) and tin (Sn**) ions was investigated
through Zn K-edge and Sn I_3-edge investigated by X-ray absorption (XAS) spectra via the
synchrotron radiation light source. Compared with the calcined temperature sample, XANES
spectra revealed that the oxidation state of Zn was +2 and Sn valence was +4 in all spinel
Zn,5nO, samples which well corresponds to the theoretical values.

Keywords: Calcination, Co-precipitation, Cube-like structure, Zn SnO,

1.INTRODUCTION

The ternary semiconducting oxide spinel-
type zinc stannate, Zn SnO,, is an important
member of stannate family. Interestin this kind
of oxide has greatly increased in the last

with wide band gap of 3.6 eV and electron
mobility of 10-15 ecm?® V' s [2]. In the bulk
state, Zn SnO, is stable in the totally inverse
spinel structure, which Zn*" cations occupy in

decade because of its fascinating properties  both tetrahedral (4) and octahedral (B) sites

in photocatalytic activity, high electrical
conductivity and low visible absorption [1].
Generally, Zn,SnO is n-type semiconductor

meanwhile Sn*" cations occupy in octahedtral
(B) sites |3, 4]. To describe the cations
distribution, the structural formula of spinel
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can be written as (Zn*") [Sn*"Zn*"] O,, where
parentheses and square bracket are assigned
to .4 and B-sites, respectively. According to
the Zn,SnO, properties, it can be applied in
many fields of applications such as gas sensor,
synergistic flame retardants, dye-sensitized
solar cell, luminescence materials, anode
electrode for Li-ion batteries, and degradation
of organic pollutant [5-10].

To obtain Zn,SnO,, many techniques
have been proposed to synthesize this
kind of oxide powders such as hydrothermal,
spray pyrolysis, solid state reaction,
supercritical water in a batch reactor, and
mechano-chemical grinding method [11-15].
Stambolova ¢f a/. [15] reported that Zn,SnO,
could be obtained by thermal decomposition
of zinc hydroxystannate, ZnSn(OH) , at the
temperature above 900 °C. Wang ez o/ [16]
doped Dy’** ion into Zn SnO, spheres by
co-precipitation method and investigated
the photoluminescence and photocatalytic
properties of their products. Ali ez al
[1] studied the effect of mineralizer
concentration, hydrothermal temperature,
solvent composition, and kind of amines in
the simple hydrothermal system on the
structural, surface morphology, optical, and
photocatalytic activity properties of Zn,SnO,
powders. Due to the nanosize, Zn,SnO,
products could be utilized as photocatalyst
in photodegradation of methyl orange and
photocatalytic activity for H, evolution
from ethanol aqueous solution. Annamalai
et al. [17] synthesized Zn SnO, nanoparticles
by hydrothermal process using Na,Co, as a
new mineralizer. The results showed that
Zn,SnO, products had the particle size in
the range of 20 nm to 50 nm, which was
considered to be ideal for dye-sensitized
solar cell application. Zn-5n-O compound
nanopowders in the ternary (Zn SnO;: spinel
and ZnSnO,: perovskite) and coupled binary
(ZnO/8n0,) forms synthesized via simple
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solid-state mechanochemical method
possessed the highly disordered in each
structures were reported by Ivetic ef 4/
[18]. From previous mentioned works,
co-precipitation method combined with
calcination process is one of effective
technique due to many advantages including
process simplicity, short process time,
high yield, large scale of production, and
cost-effectiveness. Moreover, the purity
structure, uniform and small powders can be
carried out by this process. One of the crucial
process conditions in this techaique is
calcination temperature. Therefore, the
purpose of this research is to synthesize pure
Zn,Sn0O, powders with unique cube-like
morphology by simple co-precipitation
method combined with calcination process
and the influence of calcination temperature
on their relevant physical properties is in our
focus.

2. EXPERIMENTAL DETAILS

All reagents were analytical grade without
further purification. Zinc chloride (4nCl)
(Ajax Finechem) and tin (IV) chloride
pentrahydrate (SnCl-5H,0) (Sigma-Aldrich)
were used as the zinc and tin sources,
respectively. 0.25M 100 ml of both materials
were prepared and mixed under vigorous
magnetic stitring; The solution was precipitated
in room temperature by added dropwise of
0.5M NaOH until pH value in the system
of 14 was reached. After that the white
precipitate was washed for several times
until pH value approximately equaled to 7,
then dried in the oven at 100 °C for 24 h.
Finally, dried powders were calcined at
100 °C intervals from 900 °C to 1100 °C
from room temperature in air for 7 h to
obtain spinel structure. The final products
were kept in dry place to avoid the moisture.

Structural properties and phase
identification of all samples were characterized
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by X-ray diffraction (XRD) using Cu K,
irradiation (A = 1.5406 A) in the 20 range of
20° to 80° with a scanning rate of 0.02° s
Scanning electron microscope (SEM) was
used to investigate the sutface morphology
and microstructure of samples. The thermal
property of as-precipitated powders was
carried out by thermal gravimetric analysis
technique (TGA) in oxygen-nitrogen
atmosphere, ranging from 32 °C to 900 °C
at heating rate of 10 °C/min. The oxidation
state was analyzed through Zn K-edge (9659
eV) and Sn L3-edge (3929 V) XANES
spectra, measured at room temperature in the
transmission mode.

3. RESULTS AND DISCUSSION

Figure 1 shows the thermal analysis of
as-precipitated powders, ZaSn(OH),,
obtained after drying at 100 °C. One small
mass loss can be observed on the TG curve
at the temperature about 190 °C to 260 °C
(Percent mass loss from the experimental
data is 14.34%). The DTG cutve exhibits
exothermic-endothermic peak at the
temperature in the range of the same as
mass loss temperature that could be attributed
to phase transformation processes from
zinc hydroxystannate, ZnSn(OH) , to
and the
evaporation of water molecules according to

perovskite-zinc stannate, ZnSnO,,

equation (1). Mass loss of water molecules
from equation (1). was calculated (M, =
14%) and it was in good agreement to
experimental data. At the higher tempetature
(~600 °C), ZnSnO, could be transformed to
be spinel-zinc stannate, Zn,SnO .

ZuSn{OH) aw T Zﬁ'(OH)z(j} — ZnSn0

305

+ Zn(OH),, + 3H,0, (1)
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Figure 1. TG-DTG curve for as-precipitated
powders, ZnSn(OH),.

Figure 2 shows the XRD patterns of
Zn,Sn0O, powders calcined at the different
temperatures. For as-prepared sample,
XRD pattern 1s compatible with ZnSn(OH),
that can be developed by ion exchange
between Zn-Sn cations from chloride
pre-cutsor and OH anion from NaOH
solution in co-precipitate reaction by
following equation (2);

2ZaCly 5+ SnCl.
ZnSn(OH),, % Zn(OH)..

+ SI\'aOH —

# v A 8NaCl,, "

= «/nSn(OH),
&
g 46 78 = §
W= g% 7 28
5 | Z81100°C
z £ i 1 % )
o8 it e
= § Z510067°C
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Figure 2. XRD patterns of Zn,SnO, powders
calcined at 900 °C (ZS900), 1000 °C (ZS1000),
and 1100 °C (ZS1100).
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However, the product of Zn(OH), is not
detected in XRD pattern due to its naturally
amorphous phase. The intermediate product
of ZnSn(OH), and Zn(OH), could be further
dehydrated and transformed to stable
Zn,Sn0O, phase following this reaction,
= ZnSn0,

ZnSn(OH) 0 + Zﬁ(OH)zw -
+ 4HZO@ (3)

Therefore, calcination process is crucial for
the decomposition of as-prepared sample to
stable Zn,SnO, ternary oxide material. It can
be clearly seen that there is no any strange
diffraction peak of any impurities 1n these
after-calcined zinc stannate powders but
exclusively remain the main diffraction
peaks at about 29.2°,34.4°, 36.0°, 41.7°,45.7°,
52.5°%, 55.2°, @OI5° 5.6 Yarghaett, WG
attribute to the (220), (311), (222), (400), (331),
(422), (511), (440), (533) and (622) planes,
respectively [7]. This occurrence indicates
the completed formation of spinel structure
and matches with the JCPDS card no.
74-2184 [1]. The obvious and strong
diffraction peaks indicate that these zinc
stannate powders exhibit well-formed
crystalline structure. However, as calcination
temperature increased to 1100 °C, all
diffraction peaks are gradually intense and
sharpened. This feature is related to the
significant increase of the particle size (D)
from 45 nm for ZS900, to 84 nm for
251000, and 109 am for ZS1100, which
were estimated from the broadening of
strongest diffraction peak by Scherrer’s
equation (4). Itis noted that D is particle size,
A is wavelength of X-ray source, f3 is the full
width at half-maximum (FWHM) of the (311)
diffraction peak, and @1is its angular position.
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Figure 3 shows the morphological
characteristics and the microstructures of
as-precipitated and after-calcined Zn SnO,
powders. For as-precipitated sample
(Figure 3a), the formation of micro-cube
ZnSn(OH), with the agglomeration of
Zn(OH), amorphous material surrounded
on its cube structure was appeared after
complete precipitate reaction according
to XRD pattern [11]. After the calcination
at 900 °C (Figure 3b), it is clearly seen that
the finer micro-cube with uniform particle
size and homogenous spherical shape were

obtained [11]. However, after calcination
at more than 1000 °C (Figure 3c and 3d),
the aggregation of particle was distinctly
increased and made theit size greater than
the estimated values from the XRD data.

Figure 3. SEM photographs of (a) as-
precipitated powders and Zn, SnO, powders
calcined at (b) 900 °C, (c) 1000 °C, and (d)
1100 °C.

Figure 4 shows the experimental XANES
spectra of Zn K-edge (Figure 4a) and Sn
[.3-edge (Figure 4b) of Zn,5nO, powders
calcined at 900 °C (Z5900), 1000 °C (ZS1000)
and 1100 °C (ZS1100) with ZnO and SnO,
powders as reference standard materials.
For Zn K-edge and Sn L3-edge spectra,
it can be cleatly seen that the absorption
edge energies (E,) of all samples are similar
to the standard ZnO (9661.5 eV) and SnO,
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(3930 eV), respectively, which confirm the
2+ and 4+ oxidation state of zinc and tin
ions for these stannates [19]. Moreovert,
Sn I.3-edge XANES spectra shows the same
feature presented in the SnO, spectrum,
indicating that Sn** ions in all samples are
probably octahedrally coordinated by
6 oxygen atoms [20].
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Figure 4. Experimental XANES spectra
measured at (a) Zn K-edge and (b) Sn L3-
edge of Zn SnO, powders calcined at 900 °C
(£5900), 1000 °C (ZS81000), and 1100 °C
(£51100) with reference standard materials
(ZnO and Sn0O,).

4. CONCLUSION

From this research, cubic-like Zn, SnO,
powders calcined at different temperatures
ranging from 900 °C to 1100 °C were
successfully synthesized by co-precipitation
method and calcination. XRD results
disclose the formation of the single-phase
spinel structure for all after-calcined samples.
The calculation from diffraction data,
including SEM images, reveals that the
particle size and shape significantly change
with the increase in calcination temperatures.
Moreover, XANES spectra present the
existence of accurate oxidation state for Zn>*
and Sn*" in all spinel system.
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