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Abstract

Project Code: MRG5480072

Project Title: Dependence of dye degradation by photocatalytic reaction on structural

and optical characteristics of La-doped ZnO nanoparticles

Investigator: Asst.Prof.Dr.Sumetha Suwanboon
Department of Materials Science and Technology, Faculty of Science

Prince of Songkla University

E-mail Address: ssuwanboon@yahoo.com; sumetha.s@psu.ac.th
Project Period: 2 years
Abstract:

ZnO powders were synthesized by precipitation method by different precipitating agent
including NaOH, HMTA and Na,COj;. PEO,,4-PPOs,-PEO,,5 acted as a capping agent and
Zn(CH;C00),.2H,0 was zinc source. All samples were characterized by various techniques
such as TG-DTA, XRD, SEM and EDS. ZnO and La-doped ZnO powders exhibited a wurtzite
structure. The crystallite size of ZnO decreased when the concentration of PEQO;,5-PPOs5,-
PEO,s was increased. The crystallite size of La-doped ZnO depended on precipitating agent
and lanthanum contents. ZnO powders showed spherical shape when lanthanum contents were
increased. The bandgap energy of ZnO decreased when PEO;,-PPO5,-PEO 53 concentration
was increased whereas the bandgap energy of La-doped ZnO depended upon the precipitating
agents and lanthanum contents. The efficiency of photocatalytic degradation increased as a
function of irradiation time and the efficiency of photocatalytic degradation tended to decrease

when the lanthanum content was increased.

Keywords: Zinc oxide; precipitation; PEO,,5-PPOs4-PEQ,,5; optical properties; dye

degradation
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A = A A o o o A Ao ao
anaznaulihaInNnnITaIsnaRaa ZnO Niadsuawnmindlrsinafiaidsddasunuas
MIANENATIRLT F108 (PEO;,PPOs,PEO ) LuansiiuaNuiaissnIaasuatitasannlaid
ima’]uﬂwsl*’ﬁaws@”oﬂdnl,ﬂam%’wagmﬂmiumaa ZnO Ni3adrauawninuuinaw lagls
lmdonlaasenlod (NaOH), Lanaziufduaatein (HMTA) wazlol@ouansuaiua (Na,CO,)
Wuaanaznan wazltuawnuuidugisiia LLa:ﬁnmmwé’mw”uﬁizmﬂwmﬂLLazgﬂJiNamql,mﬂ
AaFNUANIILFILAZANEINITD LNIFA8 AT NN MU JATDGI8UET TINIANBIEI9 g
mﬁhﬁﬁamﬂuﬁoﬁ‘i’nﬁu@amia%ﬁamwmﬁﬂﬁ]LLazmmi"’maaﬁmmf@iamsw"'@um’i’a@;miu‘tu
i:mﬂamaaﬂ"l,sﬁ@i‘ﬁmm:auLﬁ@ﬁﬂﬂl‘*ﬁmﬂm:@”ﬂq@ammsmia"l,ﬂluamﬂm

1.2 swdsaiiendas

ZnO Lﬂui'a@ﬂuﬂq’umsﬁaé’aﬁwﬁwﬁoﬂﬁ%’ummaulaﬁnmnﬂuasmmm,ﬁaamﬂ
zn0 fitasinsnasnuinanssfandamoussiia @”aifumimuqugﬂinLLazﬂJm@angﬂ ZnO
Wﬁﬁﬁi@ﬁﬁﬁﬁqagjluﬁwuﬂw&mﬁa 1-100 wlwiaas a2vi 1w Zno Fausiddneg wandgain
auM1A ZnO Afawalani MIALANIWIALSLIUIIVBIBUNA ZnO IWdsnwazaufiaasnis
iuduiutesnansdszns 1w Tieueseinnaznow THava M SIANAINULER ST (stabilizer)
wiassual (capping agent) snTeaduuazaNsLse Ludn

@T’J@mmﬂamﬂuﬂ%a”mé'ﬂﬂ%ﬁmﬁoﬁﬁwa@iaﬂ'm,ﬁﬂgﬂs"mmaaagmﬂ ZnO Auandsnio
|1 Jang uazAmue [Jang ES, et al. (2010)] ta3pNauna ZnO lasliGidazFiaalalaiase
(ZN(CH,C00),2H,0)  lussasduuazlfianaziufiduaaszdn (hexamethylenetetramine,
HMTA) Lﬂué'mﬂmﬂauéﬁﬂ?%‘VLaI@sLﬂa‘§uaaﬁqm%gﬁ 95 asenalos iuaan 6-60 Talus
l&las9a$19 ZnO WU porous nanobelt ugiilalflmdauasuaiug (Na,COs) tudranaznamn
zno fiAaduilassaouuy nanobelt uaziialdlmaunlansen’lad (NaOH) udranaznamn
ZnO ﬁLﬁ@ﬁ%ﬁgﬂi’Nﬂﬁﬁﬂ@aﬂN Tuwmefl Music uazame [Music S, et al. (2008)] LATINBBANA
zno Tagld Zn(CH,C00),.2H,0 tuasasen WUINaUNA Zno fanwmndunsenauiold
Na,CO; idudianaznaw uaann1a Zno ﬁgﬂiwtﬁuumLﬁ@I%ﬁ?jdﬂ"’L%L@i@Laﬂéﬁﬂm@m
(Zn(NO,),.6H,0) uansasduuazls HMTA iudaanaznam

fIANANLETRDT (stabilizer) WIoR1I8AUIIAIAN (surfactant) nIos1IuaL (capping
agent) Lﬁuﬁﬂﬂ%fﬁ"mﬁaﬁﬁwa@iamuﬁmngﬂiﬁwaaagmﬂ ZnO 3% a%n1a ZnO danwaziin
N39naNTiduIa 50-150 wilwauas tald Zn(CH,C00),.2H,0 ussasduuazls Span 80 1
fI8aU9GIR7 watdald 1,2-ethandiol (EG) latamuaniafu (diethanolamine, DEA) Jugs
Wuanuetesuazlininasnmandudianaznan auN1A ZnO ARadudsnumzadoaiad
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a s 1 di vAa 6 [ & (% %
iaannsdznaudmiaszasaynanisnay udilielifedanaled (zncl) (ussasduuazls
Fha lasiuiiauwanlailonluslug (cetyltrimethylammonium bromide, CTAB) 1Ju&13tANAINY
a o a A a & ao .
wlissuazanaznaudivasazasuanluiie aunia zno  Mifiadudansmsiduunu (flake)
[Wang Y.D., et al. (2007)] uazludagiusainanuadoslungunafiwaiimasldsuanuauls
uadnaann esanwedineiaunInaiuguuwausz linireiaunInedaINana i o
\Juatn9@ 1B Zhang LazAtwe [Zhang Y, et al. (2007)] 1T F68 (PEOgPPO4,PEOg,) tHuan iy
1 { a g 1 4 v
ANuLEiey wudl aynia zn0  MifieduiizUinizesayniauuy nanobundie  uazilald L64
Ql { a g 1
(PEO;;PPO3PEOy;) tlussiiuanuiadius ayna Zn0O  filieduiizusnawuy nanobundle
iiunuudfiauwaniinas luamf Bai uazamz [Bai P, et al. (2007)] t@3uxeunia zno lagld
A { a & ' .
P123 (PEO,PPO,,PEOQ,) luasiinanuiaius apana ZnO Atfiaduiiziinsuuy clew-like
A I3 A v |1a A X . & = A
sphere uazaunafivwaiinaialiuTonm P123 tAndu adelsinnaunsdnsuazanes-
wasnguigidliunin uananii Samaele uazAmz [Samaele N, et al. (2010)] AnwHazasla
wadiluas PEO-b-PPO (ﬁmﬁfﬂimaqa 1,000 n5/1ua) ABNNTAILANANBUSNIITUTIHVDS
aun1A ZnO 7 pH @199 uazwuduia pH 1dsuuilas Jduazswmavasannia Zno as
A \ o ) a ..
IWasuUaIatNITALI I@Ugﬂswwaaagmﬂ ZnO z1Ufsuudladann biprism LI rugby cone
Wae triangle tla pH ¥inNU 8, 10 WA 12 AURIAL
kg A = A o A Ada > I ,
wannharsidafidudnlatunieniinadeanwaen1IFmMgIuVeI0%AIN Zn0  LTH
Jayanthi uazatue [Jayanthi K, et al. (2009)] AnEHaV8I&13L38 Li, Na, Cu, Pr Laz Mg NiiNade
ANBIAZNNIFATIUVDIOUNNA ZnO WU VANANTY ZnO AAnAIlalaad s Li, Na, Cu uaz
1 g 4 % { a &/ L 1 4
Mg udrmianinad Zno laduiiialladis Pr uazayn1a znO Mifieduilanwuaduuviadeida
@18 Li uaz Na udaynia znO fisiaidunsinaudaiiadiy Pr uazliansmzasoniuaanlal
\Wal30628 Mg &% Talaat wazate [Talaat M, et al. (2010)] AnwNavadIdIanm Mg dazuwia
1 4 =) QI g
NANBY ZnO WuIndladsuna Mg tudnan 0 1w 7 Wesidudezaay WIANANILLENAINN
L e v X A4 o ¥ -
12 wlwuas 10u 5 wlwwas uazgasinanasnuazninedmiadSanm Mg g Tuamei
Chungiao UazAtuz [Chungiao G, et al. (2007)] ANBINAVEIUTNI4L La dOaNBILENIIRILTIUV DY
A % () 1 2K A v A a A J
aun1a znO ilaldiamuaaidudivhazany wuhawaninduwiliuaesudasSnnm La tAndu
wananBaainsdnenavadlanzilashadnsg 8neqe 1w Co, Mn [Liu, T, et al. (2008)], Al
[Suwanboon S, et al. (2008)] waz Fe [Ratana T, et al. (2009)] D udn
zn0 wananaanini lWllugdniohiBsussudrdssansash ldlfidudased fAsens
A v o o o ' a o A A o \ \
sapfdoudrouailadndrs lasawizadudinmildaynia zno Nladiolanzednig 1w Ag
[Wang R, et al. (2004)], Cu, Mn [Donkova B, et al. (2010)] ka2 La [Aanandan S, et al. (2007)]
v ] = v A/ Qo = QI 1 a %)
udu aghslsiananuaansalumssansddandwnudatonansdszns wu IFnssaassh
@ A . A % A . .
AN veIeuNa Beayme Jlieunauazlinawesznde udu 49 Jia uazam [Jia

T, et al. (2009)] LaSuNaUNNA ZnO NiFasan La danislalanaiuaa (solvothermal) wuindald
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La USumw 2 wasidudazaay azlwiszansniwlunisaans Rhodamine B 98@ T men
Anandan WazAm [Anandan S, et al. (2007)] 1@388UNA ZnO MldadIY La sauddanaznan
1 U 4 =) Q‘ J 1 1 L g v &/ a =)
90 WUILLBUSUN L La LANIWIWIANANIZLANA IR TAIINNAINWAIIIN tazdszanTainln
NN38a"8 monocrotophos (MCP) gdgailaldaaynia znO @1 La U3 0.8 edidudlas

wnn tnen

1.3 Janilszaea
1. Wadnmaudsdnag ﬁﬁwa@iaﬁﬂwmzmoﬁmgmmaaa‘p‘bmﬂmiu Zno fiaSuudanis
ANAZNO® A0 TRAVDIAIANALNEW ANNLTUTUVDS F108  (PEO,5PPOs,PEO,55) WAL
ANLTNT BV ILA U
2. adnunsutanmelassasveasssaasgsnasuyle
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1.4 21080725298
Ao & & a A A o v  ad
nwitsiazAnsninaioueuniaulu Zno 71l3ad8(PEO;,PPOs,PEO;4) d3TN3
anaznaufignnd 60 asenoaidos uazldiianufisen 1 $alus el Zn(CH;C00),.2H,0
Iuan3a961 $duar¥inazans F108 (PEO,,sPPOs,PEO ) tDuansual tiialdaasaiudaly
AVBIAIANAZNAUABLNRETIADZTLAALYINAL 10 ARBANNTNAREY WazrinNsAnENUaa@ng s Nl

NAADANHIAENIIRATIUAIN

1.4.1 7hAVDIAINNATNDK
\asnndanaznasudazsfiaingdnssuniannuslunafed fAsunAuandraiu 9
anuilumaial fisenazdinadeansmuen1IdmugIuseiayn1a ZnO Auandnaniu
1) WavaIaaMNEIUAalUa NaOH/Zn(CH;CO0),.2H,0 7 10:1
2) Wav8I8ANEIUABLNA HMTA/Zn(CH,COO),.2H,0 7 10:1
3) WAVBIBATMEINABLNA Na,CO4/Zn(CH;C00),.2H,0 10:1

1.4.2 @ANLBaTW9 F108 (PEO,,,PPO,,PEO,,,)
{18990 F108 (PEO,,sPPOsPEO. ) Lunadiwasnsansnldidusmsualdmsuiason
aun1a ZnO ldudludagiwlinumoaunisld F108 (PEO,sPPOsPEO 5) dniLLaTua ZnO

MIDMILUAUNIUY  AIBWINBITDHRIIANBINAVDI F108 (PEO;25PPOsPEO 55) AOAN UL

FTUIUVBIABANA ZnO a9t



1) N30 NaOH inadranaznan
AnsaaIuaoluaua F108 (PEO,,PPOs,PEO )/Zn(CH;C00),.2H,0 7
0, 0.03, 0.05, wax 0.07

2) N3t HMTA Winadranaznan
ANENBANEINAD I NAVEI F108 (PEO,,5PPOs,PEO 25)/Zn(CH5CO0),.2H,0 ﬁ
0, 0.03, 0.05, wax 0.07

3) n3th Na,CO, Liludanaznan
AnusaMdInaoluauad F108 (PEO,,PPOs,PEO,)/Zn(CHsC00),.2H,0 7
0, 0.03, 0.05, wax 0.07

=< P P ° o ¢
1.4.3 ﬂﬂiﬂl"]L\Ta%vt?.l‘ﬂLﬂ&l'lza&la']“iﬂlﬂ']uﬂavtﬁ%
di ni a Y Y a nql, a ¥ A a
Lua\‘l'ﬂqﬂa‘%ﬂ’]ﬂ ZnO ‘Y]L@]iill]vl;(ﬂ@?ULﬂﬂuﬂua’]ﬁ]ﬁ]zﬂJa’]iﬂuLﬁauﬁiaINLﬂqaaqiﬂqﬁ"ﬁu@
o '’ v & &2 o Y A A A A ' A A A A
ﬂ@sﬁﬂﬂuw']auﬂqﬂ @Guu'ﬂﬂﬁ]qtﬂu@aﬁtwqa’]iﬂgm%q&l"ﬂL'ﬁ&nzﬁuLwavlaﬁqiLﬁ]aﬂuﬂiaaﬂﬂvlu

v o v { v ~ Q€ AI &/
§83N138NINNNI ZnO LLaz‘Yl’ﬂMNG ZnO ﬁ"l,@ﬁmmmqﬂﬁmﬂmmu

1.4.4 @NTNTHVDIUARNIEN

WHa9naNu TR aIa I IDFINAADANH AN A UFIHVBIOUNA ZnO AIUKINUIEY

e

=S

HazAnwnataslSunawnnalus1Iazany Lﬁaomﬂvl,;iﬁiayjm'] 89NN EINUNNTLATLY ZnO

=)

MIaMuuaun sy 1iald F108 (PEO,sPPOsPEO, ) tuansual lasazyinnsdnusnasd
[<f o
1) n3% NaOH uar1anaznaw
2 v o v A o A A A o @
ANHIA NV UTUYBILAUMBNLTDABINTLATHURS ZnO MIBMIBLAUNITY 11
J:UU Zn,,La,0 {8 x = 0, 0.01, 0.03, 0.05, 0.07 L&z 0.10
[ o
2) n3o HMTA iluaianaznan
ANENAN N NTUVBILAUNUNLL DA BINITLATHNRS ZnO NLFad LA T
32UU Zn,,La0 1da x = 0, 0.01, 0.03, 0.05, 0.07 W&z 0.10
[ o
3) N30k Na,CO, lwaIanaznaw
2 v o o A o A A A o @
ANENA VTN TUVBILAUM LT A BINTLATHNHI ZnO MLFadrsuanmuiy lu
J:UU Zn,,La,0 {8 x = 0, 0.01, 0.03, 0.05, 0.07 W&z 0.10

=S > ¥
1.4.5 AnB¥IA ﬂﬂ'mz‘[ﬂ ssasuaztla

a

di [ d' a J = 1 v ciﬁ o & a d‘ud o =3
Luax‘]"ﬂﬁﬂiﬂidﬁiﬁdLLE‘lzL‘Na‘ﬂLﬂ@]Tu&lNﬂ@]aﬁNU@lﬂﬂﬂHW AIBIITIBIIIUIINIINIIANTN
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1.4.6 ANHIANHLEN M MUALIATIZALTN WA
1249 NI AUAZIUTINTEAN UL NITUFINVEIBYANA ZnO  FINAdaRUTANAN®A
lapass amunultpiazfnmansuznidugusaidiadnidinaias SEM 1nmne Jaulaf
=2 a 6 1a A v 2
Ans uazdlanzidInnmansilediuiaas EDS

1.4.7 ANBINIIAANAWUEI
A A A ' [l AA o & Aa o c?f =S A
a9 nauna Zn0  Aaui@nsdadrbuaINg aaununuisoiasAnsnisganauuss
Tug2907108712A8% 200-800 WILHLUAT WIBUNIANBIAINUTUN KT IZHINIRN NI UL

wqﬁﬂﬁums@@ﬂﬁuum URSTOIINTINRINY

1.4.8 @nwranaaansalunisaaraddan Methylene Blue
dlasnnuSinadansfesinadaanumansalumansid fAsunsaaeidoudiouas 9
Nwispilasvinmsfnennsaaneddan Methylene Blue Ainnnududn 1x10° Tuand neldnaaa
black-light laelgasaretnadSunm 150 dadniu lunsaaoddan Methylene Blue USunas 150
VaRaNT I@ﬂazﬁflﬂwsl,ﬁuaﬂsa:anlnﬂq 30 w1t vuan 3 $alug iedaauanuannlu

mMIsana oy Methylene Blue Ua9815en0eN9N@3uu Lo

1.4.9 ﬁﬂmmwmmsn’[umiamﬂﬁﬁaumiadLtﬂmlaaaﬁnLLazLLaulaaauﬁn
d' a v d' L% = %™ aq/' a o dy o =
109NN REDUN LT BTN TEL AN AT RITHININTANEIANFINITDINWANT
sanufdounguuaalasaiin fia Rhodamine B uazidanlunguuanlaaaiin fa Reactive orange
o A =2 o ' A Ao A A o A
MuLEd lagliandns1aneaiatdNauITagaudsas Methylene Blue Gnga Tagltidanlalu
MINARBITULALINUNTHANYT Methylene Blue
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1.5 YaULWANISIY
Aa o ‘&’ =1 a d' A £ % £ asa d'
mmaUmzﬂﬂmmsmmwmql,mﬂmiu ZnO NLAAIUWARNMBY A83TNITaNATNaWN

amnndl 60 avrLraLTos wazldiaavindfAsen 1 1alus Wald Zn(CH;C00),.2H,0 Luan3as

9 U

2
v o

¢34 B udualvinazany F108 (PEO,PPOsPEO,,) tHuansuay ilaltaasainda luauasan
anaznaudalnfadinasBlaayinny 10 aaaan1Inassy uaziin1sdnenadodnsg Ninade

%

ANBIUTNITUZINAIN

1.5.1 BUAVBIAIANALND
\asnndanaznasudazsfiainndnssuniannuslunafed fAsunAuandraiu 9
anuilumaial fisenazsinadeansmen1IdugIuseiayn1a Zn0 Auandnani
1) WAVBIBATIEINABLNA NaOH/Zn(CH,COO0),.2H,0 7 10:1
2) Wav8I8ANEIUABLNA HMTA/Zn(CH5COO),.2H,0 7 10:1
3) HAURIBANEINABING Na,CO4/Zn(CHy;COO),.2H,0 7 10:1

1.5.2 ANLUNIWD F108 (PEO,,,PPO,,PEO,,,)
1489970 F108 (PEO.,sPPOsPEO ) Lunaduainsansaldiduasualdmsuiasow
aun1A ZnO "I,@TLwisLuﬂ%]agﬂ'uVL&iwm']m’mmﬂ% F108 (PEO;,3PPOs,PEO,05) §MMILLATEIN ZNO
AT oM BLAUNITY FITUINITIHEIFNYHNAVEI F108 (PEO,,PPOsPEO, 5) ROSNHTAZNNY

FTU31UBIABANA ZnO a9l




1) N30 NaOH inadranaznan
AnsaaIuaoluaua F108 (PEO,,PPOs,PEO )/Zn(CH;C00),.2H,0 7
0, 0.03, 0.05, wax 0.07

2) N3t HMTA Winadranaznan
ANENBANEINAD I NAVEI F108 (PEO,,5PPOs,PEO 25)/Zn(CH5CO0),.2H,0 ﬁ
0, 0.03, 0.05, wax 0.07

3) n3th Na,CO, Liludanaznan
AnusaMdInaoluauad F108 (PEO,,PPOs,PEO,)/Zn(CHsC00),.2H,0 7
0, 0.03, 0.05, wax 0.07

H H o (%) 4
1.5.3 Anwganlannanzandnsutunas Lo
A = o P P 4 = A
\asanaunia Zno meuvl,@mumﬂuﬂumw:wmsﬂmﬁauma‘[uLaqamsmwu@g@
o a o & & o o A ad A ' A A A AN 4 v
TUUURI8YAA muuﬁmﬁnLﬂu@laummiﬂqmﬁnummm:amwa"l,aa'm%aﬂumaaoﬂwaomi

o v { v a Q€ QI &/
28aN3NNKY ZnO LLQZ‘Y]’WSL%NG ZnO ﬁ"[@ﬁmmmqﬂﬁmﬂmmu

1.5.4 @NITNTWHVDIUARNIEN

He9Na NN TUYa I TR FINAGRANH AN IIR A IUYDIOUNA ZNO FITINUTTE

g =

HazdAnunavaslTu muannnuluaITazay Lﬁaw’mvl,ajﬁ%Qaﬁﬂmmﬁmﬁumsm‘%w ZnO
MIamuuaunvy 1lals F108 (PEO,,sPPOsPEO ) tuansuatludSunaimnizay lagas
Ymsanwaat
[~ Y}
1) n3a NaOH uar1anaznow
=2 R e A o a A A o o
ANBAN VT NT UV D ILABNILNLL DA BINITLATIUNI ZnO NITaFILUAUNINY 11k
J:UU Zn,,La,0 {8 x = 0, 0.01, 0.03, 0.05, 0.07 L&z 0.10
[ o
2) n3o HMTA ilunaianaznan
ANENANULTUT U AILA UGN A DINITIATUNNI ZnO NLFAAIUULABNIGY b1k
32U1 Zn,,La0 1da x = 0, 0.01, 0.03, 0.05, 0.07 W&z 0.10
[~ 'Y}
3) N30k Na,CO, HlwaIanaznaw
=2 R e A o a A A o o
ANHAN VT NT UV D ILABNILNLT DA BINITLATUNI ZnO NTaFILLAUNINY 11k
J3UU Zn,,La,0 {8 x = 0, 0.01, 0.03, 0.05, 0.07 L&z 0.10

=S > ¥
1.5.5 ﬁnmanumz‘[ﬂsaasw waztng

a

di [ d' a J = 1 v ciﬁ o & a d‘ud o =3
Luax‘]"ﬂﬁﬂiﬂidﬁiﬁdLLE‘lzL‘Na‘ﬂLﬂ@]Tu&lNﬂ@]aﬁNU@lﬂﬂﬂHW AIBIITIBIITUIINITNIIANTN

o Y da & o = A =2
aﬂ'lzl'mz‘ﬂ']\‘iiﬂix‘lﬁiﬁﬂLLE‘]&LW&‘Y]LH@‘U%@’JULﬂ‘Sﬂx‘] XRD ‘i]']ﬂ“l"}ﬂ"] L\‘ia%vLﬂlﬂﬂﬂ‘H’]
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1.5.6 ANHIANHULN M IUUALIATIZALTNIMEITD
18991NUIAULAZFUTINTDAN BULNIFUFINVEIOUNA ZnO  SINAdaFNTANAN WA
lapass amunultpiazfnmansuznIdugusaidiadnidinaias SEM 1nyne Jaulaf

AN WAz TERUSIN RN ad 28R 39 EDS

1.5.7 ANBINIIAANAWUEI
= = an . : da o & ae & & A
WHa99nann1a Zn0  JRUANIHBIHIBUEING %I HITANWINITQANAULES
lug19A081I0 A% 200-800 WILWLNAT WIBNNIANEIANNTNNUTITRIVIANHILNNIRIUFINAL
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1.5.8 @nv1AadINIalwnIIaa1adtas Methylene Blue
LﬁaGQWﬂﬂ%uwmIaﬁzLﬁadaNa@iam'mmmsmlumsrﬁaﬂﬁﬁ%mmsamﬂﬁﬁaw@hULLaa @9
NWisilasinm s saansAdan Methylene Blue finnnudatu 1x10° lua1s neldwasa
black-light laglgasalatnstsunm 150 Gadnsu lunsaanafdan Methylene Blue USanas 150
fafaas lanazyimaifiuasazaionng 30 wifl 1uiaan 3 Falag iadaauanuaansali

mMIsan oy Methylene Blue Ua9r13e0e9Na3ud Lo

1.5.9 ﬁnmﬂ's']&la'la\rﬁn‘lun'ﬁaa'mﬁz’iaNn@:&lLtﬂmlaaaﬁmtammﬂaaauﬁn
A A v A9 o a o & aAv X ° =<
L9 N AT D NN TINBTRAHUTZAN AIBUINNILHIVINIANBIANUEINITD LT
sanpFfaunguunnlaaaiin Aa Rhodamine B uazfidaulunguuauloaaiin fia Reactive Orange
(3 A = o 1 d' a v dd' wd‘
MBLEI LaglianAnEnaet 1 INaINNTaaaNLFIaN Methylene Blue anga TaolmIaw buln

MINARBILTULALINUNTRAN® Methylene Blue
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a A @ o a <3 . {
ZnO Hanwousidunifrn  Dussneainasiaids  (ntype semiconductor) NAWHOU

) ! o | @ a & & A o = a a
TBIINNNRINW (band gap energy) tnny 3.37 aLaﬂ@]iauI'Jﬂ@l LAZUNWRINWE QLR UEIVDILBND

aaufigunniiad (exciton binding energy) il 60 daddianavanliad @ty znO Fuduans

Aa va A o ¥ 6 1 v [l 1
Y]&IK&JU@IWL?IHYI’NLL&GLLﬂ$3’1N’Wiﬂuﬂvmﬂi$£4ﬂ@]ﬂL°ﬁ\ﬁ’]%Lﬂ%Qﬂﬂ‘im®’N6] "l@amma’m%mﬂ LD

sunsain lldidulaleawdsussussiairasialaa 1niduaasslfiSondauuss (photocatalyst)

I%Lﬂmﬁmnéi'uLLﬁ”aﬁﬁmmvha;m I%Lﬂui'aqmaaLLaoé'a@mVL’ﬂaLamm:‘lﬁﬂud’mﬂs:ﬂaulu

fa & a 6 ' = 6 a 6 v
aqﬂnsmmanmauna LT MIRADTURENTURAILTT LT UAY

7n0 faurianmamaninnialuead [Morkog H, et al. (2009)]

FAILULANA

a 3

AN LAY
ﬁwﬁﬂlmaqa

ATNA WL

v

ﬂ?ﬁ&ld')dﬁ’]LW’]zﬁqm%ﬂﬁ 24

SOVELITES
ANNITDUILNE
FANMNEIAUTDU
dl =) d' a v
wanadogunnivias
@hmﬁua@lﬁﬂﬁﬁqnmgﬁﬁao
a

c

c/a

Zn0O

NIRTD

81.39

5.600 NIW/ANLANLTUALNAT
5.64

1,975 adFLTALTHR

0.125 LARBI/NIA

0.006 LARBI/LTHALNAT/LANI
ianazlnues

3.2495 2IRATAN
5.2069 aIRATAN
1.633

(lawaiaanozlnuaslugaund)

o a . A 4 X% ' [
zno fzutddunanlwina3n (amphoteric) TeazanstinlanasinnudzinnTaazaylaa

o = A A [ a Aaf¢ & .
I%ﬂiﬂLLﬂZL‘Uﬁ Iﬂ?x‘iﬁ?’]\‘iwﬂﬂﬂlﬂﬂ ZnO ‘Y]qm‘ﬁﬂuﬂJLLﬂzﬂ’J’m@]%ﬂﬂ@Iﬁ]zLﬂ%LLUUL’)TY]VLGII@I (wurtzite)

wiaianszlnuaa (hexagonal) aauaaslugui 2.1
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319 2.1 lassasauuuiisnloduas Zno WansinaulngunuaanGlanlaznIInNAuLEN
LNWRINTR

(‘ﬁlm . http://lwww.geocities.jp/ohba_lab_ob_page/Structure/ZnO_Wourtzite_bond.JPG)

% A o o % A 6 A A 2 A
snwuenfmayvadlarasuuuisnlodniatanacinwoafaidulasssinsuanasnaia
azaaunavuaziiulavsainiuunddn lassafsuvuianazlnuealuganadddrninuanfis
(lattice parameter) a WinAL 0.32495 W1 IULUAT WAZANAINLAATT ¢ LWINAL 0.52069 WIlULuAT
lagd8asaIuITning ¢/a iy 1.633
lassasslanzeanladifinannisdanusasezaaulans (dizquan) nuazasuval
aandiau (dzqau) duwuszlessiin lavezaenvataandiaudaiiusmuuuianuuiuanniign
uwuuianozlnuas (hexagonal close packing) lawiflazaauvadlanzuninaglutesinafe
y 4 . L . = . 2 y 2. 4
ATIRIIVDITIWIUTRIININIRNG F1nTUlaTIaees ZnO wudsznavsielasauuln (zn”) N
A s 2' a & v v v
laaasawanulasauay (07) lagleaauriiantvazgndenseudislosauasidruiduiuuinn:-

a
AN

2.2 walwladgnmIuaaszaunil
a A o Pz A ) ' ' A A a
nezIumMBaIsanseRaTziIagw lunlssumamlugniamatvdaiilaaiainioy
aypmansalaqeng g Wldviaaafidasns naeSouizguilunisaumamluaannduun
16 2 wwamanan g leun NITUIUNTINNUUAIAN (top-down approach) LAZNTZLIUAITIING

&
AUV (bottom-up approach)

2.2.1 NFEUIBNITIINUBAIA

mim%'ym”a@!miu%?a E]kbﬂ?ﬂ%’]l%ﬁ’) PNITUIBNITIINUBRIAN Lﬂum:mumsﬁﬂﬁ

a A

A . P A A A o o I
jﬁ@ﬂ&lmuq@]ﬁl’%m‘yu@]ﬂaaﬂLﬂuﬁjuLaﬂ 9 %SaﬂmﬂLﬂua‘lgm’lﬂ‘ﬂ&l"ll%’]@I%iz@UWlI%L&l@li ®I1NRIU

q

AEmuatonaymawlunisuldiueteniiewing ldud n1suasssuen (conventional ball mill)

LT ILAGILWAIIUGI (high energy ball mill) tudin [§Lus1 §asoayol, (2555)]
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.
2.2.2 NTTUIMNTIINATBUK
a @ A @ ' X o v o AA
nmaaisuiaguilunisayniawludionszuiunisanasduuwdunisildiagnd
1aiing luszauazaaunialuananudnunaoiduizgnisaynavwalng 150fsnls
L@TNaRMAUI LY LT NIzUIUNILTa-19a (sol-gel) nIzuaunTlalasinesiia (hydrothermal)
WAZNNIANAZNY (precipitation) 1w
. N . X
MILATENIRANIBaUNAW LA BN IZLIUNINUUAIAUAZNITLIUMINNENTULL
& Ao & A o [y = & o A o< o
wudiaguzsdiderliaunmadsiadnadluszaumluwasuazdguaings lasvialdanwue
PoIouMANFaIMIlAN Bz 9 Al
1) apmadasfizwiaiannit 100 wilwuas
2) aymadasdvmaiiiuninae (monosize) uwazdniInszapdasdiaue
(monodisperse)
LU =) 1 a =} Qs
3) aymadasdliuazzUnmmasnadiamiaun
4) aypmaiiaidlznaumaaiiualanaiondnndannu

5) mi,mﬂﬁaavl,;inm”';ﬁ'u

2.3 NITUIBNITANAZNAW
ad a d'a Y o [ = % 1 6
nsanaznawtdwiinisadatazaronionltdainsuiasoualatidaanloaualany
10991 TNNIANAZNAWRINIINYIN LAY NIZUINAT LTUTaW qﬂnmiﬁiﬁmm%uwa LAY
FIUVIDNAGNAAN W LaUSu NN nTteSsuaan laauadlanzaradfTanaznanardaniy

el isenszninanaaveslansidasmanulosswlaasanladeasd
+ -
MX + 2YOH — MO +Y +X +H,0O

A A A e a & o a P a @ A
\ia M Aa lanzfidasmaasouduaanlad iu fand Inniflon uaz dyn dudux e
loaausin 131 aaa'lsd (CI), 82510 (CH,CO0) uaz lwiasa (NO;) tudu uaz Y fa lodsw

(Na"), Tnunsidon (K), wanluiion (NH, ) wae fuioy (Li) dudu

MIANAzNanlIzNaUMBTUABRRANNAIAL 2 THADK Laun naiadiefssuaznile

PaIMLARLE
2.3.1 M3nabILARYE (nucleation)
a a [ 6 .
1) NMSNAWBILARYFRULLDNNWS (homogeneous nucleation)

A s 1 a J o Aa QI s QI
ALARRVIENIIADE1LN AT UWARINNITUURIOFINCANLLAARN1IZDUA8I0EY BIB

mia:mUﬁﬂ%mmm"’agﬂazmﬂmﬂLﬁu"ﬁ@ﬁhﬁ'@mmzm Elﬁqm%QﬁLLGZQ’J’]N@ﬁLﬂﬂa%Gﬁﬂ’]’)z
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o ' ° v @ & X ° @ v Y a ° o
@mnﬁmmlﬂwaamum%wmaﬁ:wgwu msmlm:uumgaﬂn:aum PG atVakxsk el (s
TaunNTLANaEI AT TRARIae AN Na%
=Y Q/ =) &/ § v v L= Qs o 1 a
mmﬁsmmuLaﬂwuﬁﬂ@mmﬁammmemaamgﬂa:msﬂ,umma:mﬂ@s] Rl
dl A di a c'; 1 dl a ni
mmmmsnlummzmwama:am;amaL:uaqm%gua@aamm’]ﬁ;@ﬂLﬂ(ﬂmimaauLLﬂmea
. é o U 1 Qs 4 Q Qq: 9/(';
(phase transformation) G3vinlAinalnduanaIBaNI L NEAANRINUNIRNAVRITzUL R84S Lag
miﬂfi’uLﬁngam’;mm;alw&iﬁﬂﬂ‘%'a@”aLLa@alugﬂﬁ 2.2

3111 2.2 NNIAANWAINWIFIZVDINUFNIRNATIRITRZANLANAI LA las NI AW FUAILT IR

%Vﬂmmmlfﬁu‘*ﬁuﬁam;amaamiazmU

NNINABIVBINRINUBFILVRINURTUUTINANAY (driving force) gmIuNTiafARe s

a a = A a a 2 e =] 1 a
LLaiﬂ']iI@ﬂJ AIWNARYR DINITLURUULUIINRINUDFITVIN LRGN IR BUTNNATVR N &

04

VDIV (AGV) °IJ‘H>ﬂ'1Jﬂ'J'13JLTN%%%@G@'JE}HRZN’]UI%?ZUU Jh

kT KT
AG, =——m| — |=——m(1+0) (2.1)

' Q \c

0

A A v o o A v o A A ! A
LWa C Aa ANNLITNTRVBIAIPNAZAY Co A ANVITNTUNENIZRUAS k AD F1AINTDY
6 a 6 A a 6 =) a Aa .
Tuadaaini (Boltzmann constant) T @8 dWMANNRUUITE Q de YSuasiTeezaan (atomic
volume) G @8 ANNANA2LIATITIAALYINAL (C - Cp)/C,
tyzuulaiifiansduaienais (O = 0) MIUALBUUAINEINUDFTVRINUFR NI UIE
a A v & a a \a & oA v o o A .
YSunanse AG, = 0 asnuiadoaazliiiadn welLlanMULITNTUVaIAIgNAzaBlAIWINN T
U U dl A v a a a J v
ANULTNTUNENITFNAANID C > Cp WA AG, < 0 fndsaaziiaduldiad (spontaneous

nucleation)
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a A v a a v a A @ a 2 e
NI TLUUTIUIZNaUAUIINARYINTINANTAN r MILUASULUAINRINNUIRIZVDINUR
A e a Aa a ' a
WIDNWRIINUIRTZLTIUINNAT (volume free energy, Al,t\,) ITLYNNY
4

Ap, =-1'AG, (2.2)
3

1 ~ dl = 1A é’ o v s dln A:' J v
agg lanaudadialnaiiiaduluszuuazinldwass1unan (surface energy, ALL) LANTUsY

s t:lln n:i a ‘3’ a ] L
LRSWRINTIUNHINENATUNANIND

Ap, =41’y (2.3)

A o & & A&

A A @ t:in ' AQ! i t&’ d' o .
b Y A9 WRINIBNNINDNUIRBILNL AIBNITIUREULU AN ININUQ (chemical

. s 3 { a 1 a ‘:? 1 1 ot
potential) #IaWRINUNIRNAVaITUY (AG) alfiadoalniifiadudsdanyiiny

Ac=Ap, +Ap,

4
AG=-T’AG, +41:’y (2.4)
3

MaRpuidaInasinudasndalivnas (Ay) walnudasznis (ALL) uaswadinu

a Qq: J a a Qs §
drvzninue (AG) Junvawiavasiiiafeaaizuin 2.3

311 2.3 uaaIN IR ULURINRINUTFEINTIUINNGT (ALL) WRIUNAY (ALL) UazWadim

u

drznanue (AG) Mduwsnsunusaduasilafos
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a a A a £ A &. A a a Aa & A a e Aa " '
fadoalninifaduwaziadosndalafiafsaieduldsad () lanisadinga () ue
v a a A a £ T Ae A & , o Aa v a a aAa £ ' ' a
iedsaniiadulnidsadiannirsadingausifiiafoaninadulnlaz ldieiiosuazazazais
Qs [ 4 L= v = { =) &’ ] 1 Qo a =)
ﬂaugmia:mmw‘ﬂaa@waammaﬁ:uu iedvsniiadulnifamelaninsadinge fedes
AN LILAZAL LA I UN 216 8 LN D RAWRIINUUDITZULLT WA

Aa a a | @ a < %
FNNENWIILORLRUVUIALNINUIWIAING A (r = r*) uh "ﬂva@

P (2.6)
AG
LR
Agr =1 (2.7)
(3Aq, )

A A o (% . Aa a 0% A a A a
Ly AG* A8 NILWINRIITW (energy barrier) ‘V]u')Lﬂaﬂa(ﬂa\‘]LaunszaLﬂ@]LﬂuuQLﬂﬂﬂa

1 . o A a a A = A a o a 1 .
RULRNS ™ Ad Tu’](ﬂu?LﬂﬂUaﬂsﬂﬂa“qﬂLaﬂ‘ﬂq@‘ﬂﬂ\‘iﬂ\uaﬂﬂi wITUU

a A aa % 6
2) MINARAARYFUUVIISNID (heterogeneous nucleation)
nafefadvaunuiisiuiidunaiawalndouiavesizgriiadu 9 didarsanns
A a a aa o ¢ A & A a A A = ' a =~
m@mL@mﬂmmmaﬁwuﬁuummaaLwawLismLLazauumwawaﬂImmagluLWamaﬂam@mim
éi"muﬁ';saa%'ml,azawaﬁhmmﬁl,ﬁ@n'ml,ws'l,l,a:nm”’;Lﬂuﬁfsmﬁmagﬂ%mﬂ @”GLLa@alugiJﬁ
2.4

Yv
Y r(1-cos0)
S o) Y _ rsin0
V4 AL /1(/// ////r/ 7

rcos6 r

l

4. a A a aa o 6
Ell"{l 2.4 NMILNAOWUARYRLULUDIITNUD
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MR RILARRLULAI TN BTN LA NR I WD RIZVAIN LA RO ILRZWAIINTUNAINT WA II%

{ A oA & % a a o ) { @ &
R278 El(?’]FJLW&I“IJ%L“IT%LaEJ’]ﬂUﬂ’]iLﬂ@]WJLﬂﬁ&lﬁLL]J]JLaﬂW%ﬁf WA ILURUUUUBIVDINRIINBNIRNG

(AG) NingaTasnumMsiiafiafsauuuIIswnsazivinny
3 2 2 2
AG—a3r AHV tar Y tar Y —ar Y (2.8)

A A A a A A A [ a A & A \

\Wa r As pwaiedvsads AL, A madauundainassnudsszuasnuddaniiniag
U30103 Vi fa WaINUNAmMIowssunalTegdaszninanavaslanuinefus Y, Ao wason
dla A e dln ] 1 a a @ A ot =S e d’a A e dla
NHINTONRIINUNAITOUATERINHIARYRNUEITRITY Yy, AD WAIITUNAINIOWAIINUNA

T HINIAITAITUNUINRTAI LD LAY a fa A1AINIILITNANA Lay

a, =2ﬂ(1—cose) (2.9)
a, =Tsin" 0 (2.10)
ay =.’>7I(2—3cose-i-cos2 0) (2.11)

4 X o A

\iia O Ao yudwsa (contact angle) TyUunvaNLANAIVIRITRITLUA N ldd Y

L™ o 6 o € . 3 dy
ANMURUNUTVBILIN (Young's equation) @3
Vo =Yg TV c0sO (2.12)

M AaRIAA RSN UFINAIANAIITUDRIZTVDINUFAARI LANWRINUNRININNADY

A:I t:? a A t:ll a t:? I dl a a dl a l&/ a [l 1 a *
LWJJ"].I%LL&$%'JLﬂﬂUaﬂLﬂﬂm%%ZLﬁﬂﬂiLNa%’JLﬂﬂElﬁ“(lLﬂ@]“ll%&l“ll%’]@l%mvﬂ’l'ﬂl%’]@nﬂﬂ@ (r)

— —(a)Y s ta, Y —a,Y,)

r* (2.13)
3a,AG,
LRZWAIWINNWINGe (AG*) vhnu
3
4(a +a —a )
AG*: IYVf Zst ZYSV (214)

272 AG

04

ALNUAIAINNIITVIAIANIRNA LUFNNNTN (2.13) Uaz (2.14) A laANURNAUT IraaIH
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_2TUY sin2 0.cos0+2c0sO—2
AGV 2—3cose+cos3e

(2.15)

r*

167C 2—3cos0+cos’ O
AGH = Yo cos cos 2.16)
3(AG,) 4

WaRNMTMIFNNNIN (2.16) NUFNNTN (2.7) NUIUNBULINABANILAINRINIUING AV
Aa A = o 6 dl A 6 a .

MINadILARIRLULLONAWLS uazinaungadfatwamatnInidonia (wetting factor)

o o o ' | A a X . A )

dyududaiidniiny 180 asewiaalndfiiadulidonfisesi iawmasnaden
A192¥ND 1 BIaAUNINEINWBINGAINTAARIARIRUULTI TN UTA NN LA UNINRIIN U
AnnavaimuieiiafsauuulenWs uddyuFudaiidiaandt 180 ae MuwInasnuinga
224N IAARILARFUU LI FWUEILHB N INHUNINAINWINGAVBINITNARINARFULLLONWHT
Fensaiimaiadiefsauuuiisnnsaziia lddenitnmafiafiafsguuuianNus WazTY
% L™ 6 a ] = 6 v < A A A a c? 1l o
gurdadu 0 asen ilawaimadonfiraziviiugudens sudelinafosiadulasladiune

WRINUVINNWLRY ADENILTY NITARDL ﬁ’s’S'aeluuﬁaiaﬁuﬁﬂm”a@mﬁ@Lﬁmﬁ'u

o & A @ a o o
nIdaaMziaunauw lunianyanlaudu (quantum dot) unAesTUla 9 lasyiald O
> 0 LAZRUNTVRIIFMNNTOURAN IAAIBRUANTA (2.17)

’st <st +’YVf (217)

2.3.2 n3lavasnILAfYE (subsequent growth of nuclei)

mslavasinismAadunssaninnissianuidutuisssauimunzay Taovialld
gﬂa:mm:a:mu"tsi”mnﬁmﬁanmLﬁwﬁw,wiﬁ’sLﬂ§Ua"LaJ'Lﬁ@ﬁuﬁuﬁuﬂ’j’mmmiuimaw‘i’agﬂ
a:mﬂﬁmgaﬂfhmmlﬂm‘mmaw‘ﬁgﬂa:mﬂﬁ'am'a:am]‘a (equilibrium solubility) finLaReaazisa
Aaduiiiannuduaaiai @wassnTazans e finanzauLasIna 1wz anda IR URILN
WRIBAIUFAIRIDFNNNTA (2.7) WAIINNTIARLFSUGH (initial nucleation) LAALWLE AN
L°1T3J°1Twuam”’sgﬂazmm%ammﬁlm‘ﬁmmﬁwaoaﬁ%ﬁim:a@mLmzmﬂﬂﬁismuﬂaawé“amuﬁai:
YoIRUFIZARIeIE

LﬁamwLﬁuﬁumaaeﬁgﬂa:mUa@aaﬁaq@ﬁ@‘hﬂdmamL?T;J?Tummm%amwL?Tuﬁuﬁ'ﬁu
ieafafew mﬂ@maaﬁaLﬂﬁyaﬁaL'%'mﬁ@fuuazﬂ’]ﬂm:@hLﬁu@iavl,ﬂﬁmmmmj”uimawﬁgn
a:maa@aaﬁammLﬁuiuﬁ'ama:am]‘avﬁ%a%‘%a‘ﬁ@mmmmmlumsazmwaoéﬁgﬂa:mﬂ g
Imlaaﬁuﬂﬁmﬁmq@aa@"\ﬁLLamlugﬂﬁ' 2.5 uaz 2.6 lagnslavasindosaziiasiunatnla

P o X
AR A9
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ldl a A a
;51]7] 2.5 MILN@W7 LﬂaUﬁLLﬂzﬂW{[WU [l a}}.ﬂ']ﬂ

gl

k%)
a

2.6 mmé’uw"'uﬁ‘izwj’mé’mwmmﬁ@ﬁ’smﬁyaua:a“'m'm'lﬂemaaagl,mﬂﬂuummlﬂuiumaa

afiazla

22 =)

(1) ms‘[m"imuqué"mnszmumitm% (growth controlled by diffusion)

Lﬁiam’mL°1T3J°i|”wnaaaﬂ%ﬁimmaw‘i’mi’]mwLiuﬁu@‘hqmaomﬂﬁ@ﬁaLﬂﬁ&la
mnﬁ@ﬁamﬁﬂaﬁagnﬂ”ufa Tuameinislavesinadusaziinduadnsdatitos dnislaves
hiaRsagnaIuguan nTeUIwMIUNIpIalEAlanansazans ISTRVERLMERL

(2) ms‘[mﬁﬂ’mquﬁ?f'mnizﬂ'mmiﬁﬁ’s (growth controlled by surface

process)

Lfiammws'mada%aﬁimmﬂmia:mﬂﬂﬂ'\aﬁwaaa%mﬂﬁi@ (growth surface) §

mmﬁuﬁmwaﬁaLﬁ"am’mLﬁuﬁuuuﬁaaq,mﬂﬁ@hLmﬁ'm’nmiuiulumm:malLLéhé'mwms

I@]ﬁ)&gﬂﬂ')ﬂﬂ&lﬁ')Elﬂi:ﬂ’suﬂ’ﬁﬁﬁ’)
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2.4 nyzuawnmstilanaaailadn (photocatalytic process)
a ! aaa ¥ o ! A o v { s ! aana
nyzvrnlnlavaaaladn tunisssdisonlaslsaasedsininiduaaisel §Asen
v v A a U aaa o v { o v . .
laan1Inszguaiouad SIa39U ATenazyiniaawas91unIzqu (activation energy) 1893

el JATen [T Iadarnsal, (2554)]

2.4.1 asalsznavzasdisanlnwlanaaanlads

1 aaa s 1 v v a J v d v AI 1
ﬂ']il,i\‘iﬂgﬂiﬂ’]?]ﬂ\‘i@nLix‘iI@]Uﬂ?iﬂiz@l%@nilLL&G’%ZLT’]@]‘IJ%VL@]LﬁﬂiZU‘U‘L]iZﬂa‘U(ﬂ']FLJE?NG]’N 9

¢
=2

o . A o o
- @339 (catalyst) LT% §ITNIAN
Qs & Q 1 1 a > a 1
- WAIBLEY TITWRIIWUINATIRI AN UNAIIBIN A aUUaIALT
- W

A A o A 6 . A
- 29NTLIL KIDAIDDNDLAWN (oxidants) Bib e

242 zwavasnsenlauanelads

UinsenInlaunaa ladssuisnsuunle 2 dezinnlasandosniuzvasaaisadunosd

Q dq’
G
1) ﬂﬁﬁ‘%m‘[ﬂfmu,ﬂmmvla%mmuammtﬁm (homogeneous photocatalysis)
Ujnsenlilavaaa ladsunuaniuzidondunszuawnisnloansendsnine
a Qs a Aed o
LRINUENIBUNIEN

@8IN1INAA LT NTEBYRAY 2,4 dinitroluene @28 UV/H,O,
2) UpnseinlauaaalasdauuuaaInzang (heterogeneous photocatalysis)

Ao nlavaaa ladsuuusniuzdrsidunszuiunmsnloaisandaniwzeng

AUENIBUNIENGIN1IFNA0 L% NSEBBEANY 2-chlorophenol @38 UV/TIO, tiudu

243 BHAVDIAINIY

ssilfidudassufAsonInlauananlads leun Tanenudsu (transiton metal) 17w
nasuad lasdow Anifis dudu waza13nasasin (semiconductor) Loiw TiO,, CdS waz znO 1
A

Tanzatnuaza13neaaidiznaudiouauinians (valence band)  wazuaunisin
(conduction band) I@miauzm”aﬁwmewmwﬁuaumumsﬁw:agj%@ﬁ'u LAR13AIRINLDDN-
LaWELLa:Lmumiﬁwzgﬂﬁguﬁ’sﬂﬁaa'jwwﬁ'\m’m (energy band gap) \fadiinasan (electron, e)
6?%&agjlmmmqmuﬂﬁ%’uwé’omui%lmaummtaa Sianasanaztafeuilddwaunisin u
Y dgaiuinauauteziintasinedu (hole, h') s‘i?'waadw'cn:l,ﬂuﬂi:guaﬂLLazmmm
indanfildadnodsszlunauineausd sulunaunsihdidnasanaziafand ldagsdaszigunu G

o ' o v Aa a & . -+ { 4 {
ﬂsﬁﬂgmirﬁmﬂmw:mlv\Lﬂ@ﬂamﬂmauiaa (electron-hole pairs, e/h’ ) Az NNTALAREUA LU
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] o [ ' < ° v -+ o o V] v o o
PIITAILDLNLABTLAz LA UM TN Iaat197a152 vinlet e7h” auaanulualladielulanzaqsin
] $ @ o o o 1 - + A U ] 4 1 ' o
WE LN ITUBIRNINIAIEN MNITINAINULANVEI e/h A2AA LGNNI LTI NTTAITIINA I
NLa L
U
aaa a qo’ k% { 1 ] :/ o o 1 Aaaa & s 1
Uinsenlnlawnaa ladsluindsznaumsussngossinuin lgsaassl fAsendeusiainann
FNRINWINGaUNUINNTITBITIINAIIN VD IALI ﬁﬂﬁﬁLﬁﬂmauQﬂmz@fnmﬂLLm_l MLt b
0 o o [N -+ d A ' a > ' aaa { o
gaununIIuazvinliiAe e/h %aaaaguummaamm UAsennuaumahuazluasszagay
Winadil Blanasautafeunanuaum i lUg9a23uBL1anasaw (electron acceptor) JaNIAZANE
Aa Aaaa o o 1 { = + a aaa a L% o o °
uaztiaufAsenIandu srunuouawtssd h szl fissreendiatu lagarviazaterii
ninMdual lwBLanasau (electron donor) Iuama:ﬂﬂmmwummsnlummaﬂLﬂasmﬂs:ag‘maa
A & A ° A o A o @ a a o oA o o A
AlanasawnuaunNITE ldddngnInwanaztintag1aunsahe watihasannluszuuiinged
A A P’ ¥ ° v A v o A & A aaa o o Aa
panGlanazanuas Fyaandlanitazyninduaisudidnasenuazinadjnsensandu tiaidu

6 1

. . e - 4 a a & ] ' a 4 v
superoxide radical ( O,) T IUa0 0 NTUARYINUIININ JRINIDLDUFA1URITDUNTE N ¢ I

a t+ A €= a a &al P
lummz‘ﬂ h WLLﬂU'J']Lﬂ%TﬂLﬂ%@'JaaﬂeﬁLL@u‘ﬂqﬂLLiﬂLﬁuﬂu

244 nalamanad)iseninlanaaarlasa (mechanism of photocatalysis)

6 1

Ugismnlnlauaaanladalunmanhdassdunidineg g dnalnaduaadlugui 2.7

Orgamic ™,

compounds 7O, 7 Conduction band |

Band gap

CO. HO ‘/Exjdmm_ Hole WValence band

Photocatalyst

4 a aaAa a a L & L o
31 2.7 nalnnafadfaseninlauaaanladauufiadaghadain

(http://www.dIconcept.com/images/p004.gif)

a a A o o { + a Aaaa a o o - ¥
USnmiAasniainnd h sztiadfjisenesndierunlansenloslesan (OH) uazin
a a a a 4 1 a a d a o d Aa a aaa
adulaasandasfinaauazisiinandn g sauudnmiisnsniarindsdfianaseweziialisen
A v o o a A a a £ o o a 6 6 a
Janfunveanfiaungadauuiimsnariifiaduriideseanleod lesausdnenileslaasan
Fasanea wazlalasawdaseanlad (H,0,) luyaeianizminasssdeandianlaiinaine In-
AOUNLANINNAITUANAI289H Az Tununlasnsidrsudianaseuunsy tiaidulalasian
Aa . + A Aa Aa [ aaa
\3@naa (hydrogen radical, H ) laasanGaisd@aaaidussoanduaninanludjisonlnlavaanls
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f innzlaasendasdaeadusilhdenafadfizennsesann F udgandy Cf uazawnim
o aaa ot a v a o Rt aaAa { a &, Qq: 1
v jisenuansdsznaudunidlannoia dswiudfitefifetuluduaeuds 9 aaunsauaas

laaat

mythiassdwnis

OH' + organic — oxidized organic

H + organic —_— oxidized organic
MINTZG

Semiconductor + hV — e + h
NMILNALIAADA

h' + OH — OH’

h" + H,0 — OH" + H'

e + 0, — ‘o,

oH" + ‘0 — *OH,

2H,0 + O, — 2H,0,

H,0, — OH, + H + ¢

H + e — H

MITumnulrtvesdianasauuazlaa (electron-hole recombination)
e + h — heat

+ oA a &
h fe laafiuauiaud (valence band hole)

e fa BLanaTaL (electron)

OH  fa laasendaisdinaa (hydroxyl radical)

o, @a giilaseanlod lanaulidinea (superoxide ion radical)
*OH, fa weslansandaisinen (perhydroxyl radical)

H  @a lalasawsdines (hydrogen radical)
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A a a + da s oA a 6 + o
iasanlaatandasdineauaz h' NResdTslidszaiduuan nseandladues h' nula-
a Aa a % + Aa a 6 Aa A 6 v
Asan bua laaa e laaITanTalIAnas YMLALIN® h LNAANIANITaANT LadNUaITA NI a2
aanwnaiadfisoneandiatuiafeduld 2 n9 fa
a aaa a £ + o qo’ a a
1) mafedisoreandatues h nulaasenled leeaunior lalaasandaisdnas
wazdiTenvesdianaseunveandiaunialalananlesauldgiilesean’odleaan
1sanaaitaslantandalsfnaa wia lalasaulidnas

a a

a aaa a o Aa { (7 ' [ + &
2) ﬂ?iLﬂ@]ﬂi}ﬂiU’]aaﬂTL@l"D’uI@lU@iﬂTaﬂﬂ?iauﬂ%‘ﬂ{ﬁ@@@l@lﬂuﬂn@?L‘Nﬂ‘].l h <3

2

a A

ANURINNINVBINTAAYJNT0aNTFLATUVBIRITBUNILANINNTIAMNEINITAV I

mMafadnTenaanBaTuUnAIAILI



unn 3

~ 4 a s
d13ladl qﬂnim LLazIdNIINA[DY

3.1 @151ad

3.2

1. BIR0T1a0 la laLasa (Zn(CH;C00),.2H,0, Sigma-Aldrich)

© N o g b~ w

12
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waR(lafiauaanlod)-waR(wsaNauaan loa)-waR(Lafauaan lwa) ((PEO) sg-(PPO)s,-

(PEO)4,5 copolymer, Fluka)

wanmuuaae hatadazlawasa (LaCly.7H,0, Fluka)
lmdonlaasenlad (NaOH, Sigma-Aldrich)

LENTLLUNAWLAATZAW ((CH,)sN,, Fluka)

ladsuasuaiua (Na,COs, Riedel-deHaen)
Methylene blue (C45H1gN;CIS.2H,0, Unilab)
Rhodamine B (C,gH3,CIN,O3, Sigma-Aldrich)
10. Reactive orange 16 (CyH;7N3Na,04,S;, Sigma-Aldrich)
11.

N30 a3 (65%HNO;,, RCI Labscan)

. Lan1waa (C,HsOH, RCI Labscan)

'3
qﬂnsm

1.

© ©® N o a0 A~ 0N

N L N . U
® o » ® N 2~ O

= 6
Jnwnes
PYIATUTUN

U U
NIZUONAII
17496
NN
LYIBAIAWRITAZANE
ﬂ?’fnﬁa
NIZANBNTI
WIS

hot plate and stirrer

. RLNLARNERTUAKENTARZANE

ADU

U

LAIDITIRNINARLY 4 G LR
L@anqanﬁqd 1600 aIALTRLTHE
LA384 altrasonic sonicator

TANAROUNILIUNdIBUE
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1. Thermogravimetric analyzer (TGA 7, Perkin Elmer)

2. Differential thermal analyzer (DTA 7, Perkin Elmer)
3. X-ray diffractometer (XRD, Philips X'Pert MPD)
4. Scanning electron microscopy (SEM, Quanta 400, FEI)
5. UV-Vis spectrophotometer (UV-2401, Shimadzu)
6. UV-Vis spectrometer (Lambda 25, Perkin Elmer)
A5n1snaaad
3.41 dnswavasd3nu1m F108 ((PEO),,.-(PPO),,-(PEO),,;) copolymer
1. aeanufesosdiaalalomsa 0.01 Tua (21950 n3w) lusinaw 100 Jadans uaz
anauasazaelwiiaidoiu
2. L&Y (PEO)125-(PPO)ss-(PEO);05 copolymer U3unak 0.3, 0.5 uaz 0.7 Jadlua
(4.32, 7.2 4@z 10.08 N3W) luansazanuSinos5iaa lalalasauaaseie wazan
mia:mﬂasi’m@imﬁaaﬁqm%qﬁﬁauﬂumm 30 w1 aussazareiluiite
WAEINH
3. noaataransloidoylaasenlad wie Lanaziufauianseiv wie loldoy
asuaLne Usunm 0.1 Tua fiazansludings 100 Jadaas luansazanstrodu
1&é’ammfuﬁaﬂumm:miﬁqnmgﬁ 60 adeLTalgas [wIaT 60 WA
4. AR BTNNAUANY 9 AST 1389 UATEIeIBLERes wazlaaslRudedi
amnndvios
5. AANLANANMINANAIAILINATAGI
3.4.2 INSNAVAIUTNIMUARNIHA

1.

azanoSifesdiaala laiataUSunm 2.173, 2.129, 2.085, 2.041 %38 1.975 AW
Twdinauswom 100 Tadans azauanmsazanoiduiiiotdeain
WAnnaumiuaaa lsatadas laesadSuna 0.024, 0.073, 0.123, 0.172 #3a 0.245
Tusnsazanazanudedazfiaalalaese (Natesouasluszuy zn,,La0 s x
= 0.01, 0.03, 0.05, 0.07 uaz 0.10) uazAnaussaza e iwitaidornn

LGN (PEO)125-(PPO)ss-(PEO)y25 copolymer USuaw 0.7 Jadlua (10.08 n3w) 1w
RITATANLLARZVIN LLazﬂumiazmﬂaai’m@iaLﬁaaﬁqmﬂgﬁﬁauﬂunm 30 Wi

d‘u = 04
AwIIazaalduhalfsInn

= 6 A Aad = =} r=|
Cweaasazanulaidunlaasanlad wia tanalunawaaIin 3o lalaaw

A1suatua USuim 0.1 Tua (LaIudnsh) Aazansluiinau 100 Jaddas Tu
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msazmm‘ﬁa@Tu%é’m’mﬁfuﬁoﬂumia:miﬁqm%ﬂ“ﬁ 60 BIANLTRLTHR LUWLIAN
60 U1
SNHRANUNEILTNAURRNY 9 A4 NT89 LAz aIBtamMues uazlaaslruren

DIWANNR DI

9 U
a 6 v

AATEZANANIINARDIAIULNATLAGN 9

nIAansUsEaNSnIwn1Iaa1u&eias (Methylene blue, Rhodamine B, Reactive

orange)

1.

v v v '3
LOTUNRITASANL AT DNTNTW 1X10° luas

L% (Y v @ -5
2. Lﬁamdmiazmﬂﬁﬂaulﬂﬁmwwumu 1X10 Iumf

. TIENIA0LI9ITIWIN 150 TRANTH FEIINNasTUUIA 250 FARANT WARIANIHD

Aa Y v o -5 Aa A Aaa
WANRITRZANERT DU NT Y 1X10° lua1s USuNas 150 88807 LasALRIIRZAY
Tunsiauduiian 30 w1
waannngaausuIusesdung 2 wifl fgamiazapdiuuudIines 3

ERBIR ﬁﬁvlﬂ%yumfim LLﬂzLﬁUﬁ?iata'}UIﬁ "l,’?maaumsg@ﬂﬁuum

. mmmqgi‘lﬂunm 30, 60, 90, 120, 150 WAz 180 W ANNAIAU lauradannany

LRI I ARZ TR IR YINeaTa 4

ﬂ@ﬁaﬁﬂﬁiﬂ(ﬂﬂﬁuuﬁd“ﬂ R aPRERRHE AR
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uUNn 4

Namsﬂmaaauaﬁmsﬂzﬁwamsﬂﬂaaa

4.1 ﬂ’liﬁﬂﬂﬂﬂﬂ?\ﬂii&ﬂ’ldﬂ?’l&l%‘é}% (thermal behavior)
Hatansaaegeniessnanmilddisesdiaalalawmsa (Zn(CH,C00),.2H,0) 1uss
aedn idudavinazansuazarsazanslmdonlaasonlod (NaOH), anwziufiawaaszin
(CH)eNs, HMTA) uaz ladouaniuaiue (Na,COy)  tudaanaznawn luan1efisnasls
(PEO)125-(PPO)ss~(PEO) 15 tnENTaALIIGIAIWSasnTUALRS oAl anfnsinis
gtyl,ﬁﬂf:mﬁfﬂ@i”'smmﬁﬂ TGA meldussenmevaduialulasiau I@Ulﬁé’@ﬁmsﬁmaaqmugﬁ
Wu 10 asmaaiGaadauwif Lﬁamqmugﬁﬁmm:auﬁm{umeséi"samolﬁu‘%qw%{"l,éfwa

ﬂ’]iﬁﬂw’m"'\mamlugﬂﬁ 4.1

100

@
99

97 A

weight loss (%)

96

——)

95 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

temperature (°C)

100

(b)

95
90
85
80
75

weight loss (%0)

70

65

60 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

temperature (°C)
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100

90

80

70

weight loss (%)

60

50

40
0 100 200 300 400 500 600 700 800 900 1000
temperature (°C)

31U 4.1 LF@IMIFYLFIIININVIFNIA88 19NN 9 aIaTITAIa19NIaTNAINAD

u U

ANAzNanfiLanenIni (a) NaOH, (b) HMTA wa (c) NayCOs

WeRsannIgyisiminvasmIdiadenFueziasnIanaznaudI N IazaL
NaOH lu3ufi 4.1 (a) wudanssnadaziinagyfetiimin 3 14 Aa asenadisanfianis
a @ ¢ & & A Ao ' ~ A a o
goiFthmtndszana 1 weildud Ngannldindt 100 ssmiTaifos T9AAINNTEAL67
289N TUNQATULURIVRITN TGI8 MIgaFutmindszanm 0.6 Wasidud luganiaes
a & 4 a . a A a ¢ =& a 3 o
\aTUNgMRNATEWIN 100-210 adrioaios HadnnnIgaLduthnan uaznsggLFoinin
~ ) { a é’ { =) 1 & a
Uazanm 2.9 wWedidud lutnann ifadungmunndszning 220-600 aseioaifos Gaiiaan
MIFNAIVEY (PEO)155-(PPO)5s-(PEO) 15 tH899MNIULANA (PEO)125-(PPO)ss-(PEO) 155 81NN
828181116 AIRW(PEO)25-(PPO)ss-(PEO) 106 UNI&INTIBEANLIN IUTUABUNNTANY FIHNALALAR
a J o A & @ ) A a & o
g Eshnindsadniasvestisnaulunmnnsiienzinininuiou [Suwanboon S. et
al (2012)]
WaRisannIgyieihminvasmIdiadenfieeiainnIanaznaudI e Iazae
HMTA  luzdd 4.1 (b) wodnaseedaziinsgmideiinign 3 Tragudsanunsdinly
1382818 NaOH e asdiatsaziiansgayduimindszana 6 wasidud nganpiidind
& a Q ¥ { L= a =3 1
100 BIANTALTIE FIAANNNIFANLAIVBIANNTUNQATULHAIVBIENTAIDEI NMITFRYLFY
gj L ~ ) { a &/ { a 1
iwindszunm 3.5 wedidud ludrsfizesiiadungmnglzning 147-180 aseioaifos
A a = a o Y ¢ & & . A a & A
asnnmagaFeiindn waznsggioimindszanm 13.9 Wedidud lugefiany tiadud
~ 1 & a L=
QIMNNNIENING 185-500 BIALTALTIE TIAANNMIAANUAIVBY (PEO)126-(PPO)ss(PEO);25
WeRsannMIgyisiminvasmIdiadenFueziaInnIanaznaudI BN IazaL
Na,CO; lu3ufl 4.1 (c) wudrmsdradiguifoinnin 3 Tradwdsinunidinldmazan
NaOH uaz HMTA fia asdiatsgaiioinindszann 24.6 wafidud Ngunnidinia 180
DINTALTHE TUAANNMIFNEAIVIANNTUNQATULUAIVBIF T8I TIdan wauz L wieD-
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15198 migtyl,ﬁﬂﬁmﬁfﬂﬂi:mm 15.2 1ot gua luﬁaaﬁ'aaaLﬁ@%uﬁaqmﬁgﬁizmw 180-280
DIANTALT R LﬁaamﬂmsgtyLﬁmﬁwﬁmmzmsamU@]”waaa’]sﬂs:ﬂaum{uaLum WATNNY
qtyl,ﬁﬂﬁmﬁfﬂﬂizmm 3.2 wasidud lugrefiay Lﬁﬂfuﬁqmﬁgﬁs:mw 185-500 89¢7-
LT us G9LAaeINNIRANLAIVDI (PEO)s5-(PPO)ss-(PEO) 105 [Suwanboon S. et al. (2013)]
MNEANIANBINDAnTINTIaMaTauTIEITatfiFa Tz lasmIanaznaudae
8138510 NaOH, HMTA Uag Na,CO; wWudn sn3dunisuazaniandidu g azamodanuad
pownndgandn 600 asrTaLToE @”difun’mmLmavl,sﬁﬁﬁuﬁammﬁqm%nuﬁ 600 8IANTALTYR

Tagazvinnistnlwanniaidniagn 1 1alad

4.2 @317AN19lA39&319 (structural properties)
421 WALRIENTHNANMALERLS

lassaisuazdmgIuzatannia 13u lasaaianin swmenin suwaeynia Jiseyna
LAZNIINITABAIVBIORNIA FINAdaaNLad199 vadiqlasas FoRnNIAN B ENT AN
Tassatzasmandnafelianudan wisoilaimsfnsnazessianaznea e mIazany
NaOH, (CH,)sN, #38 HMTA uaz Na,CO, dialasiasninfnuazamgiuzasaunia zno luaniz
AUTFINURZTNIEUET (PEO)125-(PPO)ss-(PEO) 10 Wz hd ZN(CH3CO0),.2H,0 Luunainas
RINeH

Lﬁammséﬁasmﬁmumsl,mLmavl,snﬁﬁ'qmﬁn“ﬁ 600 adeniwaldaa lwarneduiian 1

fﬂi&ld VATIINDUAILLATAI XRD vLﬁNﬂﬂ’]in@ﬁE]iJ@vdLLﬂ@NlWEl]ﬁ 4.2

@
£ g
s S
2 Sg
e e —~
£ § 2 g8 g
- Ja 0.7 mmol
" y J JL.JJ\J\ 0.5 mmol
L A Af\_._a_. 0.3 mmol
L A L_.—JLJM 0 mmol
20 30 40 50 60 70 80 90

20 ()
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(b)
[N
S
o] —~
s g
2 ST
@ )
&
=
0.7 mmol
0.5 mmol
0.3 mmol
0 mol
20 30 40 50 60 70 80 90
26 ()
(©
5
I g
2 g5
& 29 & =
< = ) g g8 g
_JL :JL » ~ 0.7 mmol
A N W\ Dy
v/ - _A_ JLJ.._JM 0.3 mmol
UL A I Y Y P Y~
20 30 40 50 60 70 80 90
26 ()

311 4.2 gﬂLmumnﬁmLuumaﬁ?ﬂﬁmﬂ%ﬂao Zn0  NLATYNANNTZUUNLITAN NI TNT WU 9
(PEO)125-(PPO)ss-(PEO) 105 14 9 LAZAIANAZNAUNUANG19NW (@) NaOH, (b) HMTA uaz (c)
Na,CO;

LfiaﬂmsmﬁgﬂLLUUﬂWiLﬁ?mLuumaaﬁ?\iﬁtaﬂsﬁmadaﬁ@‘i’aaﬂﬁaﬁmuﬂﬁim?wﬁw@ﬁ
mﬂmzﬂauﬁl,l,@ﬂ@i'mﬁ'un']wé’ammmma%ﬁﬁqm%gﬁ 600 adataaLgos twane tuan 1
72 lag WU’i']ﬂ’]i@T’lE]Ei’mﬂgd%&l@]LL&@GEULLUUﬂ’]ELgU’JLuuﬂladﬂﬁmﬂsfaa@ﬂ§aGﬁU§ﬂLLUUﬂﬂE
BeuIassIFianduas Zno AINNINIZIH JCPDS MANBLAY 36-1451 Befldnnanuanfiao a uas
¢ Wi 3.2498 uaz 5.2066 aavey awsau lagluiRavasaasalunseasnidunafizas
1% Zn(OH), 1 uaasinaIsatefitasonldnnmsdnurinuailassaionanuuuiana:ln-
UBANIBUWUULAITN Lo LLa:ms@ﬁaﬂﬁowg\mmﬁmwLﬁumaaﬁﬂmﬂgmLuu‘ﬁ'gmamdwmi
dadnadanudundngs [Suwanboon S. et al (2012)]

Lﬁaﬁwﬁagamaq Aldann1sieeians XRD  andwiswuwiananiadslagones
AINEUNUTTEI Scherrer [Suwanboon S. et al (2012)] esugasluaNuFIRUER (4.1) lananis

o o =
ﬂ?%’JM@]GLLﬁ@]GI%@]’]SWG‘Yl 4.1
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ok
cosO

4.1)

Wa D fa wandn (Wlwwas)

k Ao fAIN (= 1)
= d' o A

A A ANNENMARRUBITIRANNTZNY (0.15406 Wluua3)
A o A A A A A

B fa enunisnaismisrosie (sLaun)
A

0 A

) &qmmammﬂﬁ (83¢1)

HANINHLADFENWIUAIAINUAATIT (lattice constant) a WAL ¢ INANMNFNANUTIZTRING
ILHZUIITENINNTLUNL (d-spacing) WazATATaLaeS (miller index) NAMUFNNWIN  (4.2)

[Suwanboon S. et al (2012)] LAZNANIIEIWIKULEAIAIANTINN 4.1

1 4[h?+hk+k?]| 12 4o
2 3 2 ) 2
hkl

Wa d A JazrnesTningssuwiu
hkl@a auhiaiaas
a 98 ANAINLAANTANLILILAY a

c fa AAINLAANTATNLLILAY ¢
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AN9197 4.1 LFAITINANANLAzANAINLAANTNIASaNINNAIANAzNaua1d 9 Lilaldaanu-

ITUTUDDI (PEO)155-(PPO)ss-(PEO) 155 MUISHNMTLANGNITTTA

AIANASNA F108 mumwﬁn ﬁ']ﬂdﬁll,l,ﬂ@]ﬁsﬁ
(mmol) (nm) a (nm) ¢ (nm) c/a
0 43.76 0.3251 0.5209 1.602
NaOH 0.3 41.01 0.3251 0.5209 1.602
0.5 39.60 0.3251 0.5209 1.602
0.7 37.64 0.3251 0.5210 1.603
0 38.05 0.3245 0.5197 1.602
HMTA 0.3 33.40 0.3249 0.5204 1.602
0.5 32.92 0.3250 0.5207 1.601
0.7 28.76 0.3250 0.5207 1.602
0 43.77 0.3252 0.5209 1.602
Na,CO; 0.3 40.64 0.3251 0.5209 1.602
0.5 37.52 0.3251 0.5208 1.602
0.7 37.52 0.3250 0.5207 1.602

Wfasan (PEO)54-(PPO)s4-(PEO) 155 LuuauARNIAnafuas (@amphiphilic polymer) 7
sansndsenaudtasuaziiainlumadlaluinidonnuidutunes (PEO),-(PPO)ss-(PEO) s
ﬁ@hg\‘miﬁmmLiﬂﬁ%ﬁﬂt}@]‘uadmﬂﬁ@vlwvﬁaﬁ (critical micelle concentration) @”\‘lifu (PEO)28-
(PPO)s4~(PEO) 26 Fasnansalfiduinuwandwivduanziounauilu zno  léd 9anwanis
AW A ILEAIINANITIIN 4.1 WUIIUWIARENLENAILI DA ULTUT YD (PEO);p5-(PPO)sy-
(PEO) 125 LR i ’Luv;néi’wm@lzﬂauﬁl,ﬁanl% 15899101 0A T UTUVBS (PEO),p5-(PPO)ss
(PEO),s LANIUsATINTARfndotuaasluimasazisrdn vinliAa luaasuuaidn 9 MU
17N @”&ifuagmﬂm‘[uﬁﬁm‘fumﬂ‘lu"l,mémﬁaﬁmmmﬁmﬁaw (PEO)126-(PPO)s4~(PEO) 155
m’]mifmﬁuga [Suwanboon S. et al (2012)]

LHaRanTanaasfiLaafiouasssalaganudn samdiudasiuaniies oa Jendszanm
1.602 GegoansadnudIfildain zno NIAIZIN Aefuaafis a was ¢ dendinduiiianiny
1T UVDI (PEO);z5-(PPO)ss-(PEO) 55 LN UM aua AR mH N 3Easalunsdifildasazans NaOH
sz HMTA udranaznan uadiasiuaniis a uaz ¢ SAaasdiionnudutuses (PEO), -
(PPO)s,-(PEO) 1, 1ANIUMSBuATTIMsnaLiloldasazans Na,CO, usaanaznam

Hathansaradeiiwnsanen lassaiaauesas XRD WIAN AN B AR ILFIUA Y
L3049 SEM "L@i”wamsmaam”dLLaﬂalugﬂﬁ 43
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0.5 mmol 0.7 mmol

0.5 mmol 0.7 mmol

0.5 mmol 0.7 mmol

(c)
3UN 4.3 ANWULNITMUIIULEI ZnO MATBNIINMNITZUUNLTAMNTNTUDEY (PEO) 5

(PPO)s,~(PEO) 155 #1149 UazAIANAZNEUAWANGNITA (a) NaOH, (b) HMTA wae (c) Na,CO,
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Lﬁ"aﬁmsmwé'ﬂwmzmaé’mgmmadagmﬂ ZnO @”ﬂLLa@alugﬂﬁ 4.3 WUI1 8UNA Zn0 7
L@IBNAINENTRZAEY NaOH (gﬂﬁ' 4.3 (a)) ﬁﬂ'mﬂﬁmmmaagﬂiwmné’nwmuﬂmmmgu6] 113
SnumMzaauHY (platelet) 1HanMUTRTUVES (PEO);25-(PPO)ss-(PEO) 6 RuAn §IUaUNA
ZnO MaSuaNEI8zay HMTA (gﬂﬁ' 4.3 (b)) ﬁmil;ﬂﬁﬂuLLﬂaogﬂiwamné’nwmuﬁmmmgu6]
Hunsanaw Waanududuvas (PEO),,5-(PPO)ss-(PEO) 5 LANAM L8za%nIA Zno fLasua9n
81382878 Na,CO, (gﬂﬁ' 4.3 (c)) ﬁgﬂiw,ﬂumaﬂawgwm msﬁgﬂiwﬁmn@mﬁ'mﬂuwamn
nslfdaanaznaufinandranu MlsamninfelfAomwandrenu uazilafansanaue
aUNA ZnO fLaSuaINeIANAZNaRARANAIIN® WL auNA ZnO fawadnaafoUSunm
(PEO)15-(PPO)ss~(PEO) 135 LANAI S9maandasnunansiasziersinaiia XRD [Suwanboon
S. et al (2012)]

422 wazvaslsumansile

ﬂ‘%mmﬁammLﬁmﬁumaamsﬁaﬁwa@iaawﬂ“ﬁma‘[mm{wLLa:auuﬁwﬂaLLaamaaagmﬂ
ZnO SINWINWIFURIIANBINAVDILAWNIBNNANITNTY 1, 3, 5, 7 waz 10 luatasidud nia
J2UU Zn,,La,0 la x = 0, 0.01, 0.03, 0.05, 0.07 W&z 0.10 INNIZVUNATUNINNKITAIA U
Zn(CH3C00),.2H,0  1aald (PEO)s5-(PPO)ss-(PEO) s LIUENSLANNAMNLRALILVINAL 0.7 Ua&-
Tua wazldansazars NaOH, HMTA waz Na,CO, 1uaianaznam

A o @ ' A &a A = o

Luammsmam\‘mmumsm%ma%qum%gu 600 BIANLTRLTUE LDWIAT 1 TALNI W0

NAFDLAIBLATEY XRD vL@TNE]ﬂ’]‘W]@]ﬁQU@TGLLﬁ@NI%Eﬂﬁ 4.4

intensity (a.u.)
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(b)

(100)
(002)
(101)

110)
103)

intensity (a.u.)
C C
O
r r
=== = (102)
% %(
< x
I !
o o
] 5

(112)

©

intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (9
P & o A 6 A A v o A a [ A
gﬂ‘n 4.4 Eﬂ LUUNITLRYAUBYDITIRLDNTUDI ZnO NEAQIYLIUNIUNDTILATLNINNAIANAZNAUN

WANGN9NY (a) NaOH, (b) HMTA uaz (c) Na,CO,

n.‘.i a t:? v A 6 (23 1 nﬂ. A v >

LWaWTan UL UNTLASILNYBITIRONTUIFNIAIBEN ZnO TBFAIBUAKNIUY
Aa ' P2 A % % A ' % [ & A
UTumudng g Gaaisudiadianaznauiiuand i #asnnaEuaas loitigunnd 600 asen-
wados luana iuiaan 1 $alas wodr msdredefiieIsuanyng eulvusasgduuunis
WRELUUVRITIFONTYEY ZnO AN IUTDYANIATIIH JCPDS  WHNELAY 36-1451 LFAIIIENT
o \ A A o v o Y = A Aaf & . = A
gataNdadsuaumuinilassaonanuuuianazlnuaanianuuisnlod atnelsian 1ie
WINIUUUDNIRENLUVEI ZnO AFadauaunniunldznsazars NaOH (Jusanaznan
Qq: nﬂ. a @ A 1 6 & 6 a n:i n&/ ‘:§ [
BulaySunauaumiuidininnit 5 lwatdesidud aziiamanaasis Saduwavasnauniy

1 o J Y a o a :3’ {

ponlad (La,0;)  waztWangasazsngraanduilotSuiouauniud vin luwme sy
f18819 ZnO MBaFILAUMIUNNANALNAUGILFITAZANY HMTA waz Na,CO, tuaadWanaasd
muldtairnavanias XRD Nltnagay

Wathdayafldinmilienzddn XRD sdwinmaninuazdnsiiuaafislasendy

ANMUFUNUTA (4.1) Uaz (4.2) TaHan I wImaILaasluaTen 4.2



P = , A a
A1979N 4.2 LRAIVUIANANLLASANAINLLAGNDTVDI ZnO

ANAZNWAN 9 el anuduTuad (PEO),,5-(PPO)ss-(PEO) 5 USHN0s 0.7 S lua
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a A 9o o A a a
NLIDAIYULIUNIUVNUNLATILNINNA

gaanaznaw | YSunmkLa | wUIONEN fnnsiuaati
(x) (nm) a (nm) ¢ (nm) c/a
0 37.64 0.3251 0.5210 1.603
0.01 33.36 0.3247 0.5206 1.603
NaOH 0.03 31.28 0.3247 0.5206 1.603
0.05 29.80 0.3247 0.5200 1.602
0.07 25.68 0.3247 0.5199 1.601
0.10 33.35 0.3248 0.5206 1.603
0 28.76 0.3250 0.5207 1.602
0.01 32.95 0.3250 0.5208 1.602
HMTA 0.03 33.72 0.3247 0.5201 1.602
0.05 33.57 0.3248 0.5200 1.601
0.07 33.57 0.3250 0.5205 1.602
0.10 33.35 0.3247 0.5201 1.602
0 37.52 0.3250 0.5207 1.602
0.01 30.38 0.3247 0.5203 1.602
Na,CO, 0.03 29.78 0.3245 0.5201 1.603
0.05 25.10 0.3243 0.5200 1.603
0.07 2847 0.3246 0.5202 1.603
0.10 29.78 0.3249 0.5200 1.600

LANANTNDAINFIUTERING ¢/a VAIRNTANDLNNIRNA WUINHAIT2I19 1.600-1.603

TINOANRAINLAATIEIN C/a ?l@dIﬂiGﬁ%ﬁx‘]Lﬁﬂ%ZIﬂ%ﬂﬂ wanANHLlaNNTIMAIAINUAANT a

' ' P a a A v @ A v ' 1 A a
WA ¢ WU ANAINLAANTVDY ZnO  NLIAAIYUIUNIBINATUDLINIIATAINUIANTYDI ZnO

a a5 ] 3+ fl ~ o 1 2+ U @ '
uigns ugasilanaw La  lusnuninunwndiunisaadlasaw zn~  lulassaingle uelanaw

3+ ' Aa ' { ' 4 3+ A
La” azuninagmulunaafioniasansazeglugduaunanans 1iu La,0, LHasan La- (116 #-

Ao A A oA 2+ A
lawwas) d5adlesaunlaninsailessuves zn~ (74 Wlawwas) N0 [Suwanboon S. et al.

(2013)]

A A 2 Ao, A ] = A a
L&Iawaﬂim’lﬂlu’l(ﬂNaﬂﬂﬂ’m’smvl,@ﬂu@’li’mﬂ 4.2 NUY IR1ONANVAY ZnO  NEGILUIN

= 4 a v A X =
81782818 NaOH ﬁmu’]@]Laﬂﬂ\‘]Lﬁaﬂi“qmuaquuNLWNTuﬁnﬂ 0 Lﬂu 7 I&JaLﬂa‘i‘Hu@T V\%a X

A & o < 4 a v a X & . 4
LWNUWIIN 0 Lﬂu 0.07 V\ﬂ\j"ﬂqﬂuuLﬁaﬂiwqmuauﬂ’]uNLWN?J% muﬁﬂwﬁﬂﬁ]ﬂ@l‘uu /9% ZnO ﬁ
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= a =2 & A a o o A v A a £ '
L@INIINEITRZAY HMTA TUUIananladniilatdaa g uawnblneUSu1 mwannInun NG b
' ' =< @ A A ~ R A= A a
FINARDUVUIANANNINKN Uz ZnO NLATBNINNEITAZAY Na,CO, JVmanannanadtioIunm
e 2 X o . & 4
LABINHNIANIWINN 0 11w 5 Tuatdasidud wia x LNNAWINN 0 Ll 0.05 KaINILT LTI
v a X a =2 £ A A X =2 A A o ')
LAWNHULANIRENUUIANANZ]aT% TIN1TAARINTONIILATUUDINAN ZnO NABAILULAWNITN
uInsue leal88nTwauaInIHIan (Zener pinning effect) 289 laaauuanmuunIainanaas
{ a J o v { QI 4 { 1 QI o vV A
AT WL IR NI UFINAVININITLARAUNUBITALLNTY NAIIAD FINAUINILVN IALAALTS

[ . ' = \ ¥ A 1 o
W29 (retarding force) AanianibrsNUALYINNL GG qﬁsmgmf (2555)]

3f
3 :_eryb (4.3)
p

A A . A o a a ' = ' a A o =
\Wa F, A9 usinihi f, Ae uufinarinsdeniiniiglinnes ¥, As walunvau-
\NI% UaT 1, Ao SadvaIRINawINd
4,

o Aa = XA Y Aa ~ o L
lasm laumanifvwaianazladwieaawsdsnuifilasdussuan (driving force) Aivh

lﬁLﬁ@Iﬂ’liiGI?lE]G auNa Wiy

A & o A ! A A Y A A e A
LB Fy A8 LWIINAN OL AD ANANN 'Yb A WRINIUNVBULNTW LLRE r D IANVILNIW

Tuszuule 9 AUt IuTIRBNTAININAIILTINGN VMIARENAZLENAS a8 lsAaY 60
% A dl a >3 s a o v A AI a a
losanvasuaunmuuniawangasianisruainwanniin i liiaduasgsfianas (r) Je

Ce

wnnIeninge lisanaiuszning f/r, aaad nIsdszEnFaiwlunsdsdraans aanuunss
oA X A e . X &
wiIiiaduazanay wazninussnisdaniasnitusinan winazladudnasy

a8 3A0 NNHIUNIAN B LATIFTINAILLATEY XRD  WNANBIAN YA UG8

L1A389 SEM VL@TNamsmaam”mamlugﬂﬁ 45
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A [ o A A o o A \ P2 A %
;J‘.LI‘Y] 4.5 aﬂﬂmzmdamgmmad Zn0O mﬁlammmumuuﬁsmmmm PILATLNINNAIANASN AL
ALaAN@19NH (a) NaOH, (b) HMTA uaz (c) Na,CO,
A A A ' A A o o A A A
LNQ‘W%’]SM’I%’]ﬂEﬂ‘Y} 4.5 WUI1 ZnO NEIAYLLRBNIUNDILATLNINNRITRZRNY NaOH ¥
> 1 1 Qq; a Qs 1 é A
anwm:gﬂﬂuﬂuumauq LRSNINNANNRUNU msmtzﬁnﬂm’maaagl,ﬂ’mvl,mammua ‘]Nﬂ’]iﬁ
1 dl 1 a c?( a a a dl n:i a J 1 n:i = £Z
Eﬂs’]\mLmﬂmaﬂuumaa:m@mﬂawﬁwamaaLWaVlaaamﬂmu alualﬁ‘;ﬂ’]ﬂ ZnO 7LaQIYLAY-
= & L= 4 =) = &/
muw‘i?al,@%'ﬂmmaﬁa:mﬂ HMTA ﬁaﬂumuﬂumaﬂauLﬁaﬂ‘immuaumuugwu u,a:mql,mﬂ
& \ % A a v & A . .
%ZI@]‘U%BEl’ld‘]j@]Lﬁ]uL&lﬂﬂi&l’lmLLﬂuﬂ’]%NiﬂGTWﬁdEJ’]’fﬂ’%ZLﬁ%Nﬂ’fﬂ’]ﬂﬂavLﬂ Ostwald ripening LR
A A o o A a A~ o A a
a‘km’]ﬂ ZnO 7L VYLLABNINNDILATUNINNRITRESRNY NazCO3 maﬂwmuﬂumaﬂamumi
> ' ; ‘& a aaa ] o v
NITAINYAIVUNFUILRUD émmaauf’]uwama’mmim@ﬂgﬂsmmum:mumﬂsﬁa-wa 71’111&
J ] v é 1 § v { a
akl,mﬂimuamw’le] fﬁamemw’mmtﬁﬁlmmia:mu NaOH uas HMTA ﬁm@mmﬂmmu

281933037

4.3 FNUANIILEI (optical properties)
4.3.1 Nawadmitﬁuﬂa’mmﬁﬂs
Lfiaﬁﬁmié"sasi’mﬁl,@l%'mlﬁ]’mmmﬂ@l:ﬂau@T’J&lmiaza’m NaOH ﬁ]’mszuuﬁﬁmmlﬂwﬁu
Va3 (PEO) 25-(PPO)54-(PEQ)425 LL@m@iNﬁ'umﬁﬂmmi@@ﬂﬁuLLm VL@TNamiwmaa\m”\‘iLLa@ﬂugﬂ
7l 4.6
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1.60
——————— 0mmol
—— 0.3 mmol
0.5 mmol
® — — 0.7 mmol
o
c
I
=
2
Q
©
200 300 400 500 600 700 800

wavelength (nm)
P a a a @ a &
;sﬂ‘n 4.6 Wf]@mii&lﬂ’]i@@ﬂﬂ%ua{]"ﬂa\‘]akm’]ﬂ ZnO mﬂmﬂaumalmsazawismmu"lamaﬂvlsm

N3 UUNINS1E (PEO) 55-(PPO)ss-(PEO) 105 NIONNENTUAS 9

Lfiaﬂmim']mﬂnm%’umsgmﬁmawaams@ﬁama Zn0  WUINENIA2aHNININNAT
wodnssunIsesrngslugifida I@slmm”’saﬂ'ﬁawgmuml,a@waums@@ﬂﬁu‘ﬁ'mwtmﬂﬁiu
Uszanon 400 w1 luluas

NNTaYANIAANAUURIVBIRIIEIBLI ZnO AANIRAIMIBIIIaTaIIINAIula
mﬁ”mm’m§uw”u§swdwﬁuﬂszﬁw%%ﬁg@ﬂﬁuumﬁuﬁaddwwé“aa’m 9% [Suwanboon S. et al
(2012)]

(OE)” = A(E-E,) (4.5)

\ila E Ao wadinuwadlwaau (E = ho/d L1la h @ A1AINUBILNEIA ¢ AB ANLTILRS

=4

A A A ! A \ ! o A [ a a% A
LLNS 7\4 A8 AVLNIA[K) A A8 ANANTN Eg A TRIINWAINIIW LA Ol Ad ﬁuﬂﬁzaﬂﬁﬂqiﬂ@ﬂﬂ%

v

& v Qs Q Qs
LR Gﬁdmmmﬂﬂ@mﬂmmawwuf @x‘iﬁ
o = A/d (4.6)

\a A fla dmIganduusiniald uaz d Aa ANMURIITIAIAEN (0.4 LTUFINAT) Uaz
WAIIN UV LN ABUENNNTAM LANNANNFUNUTAIH

E = 1,240/ (4.7)

A A A Ao A '
L8 }L 8 m’lsJal’nﬂauw’mmig@ﬂauuaﬂu%mUWII%L&J@]?
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o & 4 [ a 1 2 o Y a H
I o uN N ALEAIANURNA LT TR (OLE) NU E a:"lmwamuamlugﬂﬁ 4.7

o 0mmol
o 0.3 mmol
A 0.5 mmol

x 0.7 mmol

(«E)? (eVicm)?

3.15 3.20 3.25 3.30 3.35 3.40
E (eV)
H > a 1 2 Qs Qs 1 { v
;Jﬂﬁ 4.7 ﬂi’lwLLﬁ@Gﬂ?WNﬁNW%Eﬁ&V\T}G(aE) Ny E wa3a188139 ZnO ﬁmﬂmﬂaumummzmﬂ

NaOH 9n3zuuATN51E (PEO)55-(PPO)ss-(PEO) 55 NIOMNNTHT UGN 9

Lfiaﬁmsmwmngﬂﬁ 4.7 EITORIVWIATBIIINEINU LA LALNITAINLFUATIHIUT
AMUTUAALNY X INNANITILATIZAR WUIIRITA28819%38 ZnO  HATaII19WadnYiINL
3.228, 3.224, 3.220 ua 3.216 Bianavauliag LHalt (PEO)ss-(PPO)ss-(PEO), 5 NIANMIT T
WiNNU 0, 0.3, 0.5 kaz 0.7 AR LA AUAIGL INHANIINARBINLINVUIATEITHINAIINULALA
Waanututuaas (PEO)25-(PPO)ss-(PEO) 8 Rt %?mﬁamm@agmmﬁﬂm Feonaazdu
Wan131nN1IUInguasdniilulisasne zno dindu Sedanalitasinanasuuanag
[Suwanboon S. et al (2012)]

lasannaniaagedtesinonasnuuauuazUSu mennd 1o ﬁaadwaaﬂ%mugd FINA
FaRNUANILINUJATLGILURY @”alfquﬂirﬁSus] AANALNAUAILRIIAZANY Na,CO; Wz HMTA
NNTUUATMIE auawniivazasfianuEuTwY e (PEO)25-(PPO)ss-(PEO) 8 A 0.7 Hadlus

LN %

432 wWazolIumasde
Wai&1192 0819 ATBNNNNITANAZNOUAIBRITRZA1Y NaOH, HMTA Uas Na,CO,
ANITTUUNTANUTUTUVI (PEO)125-(PPO)s4-(PEO) 15 WWINAL 0.7 T8 lua Uazanultuduzas

Y , o = A @ o a
LA WNIUU LLG]ﬂ@l’ldﬂumﬂﬂ‘lﬂ’m’lig@mammd VL@lNaﬂ’li‘Vlﬂaa\‘lmLLa@ﬂugﬂﬂ 4.8



-42-

1.60
1.40 @
7
1.20 A
8 1.00
c
3
= 0.80 A - x=0
é 0.60 - - -x=0.01
x=0.03
o404 X x=0.05
0.20 | - —x=0.07
x=0.10
0.00
200 300 400 500 600 700 800
wavelength (nm)
1.60
b
1.40 m ()
MR g
120 | PR Ve h‘l “
8 1.00 1 \
C
©
‘g 0.80 A — —x=0
a 1 x=0.01
< 0.60 ——-x=0.03
0.40 A - --x=0.05
——————— x=0.07
0.20 A —x=0.10
0.00
200 300 400 500 600 700 800
wavelength (nm)
©
8
ey
[58]
o)
S x=0
S - x=001
- -x=0.03
— —x=0.05
——————— x=0.05
x=0.10
200 300 400 500 600 700 800

wavelength (nm)

a a A A A o o A a o A
311 4.8 WO ANITUNIQANAULFITDI ZnO NLADAIBUAUNLN TILATLNIINAIANAZNN
LANG19NY (a) NaOH, (b) HMTA uaz (c) Na,CO,
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Lﬁaﬂmirmat.a.lnm%’umig@ﬂﬁml,awaamiéﬁaﬂ'w Zn0  WUIETAIDLNNIRNAN
wqﬁﬂﬁwmsaaamugﬂumﬁ&ﬁa I@ﬂmi@ﬁasmﬁ'mmLLammaums@@ﬂﬁuﬁmmmmﬁu
U520 400 WIlWLNAT LmzmaumigﬂﬂﬁuﬁumiﬁuLé‘auvl,ﬂﬁmmmm’mﬁugm%alﬁaﬂﬂﬁ’m

s c'> 4 a s QI J
WAIIIUAT LD UTI RULAWULAND T
'ﬂ?ﬂ‘ﬁ’aﬂ@ﬂ’]‘i@@]ﬂﬁ%uﬁﬂ‘ﬂaﬂaﬁi@uﬁQFJI'N ZnO 738G IBULABNIHY FIUITOAIWIHIUG

ﬁaadwwé’amu‘lﬁé’aLLaﬂalugﬂﬁ 4.9

ox=0

o x=0.01
A x=0.03
x x=0.05
x x=0.07
o x=0.10

(@E)*(eVicm)?

3.15 3.20 3.25 3.30 3.35 3.40 3.45
E (eV)

ex=0 ()
@ x=001
4x=0.03 . e e

(@E)? (eVicm)?

310 315 320 325 330 335 340 345 350
E (eV)
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ox=0 (©
o x=0.01

0, o
A Xx=0.03 . . O%MO%O

(aE)* (eVicm)?

3.10 3.15 3.20 3.25 3.30 3.35 340 345 350 3.55 3.60
E (eV)

H Y % ' 2 o { [ % 4
317 4.9 NINUEAIANNFNNUTITNIN (OLE)” AU E 289 ZnO NiT0@uuauniiy J9a3ouann

FIANAZNOBNLANGIINY (a) NaOH, (b) HMTA uaz (c) Na,COs,
ﬁnﬂgﬂﬁ 4.9 TAITHNRINUUDI ZnO NLFAAILULAUNINY FINITDUEN AAIANTIN 4.3

P> = \ ] o &
$19791n 4.3 LLN@N‘IJ%’]@]NaﬂLLElz“Ead’J’Nwadd’mmadﬁ’]ﬂuizuu Zn1_xLaxO taanasnan

AILRIIACANLNLANAIN

AIANAZND 15um La YUWIANEN ToITNNIWAI

(x) (nm) (eV)

0 38.89 3.217

0.01 38.61 3.221

NaOH 0.03 37.82 3.220
0.05 35.71 3.203

0.07 33.35 3.200

0.10 27.56 3.196

0 28.76 3.200

0.01 29.70 3.195

HMTA 0.03 33.72 3.188
0.05 33.57 3.184

0.07 33.57 3.167

0.10 33.35 3.159
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P> =< \ ' % P
$13791N 4.3 LLam‘U%’l(ﬂNaﬂLL&:“EGG’JNW&N’MTa\‘im‘ﬂuizuu Zn,,La,0 1aanacnah

AILRITRZANLNUANG1NY (68)

AIANAZND 15umh La YUWIAKEN TAITNWAIN

(x) (nm) (eV)

0 32.91 3.200

0.01 30.38 3.18

Na,COs5 0.03 29.78 3.180
0.05 25.10 3.180

0.07 28.47 3.180

0.10 29.78 3.180

A o o ' ' ' o v X A a o
wialtanIazany NaOH Liluaianaznat WUINIWIATaI19NaINRIzNIIIwlaldady
v A € & & A A 2 A& oA v @
wawnd laitin 3 Tuattasidue w3 x < 0.03 LHAINUWIANANNLANSY WL aANULTUT WY D
LABNIRUNINATT 5 luatdasidud 3o x > 0.05 VWIATAITIINRINBILWI ITTuLAURS Danaldn
=S =3 =3 & a ci A a 1a o a Al g
YUNANANILLANFINAN TID1LLDURNANIINNNNTNANFNFBIRIDNTNUSN MG AR N YU
Waldz1sazaty HMTA tduaanaznat wuINUwIaTadidnaddnwazilauadtianiny
U L% s n' &J d! =S As&/ a ) a n' ¢§/
LU U DI W ULA VTS TI81992L TUHANINUWIANINNY LA LTI G 1R L NN 14
A o o ' ' ' [ A =
walta1Tazans Na,CO, LuaIanaznau WU WIATaIIINAINUITLALR LN aLAs L
@ ’~ a5 & @ =< = = =& A A A
AU&s ZnO U3gnT Aawlinrmananazianadnany F307199 DUNa NI TN N aNFaInTa

A 1A o a nl t&/
NMINYINT AR LN LY [Suwanboon S. et al. (2013)]

4.4 §N1AN3L39U)N381028UES (photocatalytic properties)

Usznimwnmassd fisondsussdanuaunitlasassnuautanislassasnuazauia
NILET AINUIIUITEUTIANWINALIRN WA IR TUTIRUAZYWIATEITNNEINUA oL S ENTN N

Ao oA aa a

vainseansFfeuneldiienlanimmanousy’

81618879 ZnO uaz ZnO NABAILUAUNINN LUBANANBUAILEIIAZATY NaOH uaz
Na,CO; (draginanaznausiy HMTA Susunadasuin 39ldviinisiinmw) smasaunssans
fdauldnanmmeasauduaadlugui 4.10
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100

. B a
90 | @i «- R @
PRtiser SR
80 1 P
o, A " L9
- 70 1 30 min S8 x/ IR
. ! . , @
% 60 - . o Rany
ar ;. L2 -
g 0] CE e o ox=0
> 40 S X - O -x=001
3 e -+ -x=003
L 30 | My .0
> 30 X - 3 - x=005
207 8 - % - x=0.07
104 . 8 -0 -x=0.10
0 _w *
0 30 60 90 120 150 180 210
irradiation time (min)
100 a
TSP FERET SRR L
90 éjxi'—'ﬁ': 3k A d ®)
80 1 el 3
S Wt A
= 70 .hll,'
] :.‘I:
T 60 {30mn i ..
— s
8 50| an i o oo
S 404 & - T - x=001
0| - % -x=003
Ry - 5 -x=005
20 - ¥ - x=007
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ZnO nanoparticles were synthesized in the presence of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
((PEO)35-(PPO)s4~(PEQ)y5) triblock copolymer, through a precipitation and sol-gel method using Zn(CH;COO),.2H,0 as the
zinc source with NaOH or Na,CO; as a precipitating agent, respectively. The change of particle shape was dependent on the
use of NaOH or Na,CO;. The crystallite size diminished when the concentration of (PEO);,3-(PPO)s4~(PEO);,5 was increased.
The energy gap varied in the range of 3.216-3.225 eV and 3.202-3.222 eV when NaOH and Na,CO; were used, respectively.
The dependence of the energy gap on the defect concentration and strain was explained.

Key word: ZnO nanoparticles, Surface active polymer, Defect concentration, Strain, Optical properties.

Introduction or several macromolecules that exhibit hydrophobic and

lipophilic characteristics either as separated blocks or as

Recently, the synthesis of inorganic nanomaterials grafts. Nowadays, amphiphilic block copolymers such
especially metal oxides such as SnO, [1], TiO, [2], as poly(ethylene oxide)-poly(propylene oxide)-poly
71O, [3] and ZnO [4] by soft chemical methods has (ethylene oxide) triblock copolymer (PEO-PPO-PEO)
been an attractive research area. ZnO is one of the »n- are some of the surface active polymers that have been
type semiconducting oxide materials that are being attracting interest due to their ability to form normal
widely used for applications as photocatalysts [5], in micelles, reverse micelles, monolayers [9] or others. As
sensors [6], varistors [7] and rubber additives [8]. In far as we are concerned, some research workers have
general, ZnO can be fabricated from a gas phase or from investigated the effect of PEO-PPO-PEO on ZnO
solution. The gas phase synthesis uses the precursor in a morphology, for examples, Zhang and Mu [10]
gaseous state and requires a high temperature, for example, investigated the effect of (PEO);3-(PPO);o-PEO,; (L64)
physical vapor deposition and chemical vapor deposition. and (PEO)go-(PPO)5-PEOg (F68) on the formation of
Solution based synthesis including solvothermal, pre- ZnO nanorods prepared by a solvothermal method at
cipitation and sol-gel methods, requires a precursor that 150 °C for 10 h. They reported that the shape of the
can be dissolved in an appropriate solvent. Normally, this ZnO particles were small rods but the size of the ZnO
route is simple, low cost and easily scalable compared to obtained using F68 was larger because of its larger
the gas phase synthesis. So, the solution based synthesis is PEO chain. On the other hand, when the solvent was
perhaps more interesting and easier to explore than the gas distilled water and the aging time was increased to 15
phase synthesis. Moreover, the solution based synthesis h, the prism and pyramid-like structures were shaped
can be controlled by nucleation and the subsequent by using L64 and F68, respectively [11]. Bai et al. [12]
growth using an appropriate surface active agent. The reported that clawlike ZnO superstructures were
selection of a suitable surface active agent is very synthesized by a hydrothermal method at 100 °C for
important for producing the different morphologies. In 24h by using (PEO),~(PPO);-PEO, (P123).
the past two decades, polymeric surfactants or surface However, we have not seen any article to report the
active polymers have been introduced to this field of effect of (PEO);s-(PPO)s4-PEO, 25 (F108) on ZnO
research. The surface active polymer is composed of one formation by precipitation and sol-gel methods. In this

study, we have therefore reported the influence of
(PEO);25-(PPO)s4-PEO, 55 (F108) triblock copolymer on

*g"lrfejgg%igg "é‘;tgg’r : the morphology of ZnO particles synthesized by precipitation
Fox. +66.7428.8303 and a sol-gel method at 60 °C for 1 h with distilled water
E-mail: sumetha.s@psu.ac.th as the solvent because (PEO);,5-(PPO)s4-PEO;¢ molecules
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have amphiphilic characteristics and can self-assemble
into various shapes of micelles. Moreover, we have also
reported the dependence of the optical properties on
crystallite size, defect concentration and lattice strain.

Experimental

All reagents used in these experiments were analytical
grade and were used as received. To investigate the
effect of (PEO);23-(PPO)ss-(PEO), 55 triblock copolymer
on the control of morphology, 2.1950 g (0.1 M) of zinc
acetate dihydrate (Zn(CH3C0OO),.2H,0, Fluka) was first
dissolved in 100 ml of distilled water with continuous
stirring for 15 minutes. Then, different amounts (0,
432, 7.20 or 10.08 g) of (PEO)]zg-a)PO)54-(PEO)123 (MW
14,400, Fluka) were introduced into the zinc precursor
solution separately. Finally, 4g (1M) of sodium
hydroxide (NaOH, Fluka) dissolved in 100 ml of distilled
water was added dropwise to each (PEO);y-(PPO)sy-
(PEO),5s-modified zinc precursor solution. The precipitated
white powders were continuously stirred at 60 °C for 1 h.
The reactions were then stopped and cooled to room
temperature, filtered, rinsed with distilled water several
times and followed by ethanol, dried at room temperature
and finally calcined at 600 °C in air for 1 h to obtain the
pure ZnO powders. In order to compare the influence
of the precipitating agent, sodium carbonate (Na,COs;,
Riedel-de Haén) was selected. 10.60g (1 M) of
Na,CO; that was dissolved in 100 ml of distilled water
was added dropwise instead of the sodium hydroxide to
each (PEO)-(PPO)s4~(PEO)25-modified zinc precursor
solution. Then, the other processes were followed as in
the case when the NaOH solution was used.

The thermal characteristic of the as-prepared ZnO
powder were determined by a thermogravimetric analyzer
(TGA7, Perkin Elmer) over the temperature range of 50-
1000 °C at a heating rate of 10 Kminute under a nitrogen
flux. The FT-IR spectra were recorded on a Fourier
transform infrared spectrometer (EQUINOX 55, Bruker)
using KBr pellets in the range of 400-4000 cm™. The
crystal structure of the powders was characterized by X-
ray diffractometry (X’Pert MPD, Philips) with CuK,
radiation. The morphology of the calcined samples was
characterized by a scanning electron microscope (SEM,
QUANTA 400, FEI). The diffuse reflectance spectra of
the calcined samples were recorded by a UV-Vis
spectrophotometer (UV-Vis 2450, Shimadzu).

Results and Discussion

ZnO formation

To identify the purity of the products, the as-prepared
ZnO powder and (PEO);5-(PPO)ss-(PEO)os were
characterized by the FT-IR spectrometer and their
spectra are displayed in Fig. 1. Considering the spectrum
of as-prepared ZnO powders, many low intensity peaks
of (PEO)]23-(PPO)54-(PEO)123 were still exhibited. This

Fig. 1. FT-IR spectra of (a) (PEO)25-(PPO)s4-(PEO);25 and (b) the
as-prepared ZnO powders obtained from precipitation with NaOH
solution.

Fig. 2. TGA curve of the as-prepared ZnO powders obtained from
precipitation with NaOH solution.

indicated that some (PEO);,5-(PPO)ss-(PEO);25 was still
adsorbed on the surface of the as-prepared ZnO powders
although the samples were thoroughly rinsed with
distilled water several times. The sharp IR peaks at about
573 cm™ and 440 cm™ can be assigned to Zn-O [13].

To obtain the pure ZnO powders, the as-prepared
ZnO powders have to be calcined to remove any
residues. In this section, the typical nature of the
pyrolysis process for the (PEQO);5-(PPO)ss-(PEO);2s-
modified ZnO powders was studied and the result is
presented in Fig. 2. It was observed that the TGA curve
showed three major weight losses. The first weight loss
of about 1% occurred at a temperature below 100 °C.
This was attributed to desorption of retained moisture
from the surface of the ZnO powders. The second
weight loss of about 0.6% occurred at a temperature of
between 100 and 210 °C and this was due to removal of
crystal water [5]. The third weight loss of about 2.9%
occurred at a temperature of between 220 and 600 °C and
this is caused by the decomposition of (PEO);,5~(PPO)s,-
(PEO)]zg molecules. As the (PEO)]zg-a)PO)54-(PEO)]28
molecules can dissolve in water, most (PEO);,5~(PPO)s,-
(PEO);5s molecules were eliminated in the washing
process and only a small amount of (PEO);5-(PPO)s4-
(PEO);,3 molecules remained on the surface of the ZnO
powder. This was confirmed by the low percentage of
weight loss in the TGA curve in the temperature range of



Influence of (PEO) ,5-(PPO)s~(PEQ) s triblock copolymer on ZnO morphological control and its optical properties 679

Fig. 3. XRD patterns of calcined ZnO powders synthesized with
different(PEO)55-(PPO)s4-(PEO);,5 concentrations and precipitating
agents (a) NaOH solution and (b) Na,COs solution.

220-600 °C. From this TGA study, the calcination tem-
perature of 600 °C was chosen for all further experiments.

Structural study

We know that the type of precipitating agent can
significantly influence the structural properties of ZnO
powders such as crystallite size, particle size, particle
shape and particle distribution. In this study, the
samples were synthesized by using NaOH and Na,COs
solutions from zinc acetate dihydrate solutions containing
different concentrations of (PEO);,5-(PPO)s4-(PEO);2g
triblock copolymer. After being filtered, dried and
calcined at 600 °C for 1 h in air, the crystal structure of

diffraction patterns are shown in Fig. 3.

With regard to Fig. 3, the diffraction patterns of all
samples are in accordance with the diffraction patterns
of standard ZnO powder (JCPDS card number 36-
1451). Thus it is proven that all calcined samples
exhibited a pure hexagonal wurtzite ZnO structure. To
investigate the dependence of the size of the crystals
formed in the presence of (PEO);,5-(PPO)ss-(PEO);2g
triblock copolymer, the crystallite size of all samples
was calculated by the Scherrer’s formula [14] and the
calculated crystallite sizes are listed in Table 1:

_ kA
a BcosO (1)

where D is the crystallite size, A is the wavelength of Cuk,
radiation (0.15604 nm), S is the full-width at half-
maximum, &is the Bragg angle and £ is a constant (0.8-1.0).

Theoretically, (PEO);25-(PPO)ss-(PEO);,5 is an amphiphilic
triblock copolymer that can self-assemble in aqueous
solution to form a micelle when its concentration is
greater than its critical micelle concentration (cmc)
[10] Therefore, (PEO)lzg-(PPO)54-(PEO)128 can be
used as a template for synthesizing ZnO nanoparticles.
It was evident that the crystallite size decreased as a
function of the (PEO);25-(PPO)s4-(PEO);2¢ concentration.
This is because an increase in (PEO);s-(PPO)sy-
(PEO);5¢ concentration can accelerate the nucleation
rate of the micelles, and lead to the formation of many
micelles with small dimensions [15]. Thus, the smaller
sized ZnO nanoparticels can be produced inside the
smaller micelles when the higher (PEO);25-(PPO)s,-
(PEO);2¢ concentrations were used. The morphology of
the calcined ZnO powders was then characterized by a
scanning electron microscope (Fig. 4-5.)

As shown in Fig. 4, the short rod-like shape appeared
at a low concentration of (PEO);,5-(PPO)s4-(PEO);2g
whereas there was a mixture of small platelet shape
and short rod-like formed at high (PEO);ys-(PPO)s4-
(PEO);s concentrations when the aqueous NaOH
solution was used for precipitation. On the other hand,
when the aqueous Na,CO; solution was used, the ZnO
particles had a spherical shape in all ranges of (PEO);,g-

the calcined samples was determined by XRD and their (PPO)s4-(PEO)55 concentrations (Fig. 5). In this
Table 1. The properties of ZnO powders from different synthetic conditions
F108 e si E £ lattice constant Strain
crystallite size o 0 A x10™*
bases (mmole) (nm) (V) (V) & (107
a c & &
0 43.76 3.225 0.10 3.2512 5.2085 431 3.65
NaOH 0.3 41.01 3.221 0.10 3.2512 5.2085 431 3.65
0.5 39.60 3.221 0.10 3.2513 5.2090 4.62 4.61
0.7 37.64 3.216 0.10 3.2513 5.2103 7.69 7.11
0 43.77 3222 0.09 3.2519 5.2086 6.46 3.84
Na.CO 0.3 40.64 3.207 0.11 3.2506 5.2085 2.46 3.65
S 0.5 37.52 3.204 0.13 3.2510 5.2084 3.69 3.46
0.7 37.52 3.202 0.13 3.2498 5.2072 0 1.15
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Fig. 4. SEM images of ZnO powders synthesized with different
(PEO) 23-(PPO)s4~(PEO) 5 concentrations by using the NaOH
solution.

investigation, we observed that both crystallite size and
particle size obtained by using aqueous Na,CO;
solution were smaller than when using the NaOH
solution, this is due to the difference in the nucleation
rate. Considering the rate of ZnO formation, the nuclei
of ZnO were promptly produced and subsequently
grew when the aqueous NaOH solution was slowly
added into (PEO);2s-(PPO)ss-(PEO);25-modified zinc
precursor solution. This slow addition helped to obtain
secondary nucleation during the growth process, and
gave rise to the different morphologies and sizes. When
an aqueous Na,COj; solution was added into (PEO);,s-
(PPO)s4-(PEO)28-modified zinc precursor solution, a
gel was first formed to assist the zinc precursor
solution to form nuclei simultaneously, followed by the
growth process after the nucleation finished, and giving
rise to homogeneously spherical ZnO particles. From
this point of view, the ZnO nanoparticles obtained by
different nucleation and growth rates produced
different morphologies and different sizes.

The lattice constants a and ¢ were calculated by
using the following equation [14]:

1 :A_l[h2+hk+k2}

12
+= 2
R @

2

a C

where d is the lattice spacing, # k [ are the Miller
indices and a as well as ¢ are lattice constants. In this
study, the lattice constant a is calculated from the (100)
plane and the lattice constant ¢ is calculated from the
(002) plane. The calculated lattice constants are given in
Table 1. Owing to the finding that the lattice constants of
ZnO powders changed when compared to the ZnO
standard (a)=3.2498 A and c¢,=5.2066A) as the
(PEO)25~(PPO)s4~(PEQ)55 concentration was increased,

Fig. 5. SEM images of ZnO powders synthesized with different
(PEO);25-(PPO)s4-(PEO); 55 concentrations by using the Na,CO;
solution.

this allowed strain to be generated and the strain along the
a- and c-axis of the ZnO lattice was evaluated from the
lattice constants a and ¢ by the following relations [16]:

a—a,

= 3
a== 3)
e — )

Co

where & and g are the strain along the a- and c-axis,
respectively, a, and ¢, are the lattice constants of the ZnO
standard. The tensile strain of the ZnO lattice obtained by
using the NaOH solution increased as the concentration of
(PEO),25-(PPO)s4-(PEO),,5 Was increased, and vice versa,
the tensile strain decreased as a function of (PEO)-
(PPO)s4-(PEO);28 when the Na,COs solution was utilized.

Optical study

The optical absorbance of the calcined ZnO powders
was determined by a spectrophotometer within the
wavelengths of 200-800 nm. The ZnO powders show a
highly transparent mode in the visible region and the
absorption edge of the ZnO powders is about 400 nm.
The absorption coefficient (&) was evaluated from the
absorbance spectra using the relation [17]:

a=4 )

/

J
where d’ is the thickness of the samples (0.4 cm) and 4

is the absorbance. The energy gap was estimated using
the following relation [17]:

(aE)'=B(E-E,) (6)

where B is a constant, E is the photon energy and £, is
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Fig. 6. Plots of (aE)’ vs. E for evaluating the E, value of the ZnO
powders synthesized with different(PEO);5-(PPO)s4~(PEO); 25 con-
centrations and precipitating agents (a) NaOH solution and (b)
Na,COj solution.

the energy gap. The photon energy is evaluated from
the relation [17]:

e
=X ™

where £ is the Planck’s constant (= 6.626 x 107* I.s), c
is the velocity of light (=3 x 108 m/s) and A is the
wavelength. The E, value was estimated from the
intercept of the linear portion of the curve plotted
between (aE)* versus E as depicted in Fig. 6.
Moreover, the empirical parameter that depends on the
defect concentration () [18] was estimated from the
reciprocal of the slope of the linear part from the In(e)
versus £ curve as presented in Fig. 7. The E, and E,
values obtained are listed in Table 1.

We do know that, the £, value of the powder depends
on a number of parameters. In this study, we investigated
the dependence of the E, value on the crystallite size,
defect concentration and lattice strain along the a- and c-
axes. It is noteworthy that the £, value of the ZnO
powders obtained from different precipitating agents or
different methods was influenced by different parameters.
When the NaOH solution was utilized, the E, values
decreased from 3.225 to 3.216 eV as a function of the
(PEO);25-(PPO)s4~(PEO); 55 concentrations. It was observed
that the F, value did not increase although the crystallite
size decreased as mentioned in many other reports [5, 17,

Fig. 7. Plots of In(q) vs. E for evaluating the E, value of ZnO
powders synthesized with different(PEO);,5-(PPO)s4~(PEO);25 con-
centrations and precipitating agents (a) NaOH solution and (b)
Na,COj solution.

19-21]. Considering that the E, value is equal to 0.10 eV
for all ZnO samples, so in this case the defect
concentration was not taken into account. The effect of
the lattice strain on the £, value was investigated. Ghosh
et al. [16] studied the effect of strain on the structural,
electrical and optical properties of polycrystalline ZnO
thin films and they reported that a compressed lattice
provided a wider band gap due to the increased
repulsion between the oxygen 2p and the zinc 4s bands.
In contrast, a stretched lattice provided a narrow band
gap. In this study, it was observed that the lattices of
the ZnO powder are larger than the lattices of the ZnO
standard. This gave rise to a tensile strain that affected
the decrease in E, value. Therefore, it had been
surmised that when the NaOH solution was used, the
lattice strain had more influence on the £, value than
the crystallite size and the defect concentration. When
the Na,COs solution was used as the precipitant, the
crystallite size of the ZnO powders decreased as a
function of the (PEO);25-(PPO)s4-(PEO);,5 concentration
but the £, value decreased in the same way as when the
NaOH solution was used. One distinctive observation
was that the defect concentration increased and the
lattice strain decreased in particular the lattice
parameter along the c-axis when the (PEO);25-(PPO)s4-
(PEO);5¢ concentration was increased. Therefore, the
defect concentration had a bigger influence on the E,
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value than the crystallite size and lattice strain. As we
know, defects in the system can generate a localized
energy level within the forbidden band, giving rise to a
narrow band gap obtained because an electron was
excited from its valence band to the energy level of
defects instead of moving to the conduction band [18].

Conclusions

ZnO powders with a hexagonal wurtzite structure
were synthesized via either a precipitation method
when using NaOH solution or the sol-gel method when
Na,CO; was used. The crystallite size decreased as a
function of the concentration of (PEO);2s-(PPO)sy-
(PEO);5s because the nucleation rate of the micelles
was accelerated at higher (PEO);,5-(PPO)ss-(PEO);2g
concentrations, that allowed for the formation of a
large number of smaller micelles. So, the smaller
particles occurred inside the micelles. The lattice
constants of the synthesized ZnO powders were larger
than the lattice constants of the pure ZnO standard. The
stretch of the lattice constants depended on the
conditions used. The £, value was influenced by many
parameters such as crystallite size, lattice strain and
defect concentration depending on which parameters
were more predominant. In this study, the £, value of
the ZnO powders prepared by the precipitation method
(using NaOH solution) was strongly dependent upon
strain. The ZnO powders with a lower strain provided a
larger E, value due to the increased repulsion between
the oxygen 2p and the zinc 4s bands. On the other hand,
the defect concentration of the ZnO powders synthesized
through the sol-gel method (using Na,CO; solution)
predominantly affected the £, value. The ZnO powders
with a higher defect concentration gave a narrower E,
value because of the transition of the excited electron
between the valence band and energy level of the defect
concentration within the forbidden band.
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The Zn,_,La,0 powders were synthesized by the planetary ball milling method.
An accumulated milling time of 15 h with a milling speed of 400 rpm were found to
be the optimum milling conditions. The crystal structure, morphology, selected area
electron diffraction, and elemental analysis were characterized by X-ray diffraction,
scanning electron microscopy, transmission electron microscopy, and energy dispersive
spectroscopy. The solubility limit of La that could substitute at the Zn sites was only
5 mol% or x=0.05. The dependence of the crystallite size on the La doping content can be
explained by the Zener pinning effect. The particle size of the milled ZnO powder was
about 34.03 nm and the particle size was reduced to 30.90 nm when doped with 10 mol%
La. The particles of all milled samples could agglomerate as a cluster. The largest E; value
of 3.14 eV was obtained from the Zngg;Lag 030 powder due to this sample having the
smallest crystallite size. The Zn;_xLa,O powders can inhibit Staphylococcus aureus better
than Escherichia coli due to the presence of an extra lipopolysaccharide layer on the outer
surface of the latter.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

increased for producing many devices including solar cells
[6], photodetectors [7], surface acoustic wave devices [8],

ZnO is an attractive and promising material for funda-
mental research and industrial applications. ZnO is a
natural n-type II-VI semiconductor with a wide band
gap (3.37eV) and a large exciton binding energy
(60 meV) that possesses a unique position among metal
oxide materials because of its superior and diverse prop-
erties such as generating piezoelectricity [1], its chemical
stability [2], biocompatibility [3], optical transparency in the
visible region [4], and high voltage—current nonlinearity [5].
For this reason, the demand for the utilization of ZnO has

* Corresponding author. Tel.: +66 74 28 83 85; fax: +66 74 28 83 95.
E-mail address: ssuwanboon@yahoo.com (S. Suwanboon).

1369-8001/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.mssp.2012.05.002

and biosensors [2]. Moreover, ZnO is an inorganic antimi-
crobial agent that is safer and more stable when compared
to organic antimicrobial agents [9].

Normally, the properties of nanomaterials depend sig-
nificantly upon size. Thus, strategies for controlling particle
size have received considerable attention. The route for
synthesis of nanomaterials is one of the parameters that
has been carefully examined because it has a major direct
effect on the particle size. Various methods have been used
to synthesize ZnO nanoparticles such as precipitation [10],
hydrothermal [11], sol-gel [12], and mechanical milling
[13]. The mechanical milling technique presents several
advantages over other techniques; for example, (1) it
allows for the refinement of particle size down to the
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nanometer range; (2) extension of its solubility limits; (3)
development of an amorphous phase; (4) inducement of a
solid state reaction at low temperature; and (5) scalable
methods [14]. Mechanical milling reduces the particle size
that can be controlled by using an optimum accumulated
milling time, milling speed, and ball-to-powder weight
ratio (BPR). In addition to using an appropriate method, the
size and properties of ZnO can be altered by doping with
selective elements such as Al, Cl, Mg, Fe, and La [15-19].
The La-doped ZnO semiconductor nanoparticles are tech-
nologically important because they have provided the
potential for applications in making semiconductor nano-
materials in a photocatalytic process, a light emitting
diode, display, lasers, and optical devices [20,21]. Recently,
preparations of La-doped ZnO nanoparticles have been
investigated. Ananda et al. [22] synthesized the La-doped
ZnO nanoparticles by a coprecipitation method. They
reported that La,03 was uniformly dispersed on the ZnO
surface without changing the crystal structure of ZnO. Ge
et al. [23] have prepared La-doped ZnO by the sol-gel
method. They found that the solubility of La>* in ZnO was
estimated to be about 5 at.%. Jia et al. [24] investigated the
preparation of La-doped ZnO nanowires with an average
diameter of 15-25 nm via a solvothermal method using
ethanol as a solvent, and they also reported that the La®*
concentration had a remarkable effect on the degradation
of rhodamine B. Suwanboon et al. [25] investigated the
preparation of Zn;_,La,O (x=0, 0.02, 0.06, 0.10, 0.14, or
0.20) after milling at 400 rpm for 20 h. The secondary
phase occurred with an increase of the La content and
the absorption edge shifted to a lower wavelength when
the La content was increased. We have found no reports
that describe the preparation of La-doped ZnO powders at
1, 3, 5, and 7 mol% by mechanical milling. Therefore, we
attempted to prepare Zn;_,La,O (x=0-0.10) by mechanical
milling. The effects of the accumulated milling time,
milling speed, and La doping content on the crystallite size
were examined. The dependence of the optical properties
on the La content was investigated as well as its anti-
bacterial activity towards Staphylococcus aureus and Escher-
ichia coli. These bacteria were tested because there have
been no reports about interactions between La-doped ZnO
nanoparticles and microbes.

2. Experimental
2.1. Material and methods

The starting materials were ZnO (99%; Fluka Chemie,
Buchs, Switzerland) with an initial crystallite size of
57.31 nm and La;0O3 (99.98%; Sigma-Aldrich, St Louis,
MO, USA) with an initial crystallite size of 45.26 nm. The
La-doped ZnO powders were milled in a high-energy
planetary mill (Pulverisette 7; Fritsch, Germany). The
SisN4 vials and balls were selected because of their
excellent mechanical properties such as strength and
hardness. Therefore, any incorporation of impurities by
the milling process could be ignored. The balls had a
diameter of 10 mm and the BPR was 10:1. The La-doped
ZnO powders were milled for sequentials of 10 min,
alternating with a stop for 5 min to prevent overheating

and rapid engine wear. Stoichiometric quantities were
weighed to obtain Zn;_,La,O compounds in the system
where x=0, 0.01, 0.03, 0.05, 0.07, or 0.10. The milled
powders were characterized by X-ray diffraction (XRD;
X'Pert MPD; Philips, Netherland) with CukK, radiation in
the range of 20-80°. The morphology was analyzed by
scanning electron microscopy (SEM; QUANTA 400; FEI,
Czech Republic) and transmission electron microscopy
(TEM; JEM-2010; JEOL, Japan). The elemental analysis
was carried out by energy dispersive spectroscopy (EDS;
Oxford ISIS 300, Japan). The diffuse reflectance spectra of
the milled powders were recorded by a UV-Vis spectro-
photometer (UV-Vis 2450; Shimadzu, Japan).

2.2. Test of antibacterial activity

The minimum inhibitory concentration (MIC) of La-doped
Zn0 was determined by a broth microdilution method [26]
against E. coli ATCC 25922 and S. aureus ATCC 25923.
La-doped ZnO powders were suspended in sterile distilled
water and sonicated for 20 min to prepare a stock solution of
50 mg/mL and the samples were diluted using the two-fold
serial dilution method starting with 5000 and diluted to
2500, 1250, 625, 3125, 156.25, and 78.125 pg/ml. The
bacterial suspension was prepared in normal saline solution
(NSS), with an optical density equivalent to 0.5 McFarland
standards, and diluted to 1:20 in NSS to obtain a final
concentration of 5 x 10° CFU/ml. Fifty microliters of each
sample were placed in triplicate in a sterile 96-well micro-
titer plate. To each well, 10 pl 0.675% (w/v) resazurin solution
was added as an indicator and 30 pl 3.3 strength Mueller
Hinton Broth was added to each well. Finally, 10 pl bacterial
suspension (5 x 10° CFU/ml) was applied to achieve a con-
centration of 5 x 10° CFU/ml. The plates were prepared in
triplicate. After incubation at 37 °C for 20 h, the lowest
concentration at which no color changed was taken as the
MIC value.

3. Results and discussion
3.1. Effect of accumulated milling time

It is well known that the accumulated milling time
affects the reduction of the particle size due to the larger
particles being fractured because of the impact forces.
Moreover, the accumulated milling time also affects the
formation of a solid solution. Generally, accumulated
milling time is so chosen to achieve a steady state
between the fracturing and cold working of the milled
particles. The milling should not be longer than required
to avoid the formation of any undesirable phase [13]. In
this study, mixtures of ZnO with 10 mol% La were selected
to investigate the formation of a ZnggLag 10 solid solution
during milling at 400 rpm. The Zngglag;0 system was
chosen because this was the highest La content needed to
study the effect of La for substituting into the ZnO lattice.

Considering the mechanism of the milling process, the
mixtures of precursor particles were repeatedly flattened,
cold welded, fractured, and rewelded. Whenever the SizN4
balls collided, some precursor particles were trapped
between the balls during the milling process and the
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Fig. 1. XRD patterns of 10 mol% La-doped ZnO powder after different
milling times.

impact force plastically deformed the precursor particles,
leading to work hardening and fracture. Normally, parti-
cles were soft in the early stages of the milling, thus the
milled particles tended to weld together. As further
milling occured, the milled particles were continuously
deformed, so the particles became work hardened and
fractured by a fatigue failure mechanism and/or by the
fragmentation of the brittle flakes [13]. With this mechan-
ism, a solid solution of Zn;_4La,O formed and the smallest
crystallite size was obtained at an appropriate accumu-
lated milling time. It was evident that heat was generated
during the milling process, which can promote the diffu-
sion of atoms and induce the formation of a solid solution.
The XRD patterns of powders milled for 0, 1, 5, 10, 15,
and 20 h are presented in Fig. 1. The diffraction peaks of
La,03 were still present even if the accumulated milling
time was increased to 10 h, and these peaks only dis-
appeared when the powders were milled for 15 h. This is
because the powders were fractured into smaller particles
until an amorphous structure occurred and La could then
substitute into the Zn sites. When the accumulated
milling time was further increased to 20 h, diffraction
peaks with a low intensity of a La;O3 secondary phase
were observed again. This might have been due to very
small particles being induced to turn into a crystalline
phase because of the heat that was generated from
collisions between the vial wall and the milling balls. In
the present study, the crystallite size and lattice strains
were estimated by the Williamson-Hall relation [12]:

ﬂcos@_%_._nsin@
A D A

M

where f is the full-width at half-maximum of the diffrac-
tion peak, 0 is the Bragg angle, 4 is the wavelength of CuK,
(0.15406 nm) radiation, D is a crystallite size, and 7 is a
lattice strain. The results are given in Table 1.
From the XRD analysis, the lattice parameters were
estimated from the following relation [27]:
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where d is the lattice spacing; h, k, and [ are the miller
indices; and a and c are the lattice parameters calculated

Table 1
XRD analysis of 10 mol% La-doped ZnO powder after different milling
times.

milling time D n lattice parameters
(h) (nm)  (unitless) a (nm) ¢ (nm) c/a
0 57.31 0.52 0.3248(6) 0.5204(1) 1.6020
1 3649 0.84 0.3251(4) 0.5210(3) 1.6025
5 31.28 1.06 0.3254(4) 0.5205(6) 1.5996
10 29.78 1.10 0.3249(4) 0.5206(4) 1.6024
15 28.55 1.42 0.3250(1) 0.5208(5) 1.6026
20 41.67 0.73 0.3252(2) 0.5209(3) 1.6018

from the (100) and (002) planes, respectively. The
calculated results are presented in Table 1.

From Table 1, it is evident that the lattice strain
increased as a function of the accumulated milling time
from O to 15 h because numerous lattice imperfections
such as dislocations, vacancies, interstitial and substitu-
tional atoms, and stacking faults were generated during
the collision with high-impact energy between the balls
and powders [13,28]. These imperfections might cause an
increase in the broadening of the diffraction peaks and
lattice strains. For the powders milled for 20 h, the lattice
strain decreased because the temperature increased dur-
ing the longer cumulative milling time used. This resulted
in relaxation of the crystal lattice because of temperature
occurred during the milling process-induced abnormal
growth. In addition, it was also observed that the crystal-
lite size was reduced inversely to the lattice strain when
the cumulative milling time was increased from O to 15 h,
because of the fracture of larger particles and smaller
particles were formed, as previously mentioned. The
crystallite size grew abnormally when milling for 20 h
because of an increase in temperature occurred during the
milling process. So, cold welding predominated the frac-
ture when milling occurred for a long time and this led to
an increase in crystallite size. The ¢/a ratio varied in the
range 1.5996-1.6026, which is close to the ideal value for
a hexagonal cell (¢/a=1.633) [29]. This indicated that the
samples had a hexagonal wurtzite structure in the whole
range of the La-doped content.

3.2. Effect of milling speed

The milling efficiency is also dependent on the milling
speed because higher milling speeds produce higher
impact energy. Therefore, ZnO doped with 10 mol% La or
Zngolag10 was selected as a representative system to
study the formation of a solid solution. The milling
conditions were conducted as for the previous section,
but the cumulative milling time was kept constant at 15 h
while the milling speed was varied from 300 to 500 rpm.
The crystal structure of the milled powders was identified
by XRD and the results are displayed in Fig. 2.

When the mixture of ZnO and La,Os; powders was
milled at a speed of 300 and 350 rpm, the diffraction
peaks of La,03 were still observed in the XRD pattern, but
its intensity decreased. The La-doped ZnO powders were
completely formed when the milling speed was > 400 rpm
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Fig. 2. XRD patterns of 10 mol% La-doped ZnO powder at various milling
speeds after milling for 15 h.

Table 2
XRD analysis of 10 mol% La-doped ZnO powder at various milling speeds
after milling for 15 h.

speed D n lattice parameters

(rpm) (nm) (unitless) a (nm) ¢ (nm) c/a

300 30.73 0.99 0.3249(2) 0.5204(2) 1.6017
350 28.67 1.05 0.3251(8) 0.5210(1) 1.6022
400 28.56 1.42 0.3250(1) 0.5208(5) 1.6026
450 31.23 1.04 0.3251(5) 0.5206(8) 1.6014
500 31.28 0.95 0.3250(3) 0.5203(2) 1.6008

because the balls with faster speed produced higher kinetic
or impact energy, as described by the following equation:

E= %mu2 3)
where E is the kinetic or impact energy, m is the mass of a
ball, and v is the velocity of a ball. Thus, when the mixture
was milled with a higher speed, La ions occasionally
diffused into the ZnO lattice. The faster the milling speed,
the greater was the amount of heat generated. Therefore,
La ions could diffuse more easily into the ZnO lattice and
for this reason, a pure La-doped ZnO phase occurred. The
crystallite size, lattice strain, and lattice parameters were
estimated and the results are displayed in Table 2.

The crystallite size was slightly reduced but the lattice
strain increased when the milling speed was increased
from 300 to 400 rpm. This was due to the higher impact
energy that influenced the fracture of the large particles.
In contrast, when the milling speed was > 400 rpm, the
crystallite size increased with a decrease in the lattice
strain due to the relaxation of the crystal lattice. This can
be explained by an increase in temperature during the
milling process, giving rise to growth of the crystal as
described in the previous section. The c/a ratio of milled
La-doped ZnO samples changed over the range 1.6008-
1.6026 but this is still close to the ideal value for a
hexagonal cell (¢/a=1.633), and indicated that all samples
had a hexagonal wurtzite structure. Therefore, the optimum
conditions for preparing La-doped ZnO powders are a milling
speed of 400 rpm and cumulative milling time of 15 h.

3.3. Effect of the La doping content

The metal doping content is another important para-
meter that influences the properties of ZnO powders.
Therefore, in this part, the effect of the La content on
the ZnO properties was investigated by milling at
400 rpm for 15 h.

The XRD patterns of pure ZnO and ZnO doped with 1,
3,5,7,0r 10 mol% La or Zn;_xLa,O (where x=0, 0.01, 0.03,
0.05, 0.07, and 0.10) are depicted in Fig. 3. It was evident
that no diffraction peaks of La,03 were detected under the
limitations of the XRD used in this study. The diffraction
peaks for all samples indexed as a hexagonal structure in
accordance with the diffraction peaks of the ZnO standard
(36-1451). The influence of the La content on the crystal-
lite size and lattice parameters is shown in Table 3.

Generally, nanomaterials have a high surface area and
surface energy that result in the formation of an unstable
or metastable phase. However, more stable nanomaterials
can form through a relaxation of the crystal structure by
either lattice expansion or lattice contraction [30]. For the
Zn,_4La,O system, the crystal lattice expands if the sub-
stitutional solid solution is formed by substitution of the
La3™* ion at the Zn site because of the bigger difference in
the radii of the La’* (r=0.106nm) and Zn?"*
(r=0.074 nm) ions. From Table 3, the lattice parameter
expanded systematically as a function of x over the range
0-0.05. Thus, it could be said that the substitutional solid
solution of Zn,_4La,O is formed where x=0.01-0.05 or it
could be concluded that the solubility limit of La that can
be substituted into the ZnO lattice was reached. This can
be confirmed by heat treatment of the La-doped ZnO

Fig. 3. XRD patterns of Zn;_,La,O powders.

Table 3
XRD analysis and optical band gap of Zn,_,La,O powders.

X D lattice parameters Eg
(nm) a (nm) ¢ (nm) (eV)
0 30.74 0.3246(8) 0.5205(5) 3.12
0.01 30.38 0.3248(1) 0.5206(6) 3.11
0.03 23.46 0.3245(6) 0.5207(6) 3.14
0.05 23.58 0.3261(6) 0.5214(6) 3.09
0.07 28.65 0.3248(8) 0.5206(5) 3.09
0.1 28.55 0.3250(1) 0.5208(5) 3.09
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nanoparticles at 600 °C because the La,03 particles can
grow at this temperature and thus can be detected by
XRD. However, the XRD patterns showed only the peaks
of the hexagonal ZnO structure without any peaks of
La;05 at x<0.5 (data not shown). This means that no
La,;05 secondary phase formed at x < 0.05. As x=0.07, the
La,03 formed and was adsorbed on the surface of the
samples. Hence, the crystal lattice was suppressed and
gave rise to a contraction of the crystal lattice, as reported
previously [31]. A further increase in the La content to
x=0.10 led to an increase in the formation of La,03, and
this La,03 phase might coarsen and become interstitial in
the ZnO lattice, so the lattice parameter expanded again
[32]. The occurrence of LayOs can be confirmed by
annealing the Zn;_La,O (x=0.05, 0.07, and 0.10) nano-
particles at 600 °C for 1 h. The annealed La-doped ZnO
nanoparticles, where x=0.05, 0.07, and 0.10, showed
small diffraction peaks of La,O3 (data not shown).

In this study, the crystallite size decreased when the La
content increased from x=0 to 0.03. This can be explained
by the effect of Zener pinning, that is, the La ion that
became substituted into the Zn sites acted as an obstacle
to prevent the growth of the crystal by obstructing the
movement of the grain boundaries. From this point of
view, the retarding force per unit area was generated as
follows [10]:

3fryb
Fr= o, C))
where F, is a retarding force per unit area, f. is the
number of obstacles per unit volume, y, is the grain
boundary energy, and r, is an obstacle radius. Under
thermodynamic control, small crystals tend to grow,
which reduces the total energy of the system and then a
stable crystal is formed. In general, the driving force for
crystal growth can be expressed by [10]:
%V
Fo=—> ©)
where Fj is a driving force, o is a constant, y; is the grain
boundary energy, and r is the radius of the grain or
crystal. Under this possible system, if the retarding force
can be generated more than the driving force, the crystal
growth would be inhibited. Nevertheless, the efficiency of
the pinning was reduced if the obstacles were coarsened.
Based on this hypothesis, the coarsened La,0s3 affected a
change in the f,/r, ratio. When the r,, is large, the retarding
force reduces and then the crystal grows [10]. This
explains why the crystals of Zn;_,La,O grow at x > 0.03.
The crystallite sizes of Zngg;Lago3O and ZnggslagesO0
were not different, which might be due to this point
being an equilibrium point between the retarding and
driving forces. The morphology of the starting materials
and milled samples was characterized and the images are
presented in Fig. 4.

We observed that the ZnO precursor was an irregular
columnar-like, rod shape, and the La,O3; precursor
appeared as a large aggregated plate-like shape (Fig. 4a,
b). After the mixtures were milled for 15 h at 400 rpm, the
La-doped ZnO powders changed their shape to become
agglomerated to a spherical structure (Fig. 4c-h). The

milled La-doped ZnO powders preferred to agglomerate.
The agglomeration reduced the total free energy of the
system, resulting in the formation of a stable system. The
TEM and SAED images of ZnO and the 10 mol% La-doped
ZnO powders are displayed in Fig. 5 in order to study the
particle size. For pure ZnO powders, the particle size was
~34.03 nm and appeared as a cluster. In a similar way, the
particle size of the 10 mol% La-doped ZnO powders was
~30.90 nm. The SAED pattern of pure ZnO and 10 mol%
La-doped ZnO powders revealed their polycrystalline ZnO
wurtzite structure [32].

The elemental composition of all La-doped ZnO pow-
ders was analyzed by EDS. The La content that became
substituted and interstitial in the ZnO lattice was 1.12,
2.45,4.08, 5.64 and 8.92 at.% when the La concentration in
the solution was 1, 3, 5, 7, and 10 mol%, respectively.

3.4. Evaluation of the band gap energy

The band gap energy (Eg) of the ZnO powders was
strongly dependent upon the particle size and defect
concentration [33]. These parameters were also influ-
enced by the metal doping content. So, the effect of the
La content on E, was evaluated from the absorbance data
that were measured at a wavelength of 200-800 nm. The
curves of («E)? versus E, were first plotted as shown in
Fig. 6.

It is known that the photon energy is related to the
wavelength as follows:
_hc
a

E (6)
where E is the photon energy, h is the Planck constant
(6.626 x 10734 J.s), c is the speed of light (3 x 108 m/s)
and /4 is the wavelength.

A
T d

where « is the absorption coefficient, A is the measured
absorbance and d’ is the thickness of the sample holder
[27].

E; was calculated by extrapolation of the straight line
down to zero on the x axis (where E=Ej). The E, values for
all La-doped ZnO powders are given in Table 3. It was
evident that the widest E; value of about 3.14 eV was
obtained from the Zng g7Lag 030 powder; this is because of
its small crystallite size, as also occurs in the Zn;_,Ti,O
system [12]. For the Zn,_,.La,O where x> 0.03, the E;
values of the samples were about the same. This might be
due to the secondary phase and the oxygen vacancies that
created the energy level within a forbidden band and
were located near the conduction band. The transition of
an electron from a valence band to a defect energy level
gave a narrower E; value compared to transition of an
electron between the valence and conduction bands [33].

o 7

3.5. Antibacterial activity

The MIC values of all prepared samples against E. coli
and S. aureus are shown in Table 4. It can be clearly seen
that all samples show better antibacterial activity against
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Fig. 4. SEM images of starting precursors where (a) La;03 and (b) ZnO as well as milled Zn;_,La,O where (c¢) x=0, (d) x=0.01, (e) x=0.03, (f) x=0.05,
(g) x=0.07, and (h) x=0.10.
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Fig. 5. TEM images and selected area electron diffraction patterns of milled Zn,_yLa,O where (a) and (b) x=0 as well as (c) and (d) x=0.10.

S. aureus than E. coli. In this work, the antibacterial
activities of all samples against E. coli were marked as
no inhibition because these MIC values were > 5 mg/ml.
A much stronger antibacterial activity against S. aureus
than E. coli for metal oxide powders has been reported in
the literature [34,35]. The difference in activity against
these two bacteria can be explained by the different
structures and chemical composition of their surface.
The outside rigid cell wall of E. coli is composed of
lipopolysaccharides instead of phospholipids. The lipopo-
lysaccharides generally form an extra physical barrier to
protect the cell contents from damage. Nowadays, there
have been many possible different antibacterial mechan-
isms proposed for ZnO powders such as the release of
Zn%™ ions, penetration of ZnO nanoparticles into the cells,
and production of reactive species from the surface of ZnO
powders, but the actual mechanism is still not clearly
understood. ZnO is a nonsoluble powder in neutral

solution and, in this study, the MIC did not depend on
particle size, so the inhibition of bacterial growth by the
release of Zn?>* ions or the penetration of ZnO nanopar-
ticles was most probably negligible. The outer membrane
wall of the bacteria being damaged by the reactive
species, such as ®*0,, *OH and H;0,, has been described
in many reports [35,36], but it is difficult to know what
happens in the dark. Recently, Hirota et al. [37] also
studied the antibacterial mechanism in the dark and they
reported that the ®O; radical could be produced from the
surface of ZnO, which was confirmed by electron spin
resonance (ESR). Thus, the ®0, species does exhibit
antibacterial activity in the dark. The results in Table 4
demonstrate that the MIC values of Zn;_,La,O powders
decreased with an increase in La loadings until x=0.3.
After that, when the La concentration was further
increased, lower antibacterial activity was obtained
because of the excess La;Os; (as described in Section
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Fig. 6. Plots of («E)? versus E of the milled Zn,_,La,O powders for evaluating the E, values.

Table 4
Broth MIC values for Zn,_,La,O powders against E. coli and S. aureus.

Zn; _,La,0 minimum inhibitory concentration (MIC)
(%) (pg/ml)
S. aureus E. coli

0 3125 -

0.01 156.25 -

0.03 156.25 -

0.05 3125 -

0.07 3125 -

0.1 625 -

3.3), probably covering the surface of the ZnO. This
reduces the surface area of the ZnO powders and also
inhibits the generation of ®*0, species.

4. Conclusions

The La-doped ZnO powders in a single phase were
fabricated by mechanical milling with a milling speed of

400 rpm for 15 h. Any longer milling time and higher
speed produced a secondary phase because of the heat
generated and induced the formation of La,0s. The lattice
strain increased when the cumulative milling time was
increased to 15 h, owing to the lattice imperfections that
were created during the milling process, but the crystal-
lite size decreased due to the larger particles being
fractured. Under certain milling conditions, the La-doped
ZnO was formed when the milling speed was > 400 rpm
because of the higher impact energy. In addition, the
higher speeds induced more heating that increased the
rate of diffusion of La into the ZnO lattice. The potential of
the La pinning directly affected the crystallite size of the
samples. In addition, when the obstacles became coar-
sened into a large cluster, the pinning efficiency was
reduced. The widest E; value of 3.14 eV obtained from
Zngpg7Lag 030 powder was that produced by the smallest
crystallite size. The E, value of Zn,_,La,O (x=0.05-0.10)
was equivalent to 3.09 eV, because of the transition
between the valence band and the energy level of the
oxygen vacancy that was created within the forbidden
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zone. The Zn;_,La,O powders can inhibit only S. aureus
growth because E. coli has a more rigid outer cell wall. The
presence of the La,O3; secondary phase reduces the
efficiency of the bactericidal effect.
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Abstract

Multifunctional Zn;_,La, O and Zn;_,Mg,O nanostructures were successfully synthesized through a sol-gel method. The crystal
structure, morphology, specific surface area and thermal behavior were investigated by X-ray diffractometer (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) and a thermogravimetric and differential
thermal analyzer (TG-DTA), respectively. The optical properties were determined with a UV-vis spectrophotometer and a
photoluminescent spectrometer. The crystallite size decreased when the La and Mg concentrations increased to x=0.05. The
ZnyoMgy 0 nanostructure showed the widest E, value of 3.30 eV. The Znj9sMgy ¢sO nanostructure exhibited the highest efficiency
for the photocatalytic degradation of methylene blue (MB) with a rate constant (k) of 0.0440 min~!. Both La- and Mg-doped ZnO
nanostructures inhibited Staphylococcus aureus (S. aureus) and to a less extent Escherichia coli (E. coli).

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sol-gel processes; C. Optical properties; D. ZnO; E. Functional applications

1. Introduction

Zinc oxide (ZnO) is a natural n-type II-VI semiconduc-
tor because it has deviations from stoichiometry due to the
presence of intrinsic defects such as oxygen vacancies and
zinc interstitials [1]. ZnO is a superior multifunctional
material with broad applications in electronics [2], optoe-
lectronics [3], dielectrics [3], sensing materials [3], as a
photocatalyst [4] and as an antimicrobial agent [5].
Recently, many research groups have been interested in
the synthesis of ZnO nanostructures using wet chemical
methods such as precipitation [6], hydrothermal [7] and

*Corresponding author at: Department of Materials Science and
Technology, Faculty of Science, Prince of Songkla University, Hat Yai,
Songkhla 90112, Thailand. Tel.: +66 7428 8385; fax: +66 7428 8§395.

E-mail address: ssawanboon@yahoo.com (S. Suwanboon).

sol-gel [8]. Among the wet chemical methods, sol-gel is
perhaps the major method used to prepare ZnO nanos-
tructures because this method has many advantages [9]
such as (1) it requires a low temperature, (2) doping with
other metals is straightforward, (3) nanocrystalline pro-
ducts can be prepared and (4) the structure of the product
can be pre-determined by varying the experimental condi-
tions such as by the use of a capping agent, or a change in
pH and temperature. As a photocatalyst and antimicrobial
agent, ZnO and metal-doped ZnO nanostructures have
attracted interest because of their ability to be used for the
remediation of certain environmental pollutants. Research
has focused on its photocatalytic activities, for which the
electrons in the valence band gain photon energy that is
higher than its bandgap energy, so electrons are excited to
conduction bands and holes are generated in the valence
band. After being photo-excited, electrons and holes move

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.12.075



5598 S. Suwanboon et al. | Ceramics International 39 (2013) 5597-5608

to the surface of the catalyst where if there is water and
oxygen, the super-oxide anion radicals (*O; ) and hydroxyl
(*OH) radicals are produced, and these degrade organic
compounds [10]. In order to enhance the photocatalytic
activity, the influence of various doping metals such as Ag,
Co, Mn, Mg and Cu on the photocatalytic degradation of
dyes has been investigated [10-13]. The doping metals
incorporated into the ZnO lattice can either increase or
decrease the efficiency of the photocatalytic degradation
that is dependent on many key parameters such as the
specific surface area, defects and the retardation of recom-
bination of the photo-excited electrons and holes [10-13].
Recently, the influence of metal-doped ZnO nanostruc-
tures on its antimicrobial activity has been a major area of
investigation because microbial contamination is a serious
problem in healthcare. The antimicrobial activity has been
tested by various methods. Nirmal and Anukaliani [14]
reported that Co-doped ZnO powders had enhanced
antibacterial activity and Co-doped ZnO powders exhib-
ited excellent antibacterial activity towards Staphylococcus
aureus (S. aureus). Ghosh et al. [15] investigated the
influence of Ag in a ZnO/Ag nanohybrid and they found
that Ag improved the antibacterial activity against
S. aureus and Escherichia coli (E. coli). Moreover, Karuna-
karan et al. [16] also reported that Ag-doped ZnO particles
had enhanced antibacterial activity whereas Amornpitoksuk
et al. [17] showed that Ag-doped ZnO powders were more
effective against S. aureus than E. coli and the best anti-
bacterial activity toward S. aureus was 0.5-0.8 mol% Ag, but
the Ag concentration did not affect the inhibition of E. coli.
Rekha et al. [18] reported that Mn-doped ZnO powders had
better antibacterial activity than pure ZnO powders.
Recently, the mechanism of antibacterial activity has mostly
focused on the physical attack of nanoparticles on bacteria.
However there have been no publications on the influence of
La- and Mg-doped ZnO nanostructures prepared from
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide)-modified Zn(CH3;COO), - 2H,0 solution by the sol-
gel method. In this study, the effects of doping with La and
Mg on the ZnO and the optical, photocatalytic and anti-
bacterial properties were investigated.

2. Experimental
2.1. Materials

Zinc acetate dihydrate (Zn(CH3;COO),-2H,0) (Analy-
tical grade, Fluka, Germany), lanthanum chloride hydrate
(LaCls - H,O) (Analytical grade, Fluka, Germany), magne-
sium chloride hexahydrate (MgCl,-6H-,O) (Analytical
grade, Merck, Germany) were used as the zinc, lanthanum
and magnesium sources, respectively. Poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO;,g—
PPOs,—PEO >3, MW 14,400) (Analytical grade, Fluka,
USA) was used as a capping agent. Anhydrous sodium
carbonate (Na,COs) (Analytical grade, Riedel-de Haén,
Germany) was used as a precipitating agent. Methylene

blue (C;¢HgN;CIS-2H,0) (Analytical grade, NILAB,
Australia) was used as a representative dye. All chemicals
were used without further purification.

2.2. Preparation of Zn;_La,O and Zn; _ . Mg,.O
nanostructures

In order to investigate the effect of La and Mg
concentrations on the properties of the ZnO nanostruc-
ture, the stoichiometric amounts of LaCly;-H,O and
MgCl, - 6H,O were added separately into 100 mL of a
PEO]zg—PPO54-PE0128-aSSiSt€d Zl’l(CHgCOO)z . 2H20
solution to obtain Zn;_,La,O or Zn,;_,Mg,O (x=0.01,
0.03, 0.05, 0.07 and 0.10). The Na,COj5 solution (10.60 g
Na,CO; in 100 mL of distilled H,O) was then added
slowly into the above solutions with vigorous stirring. A
gel was formed during the addition of the Na,COj; solution
and the obtained gel was continuously stirred at 60 °C for
1 h. After being cooled to room temperature, the solvent
was removed by filtration and the gel was then dried at
room temperature until a xerogel was obtained. The
xerogel was ground into a fine powder using an agate
mortar, in addition, the powder was then calcined at
600 °C in air for 1h to remove the organic compounds.
The products were slowly cooled to room temperature in
the furnace and the nanostructures of the La- and Mg-
doped ZnO were determined. The procedure for the
preparation of nanostructures is represented in Fig. 1.

2.3. Characterization

The thermal characteristics of the xerogel were studied
using the thermogravimetric analyzer (TGA7, Perkin
Elmer) and differential thermal analyzer (DTA7, Perkin
Elmer) in the temperature range of 50-900 °C at a heating
rate of 10°C/min under a nitrogen flux. The crystal

Fig. 1. Representation of the preparation of the products by a sol-gel
technique.



S. Suwanboon et al. | Ceramics International 39 (2013) 5597-5608 5599

structure of the samples was characterized by X-ray
diffractometer (X’Pert MPD, Philips) with CuK,, radiation
in the 260 range of 20-80°. The morphology of the samples
was characterized by scanning electron microscopy (SEM,
QUANTA 400, FEI) and transmission electron micro-
scopy (TEM, JEM-2010, JEOL). The diffuse reflectance
spectra of the samples were recorded by a UV—vis spectro-
photometer (UV-vis 2450, Shimadzu). The room tempera-
ture photoluminescence (PL) spectra were measured using
a luminescence spectrometer (LS/55, Perkin Elmer). The
total surface area of the samples was determined by the
Brunauer—-Emmett—Teller (BET) method using the surface
area analyzer (Autosorb 1 MP, Quantachrome).

2.4. Measurement of photocatalytic activity

The photocatalytic activities of Zn;_,La,O or
Zn;_ Mg, O (x=0, 0.05 and 0.10) nanostructures were
evaluated by the degradation of an aqueous MB solution.
The photocatalytic reaction system consisted of three
Blacklight Blue lamps (18 W, Sylvania) located 15cm
away from the top of the reaction solution. 150 mg of
each catalyst was put into 150 mL of the aqueous MB
solution at a concentration of 1x 107> M in a 250 mL
beaker and the suspension was stirred for 30 min in the
dark to attain an equilibrium of the adsorption—desorption
process. After each given irradiation time (30 min), 3 mL
of suspension was kept and separated by centrifuging for
2 min at a speed of 3000 rpm to remove the catalyst. The
degradation process was followed by measuring the absor-
bance of the supernatant or the aqueous MB solution left,
with a UV-vis spectrometer (Lamda 25, Perkin Elmer).

2.5. Determination of antibacterial activity

The minimum inhibitory concentration (MIC) of repre-
sentative samples was determined by a broth microdilution
method [19]. S. aureus ATCC 25923 and E. coli ATCC 25922
were used as representative microorganisms for Gram-
positive and Gram-negative bacteria, respectively. In order
to examine the antibacterial activity of the representative
samples, Zn;_,La,O or Zn;_ Mg, O (x=0, 0.05 and 0.10)
nanostructures were suspended in sterile distilled water and
sonicated for 20 min to yield a stock solution of 50 mg/mL
and the representative samples were diluted using the two-
fold serial dilution method starting with 50 and diluting to
0.78 mg/mL. The bacterial suspensions were prepared in
normal saline solution (NSS) with an optical density equiva-
lent to the 0.5 McFarland standard, and diluted to 1:20 in
NSS to obtain a final concentration of about 5 x 10® CFU/
mL. Then triplicate 50 pL. samples of each dilution were
applied into a sterile 96-well microtiter plate. To each well
was added 10 pL of 0.675% (w/v) resazurin solution as an
indicator and 30 pL of 3.3 strength Mueller Hinton Broth
(3.3 x MHB). Finally, 10 pL of bacterial suspension (5 x 10°
CFU/mL) was applied to achieve a concentration of 5 x 10°
CFU/mL. The microtiter plates were prepared in triplicate.

After incubation at 30 °C for 20 h, the lowest concentration
at which no color change occurred was taken as the
MIC value.

3. Results and discussion
3.1. Thermal study

The TGA and DTA curves of the ZnO xerogel are
shown in Fig. 2. Three weight loss steps were observed in
the TGA curve at about 50-180, 180-280 and 280-530 °C
and two large endothermic as well as small endothermic
peaks were observed in the DTA curve at about 100, 212
and 326 °C. The first endothermic peak was attributed to
an evaporation of the adsorbed water from the xerogel and
was accompanied by a weight loss of about 25%. The
second and third endothermic peaks were caused by the
dehydration of the crystallized water and the decomposi-
tion of the PEO;,s—PPOs;—PEO;,5 and other organic
molecules [20] accompanied by a weight loss of about
19%. It was evident that no other weight losses in the TGA
curve were observed at temperatures higher than 550 °C.
Therefore, the xerogel had to be calcined at 600 °C in order
to burn out any organic or other undesirable residues.

3.2. Structural study

The typical XRD patterns of Zn; _,La,O and Zn, _ Mg, O
(x=0-0.10) nanostructures calcined at 600 °C for 1h are
presented in Fig. 3. Obviously, the diffraction peaks of
Zn;_,LaO and Zn;_ ,Mg,O nanostructures can be indexed
to the hexagonal wurtzite structure in agreement with the
diffraction pattern of the ZnO standard (JCPDS card number
of 36-1451).

To investigate the effect of La and Mg concentrations on
the crystallinity, the crystallite size of the samples was
evaluated by measuring the broadening of the XRD peaks

Fig. 2. TG-DTA curves of the ZnO xerogel at a specified heating rate of
10 °C/min.
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Fig. 3. XRD patterns of the calcined nanostructures (a) Zn;_,La,O and
(b) Zn, _ Mg,O.

using the Scherrer formula [21]:

— (1)

po (10) (%
T cos 04/ f>—s2

where D is the crystallite size, / is the wavelength of the
CuK,, radiation (0.15406 nm), K is a constant (0.9), s is the
instrumental broadening, f is the full-width at half-
maximum and 6 is the Bragg angle. The calculated crystallite
size is given in Table 1. In this study, the lattice parameters a
and c¢ of the calcined samples were calculated via the relation
below [22] and the results are presented in Table 1.

, 2[4 (RR+hk+I> P

where 0 is the Bragg angle, 4 is the wavelength of the CuK,,
radiation (0.15406 nm) and h, k, [ are Miller indices.
Furthermore, the lattice volume was also evaluated by the
formula below [23]:

V =0.8664°c (3)

where V'is the lattice volume, a and ¢ are the lattice constant.
The calculated results are presented in Table 1.

The effects of the La and Mg concentrations on the
lattice parameters are presented in Table 1. Theoretically,

the substitutional solid solution can form easily if the
solute and solvent atoms obey these conditions: (1) the
difference in the ionic radius was not more than 15%, (2)
the crystal structure of the solute and solvent atoms were
the same, (3) the electronegativity of the solute atom was
close to the solvent atom and (4) the valency was the same
[24]. The ionic radius of La** (116 pm) was much larger
than the ionic radius of Zn>* (74 pm) with a valency
difference of 1. Thus, it is very difficult for the La** ions
to substitute for the Zn>*. This is in good agreement with
the lattice parameters of the La-doped ZnO nanostructures
obtained in Table 1. It is well known that the lattice
parameters of ZnO have to expand if the La*" ions, that
have a larger ionic radius, were to substitute at the Zn’+
sites in the ZnO lattice, but the lattice parameters of the
La-doped ZnO nanostructures were contracted when
compared with the pure ZnO nanostructures. Therefore,
it can be concluded that the La** ions might be interstitial
in the ZnO lattice and these La*™ ions formed a La—O-Zn
structure on the surface of the ZnO nanostructures as
reported previously [25]. This caused a decrease in the
lattice parameters of the La-doped ZnO nanostructures
when the La concentration was varied over the range of
x=0-0.05. With a further increase of the La concentration
to x=0.10, the lattice parameter and the lattice volume
increased. This is possibly due to the growth of a crystal
[26]. For the Mg-doped ZnO nanostructure, the ionic
radius of the Mg®™* (72 pm) was close to the ionic radius
of the Zn>* (74 pm). Moreover, the electronegativity of
the Mg (1.31) was also closer to that of the Zn (1.65) than
it was for the La (1.10) and in addition the valency was
also equivalent. Therefore, the substitution of Mg ™ ion at
the Zn>" site can occur more easily than a substitution by
a La’ " jon. With regard to Table 1, the lattice parameter a
is almost constant except at x=0.10, when the lattice
parameter a expanded again. This might be due to the
presence of larger defects in the ZnO structure [27] and to
crystal growth. This effect has also been observed in Al-
doped ZnO powders [28]. The decrease in the lattice
parameter ¢ of the Mg-doped ZnO nanostructures indi-
cated that the Mg>™ ion could substitute at the Zn*>" site
and form a substitutional solid solution.

When the influence of the La and Mg concentrations on
the crystallite size were determined (Table 1), the dependence
of the crystallite size on the La and Mg concentrations can
be explained by the Zener pinning effect. The crystallite size
of La- and Mg-doped ZnO nanostructure was slightly
diminished when the La and Mg concentrations were
increased to x=0.05. This is due to the dopant obstructing
the movement of boundaries, and giving rise to an inhibition
of the overall growth. On the other hand, the crystallite size
of ZnO increased when being doping with x > 0.05, and this
was caused by the coarsening of the dopant with a higher
critical size, resulting in the reduction of the pinning
efficiency. Therefore, the crystallite size could grow again [6].

To study the effect of La and Mg concentrations on a
change of morphology, the samples were characterized by
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Table 1

The structural and optical properties of Zn; _,La, O and Zn,_,Mg,O nanostructures.

Dopant Content (x) D (nm) Lattice parameters V (nm)* E, (eV)

a (nm) ¢ (nm) cla

La 0 3291 0.3247(1) 0.5202(9) 1.6023 0.0475(1) 3.20
0.01 30.38 0.3247(0) 0.5201(0) 1.6018 0.047409) 3.18
0.03 29.78 0.3245(3) 0.5200(0) 1.6023 0.0474(3) 3.18
0.05 25.10 0.3243(1) 0.5200(0) 1.6037 0.0473(6) 3.18
0.07 28.47 0.3246(7) 0.5201(9) 1.6022 0.0474(9) 3.18
0.10 29.78 0.3249(1) 0.5199(6) 1.6003 0.0475(4) 3.18

Mg 0 3291 0.3247(1) 0.5202(9) 1.6023 0.0475(1) 3.20
0.01 31.89 0.3246(8) 0.5200(0) 1.6016 0.0474(7) 3.21
0.03 30.82 0.3246(7) 0.5198(1) 1.6010 0.0474(5) 3.23
0.05 29.27 0.3247(3) 0.5197(4) 1.6005 0.0474(6) 3.27
0.07 31.64 0.3246(5) 0.5192(9) 1.5995 0.0474(0) 3.25
0.10 32.19 0.3249(3) 0.5193(8) 1.5984 0.0474(9) 3.30

SEM and the images are presented in Fig. 4. The La
concentration did not affect the particle shape of ZnO
because the La’™ cannot substitute at the Zn>" sites as
mentioned previously. However, the La concentration still
affected the particle size. This evidence was in good
agreement with the result of the crystallite size obtained
from the XRD analysis. In this study, the agglomerated
spherical particles formed over the whole range of the La
concentrations used and the particle size of the pure ZnO
nanostructure decreased from 65 nm to 25 nm when being
doped with x=0.05 as clearly observed in Fig. 4(g and h).
As mentioned previously, the La produced a La—O—Zn on the
surface of the ZnO nanostructures. This can be attributed to a
provocation of isotropic growth, caused by the formation of a
spherically shaped La-doped ZnO nanostructure. When Mg
was used as a dopant, the particle shape altered from spherical
to a rod structure with a diameter of about 100 nm when ZnO
was doped with x=0.10. It was of interest that, the Mg
concentrations influenced the growth mechanism of the ZnO
nanostructure. The particle shape changed from a spherical to
a nanorod structure when the Mg concentrations were
increased (Fig. 5). This change was also observed in the Ni-
doped ZnO nanostructure [29]. In this investigation, when the
Zn>* ions were substituted by Mg> " ions this predominantly
affected the lattice parameter ¢ compared with the lattice
parameter «. This might provide the driving force for
anisotropic growth, as the ZnO nanorod formed when being
doped with Mg. Moreover, the formation of Mg-doped ZnO
nanorods can be explained by the Pechini process due to the
addition of the PEO;,5-PPOs,—PEO; 5. This perhaps could
lead to an esterification reaction or form a chelation with zinc
acetate by the formed ester. After the calcination process, the
ZnO nanorods were formed [30,31].

3.3. Optical study

The optical bandgap energy (E,) of the ZnO nanostruc-
tures is an important parameter that has to be considered

for use in special applications. It was evident that the E,
value may be dependent on the particle size, particle shape
or defects [28] and these parameters strongly depended
upon the synthetic method of the ZnO nanostructures. In
this study, the absorbance of samples was recorded and the
E, value of the samples was determined by the following
relation [29]:

(2E) = B(E-E,)" 4)

where B is an energy-independent constant, E, is the direct
bandgap energy, o is the absorption coefficient, E is the
photon energy and m is an index that characterizes the
optical absorption process and it is theoretically equal to 2
and 1/2 for an indirect and direct transition, respectively.

In this study, the absorption coefficient (x) can be
estimated by the following relationship [6]:

A
x= 4 (5)
where A4 is the measured absorbance and &’ is the cell
thickness or sample thickness (0.4 cm) and the photon energy
can be approximated by the following relationship [6]:

1240
E=—= ©)
where 1 is the wavelength in nanometers.

The (¢E)* versus E for all samples was plotted as shown
in Fig. 6 and the E, values are given in Table 1. For the
La-doped ZnO nanostructures, the E, values were almost
the same even though the La concentrations increased.
However, the E, values of the La-doped ZnO nanostruc-
ture were smaller than the E, value of the pure ZnO
nanostructure. The decrease in the E, value may be due to
the increase in defects such as the oxygen vacancies and
this was confirmed by the resultant PL spectra in Fig. 7.
The oxygen vacancies can induce the formation of new
recombination centers with a lower conduction band, that
gives rise to a narrower E, value [32]. For the Mg-doped
ZnO nanostructures, in contrast, the E, value increased
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Fig. 4. SEM images of the calcined Zn;_,La,O nanostructures at various La concentrations where (a) x=0, (b) x=0.01, (¢) x=0.03, (d) x=0.05,
(e) x=0.07 and (f) x=0.10 as well as the TEM images where (g) x=0 and (h) x=0.05.

systematically when the Mg concentrations were increased
from x=0 to 0.05, and this might be due to the decrease in
the crystallite size. When the Mg concentration was further
increased to x=0.07, the E, value decreased because of an

increase in the crystallite size. However, the E, value of
ZngyooMgg 10O increased again as there was then a com-
plete change of the morphology [33]. This might be due to
the formation of an amorphous MgO on the surface of the
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Fig. 5. SEM images of the calcined Zn; _,Mg,O nanostructures at various Mg concentrations where (a) x=0, (b) x=0.01, (¢c) x=0.03, (d) x=0.05,

(e) x=0.07 and (f) x=0.10.

catalyst and this MgO phase had a larger E, value (5.4 eV)
[12].

3.4. Photocatalytic activities

In this work, Zn;_,La,O and Zn;_ Mg, O (x=0, 0.05
and 0.10) were selected to be representative catalysts and
an aqueous MB solution was used as the model pollutant
with an initial concentration of 1x 107> M. The evalua-
tion of the photocatalytic activity was performed at
ambient temperature and a pH of 6.5 under UV irradiation
for different times.

Fig. 8 shows a temporal change of the absorption
spectra of the aqueous MB solution in the presence of
the ZnO catalyst. A decrease in the MB absorption at a
wavelength of 664 nm was observed. This was due to the

breaking of the conjugated chromophore structure of
the MB [34]. Fig. 9(a) and (b) shows the efficiency of the
photocatalytic degradation of the aqueous MB solution by
the La and Mg-doped ZnO nanostructures. It was evident
that the efficiency of photocatalytic degradation of the
aqueous MB solution without any catalyst was almost
constant over the whole range of irradiation times used.
This indicated that the MB molecules were not degraded in
the absence of catalyst. Therefore, it can be concluded that
the photocatalytic property was activated by the catalysts
in combination with the UV irradiation. In this study, it
was observed that both La and Mg doping metals had
enhanced photocatalytic activity. For the La-doped ZnO
nanostructures, the efficiency of the photocatalytic degrada-
tion after UV irradiation for 1 h reached 83%, 93% and
90% for ZnO, Zny9sLagosO and Znggolag 190, respectively.
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Fig. 6. Plots of (¢E)* versus E of (a) the Zn,_La O nanostructures and
(b) the Zn; _ Mg, O nanostructures.

The efficiency of the photocatalytic degradation for ZnO,
Zng9sLagy 05O and Znggglag 100 nanostructures increased
to 96% whereas the efficiency of the photocatalytic
degradation of ZnO nanostructures reached 87% after
UV irradiation for 2 h. When the Mg-doped ZnO nanos-
tructure was used as a catalyst, the efficiency of photo-
catalytic degradation after UV irradiation for 1h was
about 83%, 92% and 88% for ZnO, Zngy¢sMgy¢sO and
Zng 9oMgg 100, respectively. The MB degraded almost
completely after UV irradiation for 2 h with an efficiency
of photocatalytic degradation of about 99% and 98% for
Zn0.95Mg0.05O and Zl’lo_goMgo_loo, reSpeCtiVely. It is well
known that the photocatalytic activity is influenced by
crystallinity, particle shape, defect concentrations and
specific surface area [10-13]. In this study, the specific
surface area of the representative catalysts was determined
and the results are presented in Table 2. In the case of the
La-doped ZnO nanostructures, the ZnggslagosO nanos-
tructures had the highest specific surface area (29.89 m?/g).
This gave rise to the highest efficiency of photocatalytic
degradation of the MB solution because the catalyst had
the most active sites in the photocatalytic process. In
addition the Znggslag ¢sO nanostructures had the biggest

Fig. 7. Room temperature PL spectra of (a) the Zn; _La, O nanostruc-
tures and (b) the Zn; _ ., Mg, O nanostructures.

Fig. 8. The temporal change in the absorbance of the MB aqueous
solution in the presence of the ZnO catalyst.

concentration of defects or oxygen vacancies and this also
brought about an improvement of photocatalytic activity
due to the catalyst having the most active centers [35]. For
the Mg-doped ZnO nanostructures, the efficiency of the
photocatalytic degradation of ZngosMgy¢sO and Zng g
Mgy 100 was similar; this is because the catalyst had the
same amount of surface area and defect concentrations. In
this study, Mg-doped ZnO nanostructures showed a larger
efficiency for photocatalytic degradation compared to the
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La-doped ZnO nanostructures although the Mg-doped
ZnO nanostructures had a less specific surface area than
the La-doped ZnO nanostructures. This again might result
from the differences in particle shape [36,37].

The photocatalytic degradation of MB catalyzed by the
La- and Mg-doped ZnO nanostructures fitted a pseudo
first-order reaction as shown in Fig. 10 according to the
relationship as follows [13].

dcC Co
_E_Kt or 1n<6>_Kt (7

where C is the initial concentration of MB, C is the actual
concentration of MB, ¢ is the irradiation time and K is the

Fig. 9. A comparison of the photocatalytic degradation by the (a)
Zn; _,La,O nanostructure and (b) the Zn,_ Mg, O nanostructure.

Table 2

apparent rate constant of the photocatalytic degradation.
The apparent rate constants are presented in Table 2. It was
evident that the Zng9sMgj ¢sO nanostructures exhibited the
largest apparent rate constant and this corresponds to
previous results. It was noticeable, that although the
Zng 9oMgp 100 nanostructures had a larger specific surface
area than the Zng9sMg 0sO nanostructures, the efficiency of
photocatalytic degradation of the ZnggoMgj 100 nanostruc-
tures is smaller. This might be due to the formation of an
amorphous MgO on the surface of catalyst and this MgO
phase had a larger E, value (5.4 eV), so it is difficult to excite
electrons and caused the reduction of the photocatalytic
degradation of MB.

Considering the correlation of rate constant and E,
value, it was evident that the La-doped ZnO nanostruc-
tures had lower E, value than the ZnO nanostructures
because of the larger amount of oxygen vacancies. During
the photocatalytic process, the electron—hole pairs were
generated and the charge carriers were trapped before the
recombination of the electrons and holes. This resulted in
an increase of the rate constant or enhancement of
photocatalytic activity as observing in the Cu-doped ZnO
nanoparticles [38]. On the other hand, the rate constant of
the Mg-doped ZnO nanostructures was higher than for the
ZnO nanostructures. This might be due to the larger E,
value of Mg-doped ZnO nanostructures, thus the electron—
hole recombination is reduced (the amount of defect is
similar in the case of Mg-doped ZnO nanorods). There-
fore, the potocatalytic efficiency enhanced as reported in
the case of ZnO nanowires grown by the vapor transport
technique [39]. Nevertheless, when the MgO formed and
covered the surface of the ZnO nanostructures, the E,
value increased. In addition, the electrons in the valence
band cannot be excited and transferred to the conduction
band when the E, value is too high because the tube
efficiency emits UV at 315-400 nm only. Therefore, in this
study the photocatalytic degradation for ZnggoMgg 10O
decreased.

The photocatalytic mechanism for ZnO can be expressed
by the following reactions [40].

ZnO+hv—ZnO(h™ yp+e o)
htp+H,O—> "OH+HT™

The photocatalytic and antibacterial activities of Zn;_,La,O and Zn;_ Mg, O nanostructures.

Dopant Content (x) Surface area (m*/g) k (min~—") RrR? MIC (mg/mL)
S. aureus E. coli

La 0 11.62 0.0064 0.9713 12.5 -

0.05 29.89 0.0161 0.9842 3.125 25

0.10 27.52 0.0147 0.9733 6.25 25
Mg 0 11.62 0.0064 0.9713 12.5 -

0.05 19.02 0.0440 0.9666 6.25 25

0.10 19.66 0.0285 0.9993 0.78 25
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Fig. 10. Kinetic studies of the photocatalytic degradation of the MB
solution by (a) the Zn;_,La,O nanostructure and (b) the Zn,_, Mg, O
nanostructure.

e pt+0r—> <Oy
‘0O; +H,O0-H,0,—-2"0H

‘OH +MB — MB,, — intermediates —» CO, + H,O

3.5. Antibacterial activities

The MIC values of the representative samples against S.
aureus and E. coli are presented in Table 2. Each sample
exhibited better antibacterial activity against S. aureus
than E. coli. Pure ZnO nanostructures were only active
against S. aureus and both La- and Mg-doped ZnO
nanostructures were also active against S. aureus at lower
concentrations. This is because of the differences in cell
wall structure, cell physiology, metabolism or degree of
contact [41]. Up to the present time, it is difficult to
identify which of the antibacterial mechanism operate in
the dark. Hirota et al. [42] proposed that the antibacterial
mechanism in the dark comes from the super-oxide anion
radical (¢#O3) that is produced from the surface of the
samples. It is well known that the super-oxide anion
radicals are highly reactive oxygen species that can create
oxidative stress in the cellular system. When the generated

super-oxide anion radicals overwhelmed the levels of the
cellular antioxidant defense system, it brought about a
state of oxidative stress, thereby leading to cell damage
[43]. As we know, protein in the cell wall of S. aureus and
E. coli contains many peptide linkages. So, when the super-
oxide anion radical attacks the carbonyl carbon atom in
the peptide linkages, eventually, the bacteria are destroyed.
In this study, the destructive efficiency on the bacteria
depended upon the surface area and the presence of
oxygen vacancies. The samples that had a higher surface
area and oxygen vacancies produced more super-oxide
anion radicals, that resulted in a better destruction of
bacteria [44]. This result corresponded to those for the
efficiency of photocatalytic degradation. An exception, to
the case of ZnggyMgy 100 nanostructures, was that S.
aureus were the most sensitive organism, this might be
due to the formation of a small MgO phase, but this
cannot be detected by the XRD used [12] and this MgO
nanoparticle supported the antibacterial mechanism. How-
ever, some research workers [45,46] reported that ZnO
itself can inhibit E. coli, but in this work ZnO did not
inhibit the E. coli. This might be due to the differences in
the amount of reactive oxygen species on the ZnO surface
and the differences in the particle size.

As we know, many articles [45,47] have reported that the
ZnO nanostructures can be used not only as antibacterial
agent, but also as potential anti-cancer agents. Therefore,
the influence of the metal-doped ZnO nanostructures
toward anti-cancer agent should be studied in detail in
the near future because this might be another good
candidate for an anti-cancer agent.

4. Conclusions

Zn,_,La, O and Zn;_,Mg,O (x=0-0.10) nanostruc-
tures were successfully synthesized by a sol-gel method.
The nanostructured powders were structurally and ther-
mally characterized by XRD, SEM, TEM and TG-DTA,
respectively. The La-doped ZnO nanostructures had a
spherical shape while the shape of Mg-doped ZnO nanos-
tructures altered from spherical to nanorod as the Mg
concentration increased. The crystallite size of the ZnO
nanostructures decreased as the doping concentration was
increased to x=0.05 and the crystallite size increased with
a further increase of the doping concentration. These
results can be explained by the Zener pinning effect. Under
certain conditions, only Mg®* can easily substitute into
the Zn>" site and form a substitutional solid solution
when the Mg concentration was varied between x=0 and
0.07, this was confirmed by the reduction of lattice
parameters and the lattice volume. The E, value of the
La-doped ZnO nanostructure depended on the defects in
the structure while the E, value of Mg-doped ZnO
nanostructure changed because of the crystallite size and
particle shape. La and Mg doping metals can improve the
photocatalytic activity of MB and a pseudo-first order
reaction fitted well with the range of the reaction time.
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Moreover, the La and Mg doping metals did enhance the
antibacterial activity especially against S. aureus.
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Abstract. ZnO and La-doped ZnO nanoparticles were synthesized by precipitation method by using
ZH(CH3COO)22H20, (CH2)6N4, (PEO)128-(PPO)54-(PEO)128 and LaC13'H20 as zinc source,
precipitating agent, capping agent and dopant, respectively. The calcined samples exhibited a
hexagonal wurtzite structure. The smallest particle size of pure ZnO nanoparticles of about 88 nm
was obtained when 0.7 mmol (PEO);,s-(PPO)s4-(PEO);,8 was used. The particle size of La-doped
ZnO nanoparticles increased when La concentrations increased. The La-doped ZnO nanoparticles
showed the energy band gap between 3.159-3.222 eV.

I ntroduction

Zn0O is an n-type semiconductor due to a deviation from a stoichiometry that come from the
defects such as oxygen vacancies and zinc interstitials [1]. ZnO can be synthesized easily by
chemical solution methods such as sol-gel [2], hydrothermal [3] and precipitation [4]. Among them,
precipitation is one of a popular method due to this method is simple and the morphology can be
controlled by capping agents such as polyvinylpyrrolidone [2], cetyltrimethylammonium bromide
[4] and copolymer [5] and doping metals such as Ag [5] and Al [6] etc. In this study, we studied the
influence of (PEQO);25-(PPO)ss-(PEO)2s and lanthanum chloride hydrate concentrations on
morphological control and we also studied the dependence of crystallite size on optical properties of
La-doped ZnO nanoparticles.

Experimental

To investigate the effect of (PEO);25-(PPO)ss-(PEO);25 (Fluka, M.W. 14400) concentrations, the
0, 0.3, 0.5 or 0.7 mmol (PEO);23-(PPO)ss-(PEO);25 was introduced into 100 mL of 0.1 M zinc
acetate dihydrate (Zn(CH3;COO),-2H,0, Fluka). After that, (PEO);25-(PPO)ss-(PEO);25-modified
Zn(CH3COO);,-:2H,0 solution was continuously stirred at room temperature for 15 min. Then, the
100 mL of 1 M hexamethylene tetramine ((CH;)¢N4, Fluka) was slowly dropped into each
(PEO);25-(PPO)s4-(PEO),25-modified Zn(CH3COO),-2H,0 solution. The obtained precipitants were
continuously stirred at 60 °C for 1 h. The reaction was stopped and cooled to room temperature and
then filtered, rinsed with distilled water and absolute ethanol, dried and calcined at 700 °C in air for
1 h.

To study the effect of La’" concentrations on the properties of ZnO nanoparticles, 1, 5 or 10
mol% lanthanum chloride hydrate (LaCl;-H,O, Fluka) was added into each (PEO);23-(PPO)s4-



(PEO)28-modified Zn(CH3COOQO);-2H,0 solution and the solution was stirred at room temperature
for 15 min. The other processes were followed as the preparation of pure ZnO nanoparticles.

In this study, the crystal structure of the samples was carried out by the X-ray diffraction method
(X’Pert MPD, Philips). The morphology was observed by the scanning electron microscope (SEM,
QUANTA 400, FEI). The diffuse reflectance spectra of the samples were measured by the UV-Vis
spectrophotometer (UV-Vis 2450, Shimadzu) and room temperature photoluminescence (PL)
spectra were recorded by luminescence spectrometer (LS/55, Perkin Elmer).

Results and Discussion

Structural Study

The effect of (PEO);23-(PPO)s4-(PEO);2s concentrations on the crystal structure and crystallite
size of the samples was studied by XRD method. The XRD patterns of the samples are presented in
Fig. 1.
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Fig. 1. XRD patterns of (a) ZnO nanoparticles prepared with different (PEO);23-(PPO)s4-
(PEO)25 concentrations and (b) La-doped ZnO nanoparticles prepared with different La
concentrations.

From Fig. 1 (a), it was observed that the diffraction peaks of all samples exhibited a hexagonal
ZnO waurtzite structure according to the JCPDS card number of 36-1451. In this study, the
crystallite size was calculated by the Scherer’s formula [6]. The crystallite sizes are 38.05, 33.40,
32.92 and 28.76 nm when the (PEO);,5-(PPO)s4-(PEO), 23 concentration increased from 0 to 0.3, 0.5
and 0.7 mmol, respectively.

The (PEO)23-(PPO)ss-(PEO) 28 is an amphiphilic polymer that can form a micelle as its
concentration is higher than a critical micelle concentration. When the concentration of (PEQO);,s-
(PPO)s4-(PEO) 28 increased, the nucleation rate of micelle formation was faster. Therefore, a
number of small micelles occurred and the small ZnO particles were generated.

Fig. 1 (b) shows the XRD patterns of 0, 1, 5 and 10 mol% La-doped ZnO nanoparticles. It was
evident that no diffraction peaks of La,Os; were detected under the limitation of XRD used. The
XRD patterns of all La-doped ZnO nanoparticles exhibited a hexagonal ZnO wurtzite structure
corresponding to the JCPDS standard card number of 36-1451. The crystallite size and lattice
parameters that calculated from the relationship of (hkl) plane and d-spacing [6] of La-doped ZnO
nanoparticles are presented in Table 1.

Considering the ratio of c/a, it was found that the value of c/a was about 1.602. This is in good
agreement with the value of c/a of ZnO standard. In this study, it was also observed that the lattice
parameters were contracted when doping with La, this can indicate that the La’" (r = 116 pm)
cannot substitute the Zn>" (r = 74 pm) in the ZnO lattice, but La’* might interstitial in the ZnO
lattice [7]. The crystallite size of La-doped ZnO nanoparticles increased as a function of La
concentrations. This can be explained by the Zener pinning and Ostwald ripening effect [5].



Table 1. XRD analysis of La-doped ZnO nanoparticles prepared from 0.7 mmol (PEO);,s-
(PPO)s4-(PEO) 28 modified-Zn(CH;COO),-2H,0 solution.

La contents D lattice parameters
[mol%] [nm] a [nm] C [nm] cla
0 28.76 0.3250 0.5207 1.602
1 32.95 0.3250 0.5207 1.602
5 33.57 0.3248 0.5200 1.602
10 33.35 0.3247 0.5201 1.602

To investigate the effect of La concentrations on morphology of ZnO nanoparticles, the La-
doped ZnO nanoparticles were studied by SEM and the SEM images are displayed in Fig. 2.

(@) (b) (© (d)

Fig. 2. SEM images of La-doped ZnO nanoparticles at different La concentrations (a) 0 mol%,
(b) 1 mol%, (c) 5 mol% and (d) 10 mol%

The La-doped ZnO formed a spherical shape when the La concentration increased and the
particle size also increased as a function of La concentrations. This is in good agreement with the
result of XRD analysis.

Optical Study

To investigate the effect of La concentrations on optical properties of ZnO nanoparticles, the
absorbance of La-doped ZnO nanoparticles was measured in the wavelength of 200-800 nm. The
La-doped ZnO nanoparticles showed a good transparency in the visible region. The absorption edge
of La-doped ZnO nanoparticles shifted to the higher wavelength (red-shift) compared to pure ZnO
nanoparticles (the results are not shown here). This might be due to the increase in particle size and
oxygen vacancies [4].

The optical band gap (E,) of La-doped ZnO nanoparticles, as shown in Fig. 3(a), was estimated
from the linear portion of (aE)* versus E curves using the relation as presented in [4]:
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Fig. 3. (a) plots of (aE)* vs. E for evaluating the E, value and (b) room temperature PL spectra
of La-doped ZnO nanoparticles.



The E, values of La-doped ZnO nanoparticles were 3.213, 3.207, 3.186 and 3.176 eV when
doping with 0, 1, 5 and 10 mol% La, respectively. It was evident that the E, value decreased as the
La concentration increased. As a matter of fact, the E, value depended upon many parameters such
as particle size, particle shape and defect concentration [4]. However, the particle shape of La-
doped ZnO nanoparticles is quite similar, so the effect of particle shape was ignored. In this study,
we explained the change in E, value with particle size and defect concentration. From this point of
view, the E, value decreased as particle size increased. Moreover, the 5 and 10 mol% La-doped
ZnO nanoparticles exhibited the highest emission intensity as shown in Fig. 3 (b), so these samples
had more oxygen vacancies, giving rise to a reduction of E, value [4].

Summary

The spherical ZnO and La-doped ZnO nanoparticles were successfully synthesized by
precipitation method. The (PEO);23-(PPO)ss-(PEO);28 copolymer can be used as a capping agent
and this capping agent can reduce the particle size of ZnO as well as produce the spherical ZnO
nanoparticles. The La concentration influenced the increase of particle size that can be explained by
the Zener pinning and Ostwald ripening effects. The E, value decreased as La concentration
increased due to the particle size increased and the ZnO doped with higher La concentration had
more oxygen vacancies in the lattice.
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