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Abstract

Recently, silicon-based solar cells can achieve power conversion efficiencies
of up to 24% although this high efficiency is offset by the high cost. Dye-sensitized
solar cells (DSSCs) are a promising alternative to their silicon analogues.
Unfortunately, dye-sensitized solar cells constructed using reported one-dimensional
materials (e.¢. nanofibers, nanorods, and nanotubes) are still inferior in terms of
conversion efficiency to those of cells using conventional nanoparticles, because of
their restricted surface area. In this research, one-dimensional metal oxide nanowires
were fabricated by designed techniques; including ZnO nanorods from hydrothermal
method, and TiO, nanotubes from liquid phase deposition method. Optimization of
the fabrication conditions were carried out to fabricate nanowires with suitable
energy band gap, small crystal phase, high crystallinility, high electron conductivity,
and high surface area. The nanowires were characterized by scanning electron
microscopy (SEM), Brunauer-Emmett-Teller (BET) surface area technique, X-ray
diffraction (XRD), UV-vis spectroscopy, and PL spectroscopy. Obtained nanomaterials
were utilized as photoelectrodes of dye sensitized solar cells (DSSCs), other types of
solar cells, and photocatalysts. Improvement of surface area of metal oxide
nanowires by solution method was also studied. The attempt was focused to

develop efficient solar cells with acceptable power conversion efficiency.

Keywords: nanomaterial, nanowire, metal oxide, dye-sensitized solar cell
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viaTanuauilduvieunluves Zn0 waNeyWusvesalaesiu (PCBM) uazwediesthlii
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asaranesensEUILNS hydrothermal flgaumindisneiy
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1.3 YBULAIIUIIY

- Asdaasigiatauiluanlangeenlen (Wisualuwes Zno) AIBNIZUIUNIT
hydrothermal

- mMengviRuatTRvewieunluves Zno Usenausmiednuyeiiuagsusienieuen
vosanuluanlangeanlennay scanning  electron  microscope  (SEM)  uag
1AS98519NANAIY X-ray diffraction (XRD)
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Devices) kazN15t39UfAS8TUaS (Photocatalysis) neiag



Uni 2

ANSANEIUILNNYIVD

2.1 Jaaurluvaslanzeanlediiulaluliffies (One-Dimensional Nanostructured
Metal Oxides)
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FundanunaunuuazAandon fegnsestanuaiiine Yanfiflsngussduuilu vietan
sedvuluidulsluifien mseanseduulumarinadiseantanlaeialy (Xia et al,
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fuwalvgy audRivaniusznoude fufiiafigdu audinsmeudufiudeuly snauiidu
sudou maganduiigatu vieanuannsolunisneuaussine Antu (Husu (Corma et
al., 2004; Law et al., 2005).
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NTLUIUNTT LU NTEUIUNITAUATIENIINATILNGVDIAIT NTLUIUNITNEAITaLAY
nszUUMITldansanussisingis nszvaunmstuduleselihaina vienszuiunsiams
uq ilfsannsotusdfanuiluiuvusinfetu vieuvusautuanavaisviald
dnvarveddassairsiageenludvedansiifulaluiifforfiiinnssoaulunsassnag i
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widulu (G) '?ﬁ@ﬁ'aﬁm (aulase) (H) ’3’aﬂuﬂuLLmﬂLmuuﬂwﬂzu () MITIUNFUVBINTINAY
Wy (J) aU3eunlu (Kolmakov and Moskovits, 2004)

midfeiAedeatutaguilu lneenzesnads Yaquiluidulsludffedutlniiy
Tausineniailiihuagmsdiauieu warauiRidnavestansieg dudsualaensan
MnwuIniinawuarifivesian (LeadaZendt quantum  confinement) Tunafidnaduay
fAvosTandsdmalnonsstunisliiudiudeveneviemineienlunistusugunsaididn
Insfind gunsalideuas wadlwiiuadl saudsgunsallwiiusdmdnluseduuludngae
(Hernandez-Vélez, 2006).

Xia uaAns (2003) W uunmsdaamgitanuiluiiislsluifdedlsndu ¢ ngulu
unanuivimatunils Tnsuvadu nguil 1 maduladuianuiluwuuiifamaiiauaue
msivlnveddassawdnluvonds nguil 2 maduladuiaguilunuuiiianisiinauau
etaquinuuriadu nguit 3 maAulnduanuilusuuifamaiieuausenngdus
Seanvideiiansinvua uagnguaaine nsruaInisdus Adidngaimlunisaiuaudnuauynis
WA laluiiRpien

1umiﬂ’wmﬂizmumié’amawﬁ’faquﬂu%ﬁwﬁqﬁu Aaitd Ay fgndnieda
milsfsAensauaunisidulalulandesnis mImuaudnvuzviiesussiidosnts uazns
auauliTanynauivunainiy lutimaneUfiuanldfinsinssuudanssinand
vanenszuumanduasgitaguiluiidulsluififeuuasiuo uadnniululy
fa¥anseiuunlu v3e bottom-up) flanusamuaunsdansizsilalunanesysu



Ul 2.2 uamamansuumislunisdaesgiiaquluidulaluiifdies Ussneuse ()
yvanenszUINNIMaRiia musmvestaquilusensiivlavesiassaiisndnluvesuds (UA
2.27) (i) MmahlRAniasessessinseunaivreaLduioanauaninsves Janisusy
uAamsAulelulififes (Uit 2.28) (i) msldfuuuunanssiniiilassaadulaluifiden
diedunuuliaisYanlifizusisnuduuutiu Uil 220 (v) nslinsdusbaeaelunis
AuAuMsRulavesianluiifides (v) n1sld a1smvau(capping reagent) Tun1stasiulyly
Aensidulalunsiiemdainduiagidulalulifdier (Uil 2200 i) msTududy
fievnafeIvesianlsiin (euninvwinén) (gﬂﬁ 2.2E) uag (vi) Msanvunvesianiaumie
ffifien (U 2.2F).
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Ul 2.2 dnwaznisiiuazdule 6 uuuvesiagidulaluifides: (A) msidvladieuey
Fromaiulaveddasaiednluewds B  nsivlsluiuiisitavemeavonnadly
nszuumsivlaaudaiule-veunarveands (O msiiulnegadifiavanufianiswes
winuy (0) mstdvlpdifimsauauiiemasieansaugy (JesfulaliAnuisiienna) () s
wdudufiemaservesianlin (euneswindn) waz (F) nsanvuaveianaumbeds
e (Xia et al., 2003)

dnuazisuvesmeuluiidulsluiffierdonuenniiund anudevgu uay
Awansalunisuiugusaldvatsuuunadionnuuuly uazauiinandnediu wanis
mauéﬁ’uﬁﬂﬁamﬁamqﬁLﬁﬂmauﬂé%aﬁamﬂﬁaﬂﬁ (Hu et al, 1999) ANULTWSUTING
vosfanulufidulaludfiderdunenanasitunsz sueiasiidnasudduinainns
nszaeusslugase Tdnntudnde nmnuasiigumgls uoundsnuiasuld way
aruansalunsdenduedulunisnseduantidaasiliarsuluiifuleludfd
auaninsaeglunmsliifuduvildugunsaididnmseindiauas vilviininhainulud
dulaluiifiAeavesiagissiuaslangluldnulumaduaseniinduazivesludidnsinedng
WIvany
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21NMUTEUIU0TEn 89U AdelRsiauwiaunlures Zno NlalufiAniufeluasiin
[ = & YY) o o I 1Y [ & 1 .

Jussideudainiuiansessu waganunsnihluiludusuulunisduasigiieuiluves TiO,

solula

A15199 2.1 NsdaaTIzviaInuIluaIntanzeanlan (ZnO way TiO,) MAulaby 1 ff

Material 1D Nanostructure Synthesis Method Reference
TiO, Nanotubes Template based (Hoyer et al., 1996)
Hydrothermal (Kasuga et al., 1999)
Electrochemical (Weng et al., 2006)
Nanowires Template based (Yi et al., 2002)
Hydrothermal (Kasuga et al., 1999)
Nanorods, Hydrothermal (Zhang et al., 2005)
Nanofibers
Zn0O Nanotubes Thermal evaporation  (Xing et al., 2004)
Template-assisted sol- (Wu et al., 2005)
gel
Nanowires Thermal deposition (Yuhas et al., 2006)
Hydrothermal (Sun et al., 2005)
Nanorods Exothermic reaction (Kahn et al., 2005)

Thermal deposition

(Vayssiere et al.,
2001)

Tasinumuissunssunelanunsihalnlangeenlealuldlusnusie lnaanigly
\AGUANDITINERINNT19T 2.2 aziuiwaduaefindfisenudiuszansanlignin aulu
NUIB LRI TR IwaaLEe 1 AIndNTlUsTaNE NN IadLEID N NANIN AR 189U



a1519% 2.2 nsihaalaneesnlanves TIO, ltluwaduasenindvinddeuliwas (DSSC)
wazylladanna (hybrid photovoltaic cells)

Application  Semiconductor Modified Treatment (POE)E Reference
DSSC TiO, Unmodified 0.578 (Kang et al,
nanotubes 2007)

ZnO coating 0.704  (Kang et al,
2007)
H,O, treatment 0.640 (Kang et al,
2007)
ZnO coating and H,O, 0906 (Kang et al,
treatment 2007)
Hybrid solar TiO, Unmodified 0.02 (Rattanavoravipa,
cell nanotubes et al., 2008)
N719 dye 0.656  (Rattanavoravipa,
et al. 2008)
Unmodified 0.0603 (Wang, et al,
2008)
N719 dye 0.0805 (Wang, et al,
2008)
TiO, nanorods  Unmodified 0.096  (Liu et al., 2008)
Thiophenol 0.157  (Liu et al., 2008)
Unmodified 0.47 (Wu et al., 2009)
Polymethylmethacrylate 0.65 (Wu et al., 2009)

(1.6 %wt)

2.2 nszurumslalasimesuea waznszuIunIs Liquid Phase Deposition

MsFATIZIILIaUNlusaviauluradlansaan b
liquid phase deposition (Lee et al., 2005) wiwduuvad g fldlunsduaseisanandld
n5% U?Uﬂ’]i“U‘UiULLMLLUUGUUG}‘LJ"}]’mﬂi LUIUNTYN I AANSE ANz A8 b mlaflsu

A‘dd

A NATIWUEIY

Ingldnszuiunis

AFEUIUNIINETaL Y QﬂmﬂiﬁﬂqiﬁflLﬂi’]u‘ViUUWU‘VIEUL!'WQIWQJJLUUIUIWBWﬂ Q’]H’J‘\]EJU@NHQ

FUAT12UTUIUYDY ZnO way Mouluves TiO,

Thinns389ilUNANIBALINE

NIZUIUNTNNEITAZAE (NT3UIUNSLElATIMBTHOa LagNTEUIUNIT Liquid
Deposition auasu) Ineldurisunlures znO Wusunuulunsdaasigivieunluaes TioO,
FatimsAnwanzAmungaulunsasimeuiluiioniasuuiwiy Jennsaniinssieauld

TuanAdedu

Phase
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2.3 LeliﬁaLLﬁ\‘lﬁJ'WIGIEJ‘U‘IJﬂﬁEJEJ%Jl’JLLﬁ\‘WIﬁi'NQ']ﬂ’Jﬁ@]U']IUWIUIG]IU&IGILG’IEJ’J

Tassaretaquluidulsluififevedangoenladuay fagtainhidaduiiala
Tunanemai Y wilsluauildduns@nwegannfonisldiuluwaduasoriing siuda
wanlaseingviinddeuliuaie

GilsuTuannssuiumstuduledelnihadnddunmadonnislunistuguYagli
Jutaguiluidvlaluiianafior wazdnisinduledinanuildluvaisauvessad
wasoindydnddonlinas Fujihara wazamy  (2007) s1eunsasiaeaauasoindydngd
foulluasieduveseyniaulusazdurousisunlu (@nmusnssnvesdulounlufidusy
drenstudulodelifiiedn) wiwtouluiiAnannisusnveaduledugadeanifar
soiflosvendule dwadonisilnihlutan Ussansamuensaduaseniindfina1ndediiien
5.8% uanantumsUsenoutusing Tuwaduasofindfifitusyniauiluuasuvisulutudsd
vanetumeudnge fdlulasniifeilesdunemenusaduaseiindfudnan dulou
Tuanmstuduleseliihadn Inowadiuszansnmgs 8% udwadiinddsessinismay
oumawiludlvludurensadie Tilduaidulowlusidu (Chuangchote et al., 2008)

fafinnsmeanunanmsidevarsaufsfunsldauwimunluves zno uagveuly
84 TiO, luwaduaseniinduinddenlnasununslifanoynauilufsinilii Tuwed
vl (Gong et al., 2001; Mor et al., 2005; Cai et al, 2005) athslsARaATo i e

3
[
=

Faglinduautundsnuanumigay anudundngs wwendndn n1stiluing wasiuiin
g9 Yevzdananuand199InfinanisAnwrindneunt weananTuNITIRLNUNTIIN
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a

¢ 2 & a aa aov
ﬂi%U’JuﬂﬁlﬁIﬂim@im@aﬂﬂ@LUUﬂ’J’]JJﬂ@iLiiHJ@N’m’Jﬁ]EJu
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2.4 uNgneNULadwasaindsiaddaulinaslulssmalng

nMsiTeieafueaduatefindvinddouluasiuliieindunmideilnldndmsu
Uszinelve nguideunsngulunatsanitu wu audwmalulaglansuas Tanuvia @ (MTEC)
Audulumnalulaguis@NANOTEC)  Audwaluladdidnvselinduaznouiiainosumeyi
(NECTEQ) umninenduimalulagnsgasundisuys guiainsalunninends aandumalulad
WIzOUINA1EIANTEUI WNNIeaeNing UnIne1dunens unninerdudodul Wudu 16
Anvidestindiniund 10 ¥ snadefiyadununiuiunssdanssarseglumansdu 1wy
N3AUMAGaNlILAI9INETINYIR NsHAUIAToNdunIduazeiunsd n1sWaUINTzaNn
T TUssla naswaundaluihlussuas msiaasdidalnslaiidannzduea nmsuin
wadliliansdidninslavisioanuenad uaznisvadeuwadwatefindde3zn1sane (W
nsnadey Impedance 1Judw) nmsdnuiildlvluiedeatuildledgymuewszng ums
assfudunsAnwadazdudvatvayuliiinaningnislunisimuieaduataing
¥iinddonlnasiuies w3otnedde 1uitesiy uaznstnaueanuinmivesnuluusias
dnlldimunntuluganaaniiniun

dmsuirliilusuamessaduatefindsinddonlumasivhan taguiluifulely
Sfeaiu Sawatsuk et al. (2009) (NANOTEC-NECTEC) lésnesuntsadnsdalalihannviown
Tuenduounuunilmatsdu (MWCNTs) $aufuynauiluzes TO, uaransnsawmuLead
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a o

UPINGNREANIR (@NSFaLNENT) @1UnTnwsELaIAUIluLATOUNIALIILYEY ZnO YLl
\aduaNAngTiiUEANS AN >4% (Yodyingyong et al, 2010) aziuldiniielilivad
LaseAndNTuseansnma nisnaeynauluillueadsadudedfidify deiaziin
Tymnulumilaudunisldeynmaululuwaduasonindvlinddoulnasmuuiy Tofves
Sanuluiidulaluififesdtlilfiunuandifuegraaudn dafunuidedfejaduiae
thiauemsfnuluyumesinan tufenswauwaduaseniingildifiestanuiluidulaly
IRlvisravsnminaznsiesenlUldulugunsalifetesdus thues



uni 3
A5N15ANHUIUIY

3.1 NSERATICRLNIUNTUYBY ZNO

anunsaldnszuauns hydrothermal Tunisdaasizsiuriaunluain zno 1¢ Tneisy
91NN15a519YNIATUIAENTEY ZnO asuunszanilii (FTO  w3s ITO) Menssuiunis
spin coating 91n@NsA¥aNY zinc acetate AT 0.01 M luesiuea Lieilusynia
Budu (seed) 109 ZnO Mntuihnszaniifoymedinanduaduasazasfifiansiiures
Zn0 wamet] (0.04 M Zn(NO5), wamfu 0.8 M NaOH) uazldaudeuiiuszana 110 °C w1y
20 wimeliAnnaivlnvemdn zno awAnduuisuilures Zno Mdulasanndy
JEUIVVBINTLAN

SUT 3.1 uansusunIndunsunsduasgiuisuludenssuiunmsfiuandietu 3
B3 lnensiwasuanslunisainseynaEuiuen zinc acetate Tulesiuea (30157 1)

aa a

.1 monoethanolamine W&y zinc acetate Tu 2-methoxyethanol (351159 2) kagn1s
USun1seuesu (annealing) 210 260 °C 5 Falug 1Uu 300 °C 10 Wit (350157 3)

hethod 1 Wlethod 2 Wethod 3
0.01 M of zinc 0.5 M of monoethanalamine 0.5 M of monoethanalamine
acetate in ethanaol (MEA) and 0.5 M of zinc (MEA) and 0.5 M of zinc
acetate in 2- acetate in Z-
methoxyethanol (2-MOE) methmaoeethanol (2-MOE)

h 4

Spin coating at

a
1600 rpr for B0 (<7 <
)& Spin coating at - Spin coating at
________ X = 1500 rprm for B0 5 = 1800 rpm for 30 s
v = T
Annealing at E S
Annealing at =
280 °Cfor & h ; £
Annealing at 300°Cfor 10rmin | | ®
280 °Cforh
Znid seed layers nd seed layers n0 seed layers
on FTC substrate on FTC substrate on FTO substrate

JUN 3.1 UNUATMLAASTUABUNITAUAT IS TUAIEN ST UIUNSIRANGNTY 3 T3NS



3.2 NMsduAT1ZwIsunTuYes TiO, lagldursunluvas Zno Wuduwuu

wdsanfimssuuisunlures zno Al dudunuuideudesud annduaziduns
W38Y TiO, UNWMUIluYed ZnO laendudnsayals Ammonium  hexafluorotitanate
(NH),TiF ) Anudiadu 0.5 M uazansazane boric acid (Hs80,) fimuidudu 0.15 M 1h
wisuluwes Zn0  Funvuguasivluansuauivionl’ u onmgiieadunan 3 Hlus Ing
MaduamsvlFRNTURuawe N antudraieunlures TIO, detinduiiondnans
ANA

¥
=

3.3 nssnunNunR2 lisiataurluainlanzoanlen (MViaunluyas ZnO wasviau1luvey
TiO,)

wyeuluwee ZnO NFUATIERAI875n1S hydrothermal  Tnglunouusnagiinisiia
NunRaliwALriaulures ZnO fe TiO, Ineldis liquid phase deposition @slanaialuuan
Tutnedu uenanifeditsnislunmsiiuiunliunasauluainlavzeenlen Ao W
nslifadunlures TIO, waznsiiideynIAves TIO, felsndau lnsdunaunayisiunis
QI d’i’ a{'a ¥ 1 13 (%
diniunlikaaauluanlaveesnleuaniisgy 3.2

(3) TICL, treatment
TiO, nanapamcles—-
T03 nanotubes nanotubes

TiO; nanoparticles

Zn0 nanorods

ZnQ !1?!!!9,!'?!93:

Ti0, nanoparticles
? P ZnO nanorods

INCIEsSIN 1CO-= Transparent Conducting Oxides

JUN 3.2 Tumaulunsiiiuiiuiilviunainunluanlaveesnlen
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uni 4
NAN15738

4.1 wisu1luvay Zno

4.1.1 nmsdanszinazananiauiauluves Zno

b4

Insn1neassaziiulainfiduneunieg Tunisdauasiziunsunlues Zno el
WWansiivlndiainiussunuresnsyan Janninisiasuwlasaninludunaudieg o Aoy
daraniuiriaulued ZnO Nduas1edils 1wy n1sdsutuvesouniasusuliiIuIuTuYes
aunaiiiuazdmalilavuinvesuriaunluves Zno Minsiudanandduun 4.1 Faud
A o o a v = o § ¥ 1 = =3
WBITUIUTUVDIDYNIALIUAUNINTU 2 IALNIV09 ZnO Tvualugiuainuszuna 200
nm Ju 1 Wm 19 deiinszidotuveioyunaBusiuunniu aunueeyn1aBuauRzINTY
aulusie vhlidletheunmatuluilindnlaseluaisazanefaziiandnveurisilngniy

5UN 4.1 ey SEM veauwviaunluves ZnO MvgnuusunAsuauiauueeiy @) 1
(b) 2 uas () 3 Fu.

msnaaeaasusrezalunisugnuvisnluluansazaenuindennailunisugn
snduturavesuisuluaglngiudndesduandusuil a2 nisfindnilAedaunn
LU?{auLLUaﬂﬂhjmﬂﬁLﬂustwzﬁy’mmL’%':Jmmﬂaumﬂt%'uéfuﬁﬁwmwhﬁ’u urldeszeyiaan
mm%uﬁ%ﬁﬂﬁﬁmiLa‘uimLLG(JQS?J’uﬁ’uﬁ]uU’NLwiag_]ﬂumﬂ’ﬂﬂ%aﬁﬂ%nﬁﬁuﬂ YYIWVUINAIUY
Nuidulathadnies vunmvemwanlneiudslngTudndesiiues



U 4.2 nwe1e SEM  weswimnluves ZnO  fiugnuusynmaudiuluaisazaiese
N35¥UIUNTS hydrothermal #lia16i13riu (a) 10 (b) 20 (c) 30 waz (d) 40 U

a ! S & Y o = [ L=~ |
dnegnmulatnannnisidsunaitlunmsduaseinfeninue1iveduriauly 9n
NMIMAaeINUINTeAaNANTUIN 10 10U 40 Wil aviilinnueveisuluaInAuaN
2 v & g a = o £ &
2 um 1y 10 pm b neifimsizmsidulavesdniisnduiuies
gaumgiinfinafiunsiulnvemdnvetuyisuly JUN 3 wanen ey SEM vaduriew
luves ZnO  gnuueumalsuduluansazanenlensezuIunIs hydrothermal N1gaungdl
v = oA a v a v Ay o =g =2
ey anudn Ngangivies (25 °C) matddlavesiagilevdenisugnluifidnuazvewdn
NIUNIVY ZnO WNIENITAAKENULBYNIATLAUTUADINITANUTRUTEAUNLY WLty
gaumninisugniu 90 °C wudnfindnuviaunlures ZnO Wiuladu Wrdaunginfioaumaiia
Uanweenosuiadugiunay densainnismeasineuniin netiuiazdumszeamgiiligs
n13dnsesitveInandnaniesitludnuae nlisuiussunu vwnduRugugnanwes
WrienUUsZINn 200 nm - uazilegnnigeuiu 120 uay 130 °C asnuiuaneuriay
Fuuasduiugudnarswaaiadivuindnas uansliiiuiiaunsaldaungilunismivay
YuAveILiaulule
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U 43 nwe1e SEM  woswisunluves ZnO  fivgnuusynauduluansazatesie
N3¥UIUNIT hydrothermal ﬁqmmﬁﬁmﬁ’u (@) 25 (b) 90 (c) 120 and (d) 130 °C
\lonsMAasImIUALILIAYBILsuIlY MedsuanslunisaiiseynaBuduain zinc
acetate lulosiuea (3¥n157 1) iU monoethanolamine Haufu zinc acetate lu 2-
methoxyethanol (33n157 2) Tinafiluisineiu sunauasanunuuduveswisunlulidey
1nidn wileusuniseuseu (annealing) 970 260 °C 5 F3lus 1Ju 300 °C 10 wift (33157
3) nausngimunvesksuluanawnn seilgamgdiflivgnifies 110 °C wandlfifiuiy
uenangavniilutisugnurisuilunds guvnfieusousynaBusufannsalfluniseunu
yurnvaausisululs uanafaguil .4
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UM 4.4 aene SEM  vewwvisunluves ZnO  fivgnuueuniasuduluaisazaieme
N¥UIUNIS hydrothermal (a) MlaarnnsAnulutuneuneunil (380159 1) Wisuiieuiu
nsyUINUTUUTS (b) 350159 2 wag () 3559 3

Ul 4.5 wanssansvaaeu XRD vesnszamitliilusauas ITO symaEuduves
Zn0 vy ITO Mldlunisugnuvisunlu waguvisunluves ZnO vy ITO Fsazifiuiinszanth
T TS auas ITO il peak wansdnuwazdfayaes ITO LLﬁ%Lﬁ@UQﬂ@Hﬂ’]ﬂSmﬁu%m Zn0O
asuungzan MO Alifunisildsunuasmesndnta Tu XRD i peak Wuves ITO Using
o¢] uandlifiuinoynaiEuiuges Zno sufleyniadnauliannsndmadiuied x fdluns
VAdoU XRD wlodnAsizsiurisutlures ZnO v ITO wuin peak AaunnTuni peak Wang
Snuardrfues IO wandliifundnues Zno luwrisuluiuies
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(©)

Aad A A . .

-y
li (b)
A . A

o

Intensity (a.u )

@)

A A

10 30 70

50
20 (degree)

gﬂﬁ 4.5 wan1snedeu XRD ved (a) nszaninlnlfilusauas ITO (b) aumm‘%'mﬁusum Zn0O
vu ITO lglunsugnuvisuilu wag (©) uisuluves ZnO vu ITO

4.1.2 nsvwisunluwas Zno WiHdurlWih luwaduasafinduinddoulouas

Ul 4.6 wandlassadasaduaserfindvinddonluasiiaratunnuisuluges Zno
fduasvAlaannisinend Inowaduszneudsuviaunlures Zno Adaunsizviuuda i
vunszanilnilussuas FTO fudluddoulonas (N719) winndn 12 alus Bidnlnslad
wazdalwihaseuunadti (Pt vunszanilaidih

Fiafinizac M °
— s 9 WANRsadinn LN szanin Tniin

B | —opooted L7191 12849 ZnO + Aflaw
nanawira ar

In aeciratyls

.11 t < ° .
e dalinuunszandn niinllsala

JUN 4.6 Iassaragaduaseniindviinddeuluasiairaunnuianiuves Zno

ANSNAABIANYINATDIAINULNIVDILIIU L UNTADUSLANT NNV LR ALAIBITINE
yipddouliuas wudndlomnuenvewisunlulaeuain 2.6 Um Wy 4.0 tm 5.1 pm

waz (d) 10.8 Um azviliuszaSamuesigad (1) WnTuan 0.84 % 1Ju 1.27 % 1.42 %
war 1.69 % muafu NsiUasuLUasiiinduannnisndnunrlnddeuliwaslAduiiiuy
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waznsaeuddnaseuluiriaunluAneTuan SR TLe s luTALe s FeLaR@BNaN
ANSTLERN9RS (Jo) TULDY

Ul 4.7 amidne SEM vesuviaunTuves ZnO Aflannuenisnaii (a) 2.6 fm (b) 4.0 Um ()

5.1 Um uaz (d) 10.8 [m uaz (e) nsmanuvukuunseia-aAndluiansussdnsninves
wadkaseinduedadoulkasnasnaluannyiaunlurad ZnO AANNE1IRNNAUAINET?

4.1.3 msthuisuTuvas zno Wl dut Wi lueaduasenfindviinfanusu (hybrid
photovoltaic cells)

uennwasLatefindviinddenlinawdn uwisulures Zno  Seamisarlulddu
it lumaduasenfingwsiiataguan (hybrid photovoltaic cells) l#Bnée insigazyinlyi
nsasrhudidnaseuluwadildunniy lumisedsmeasshuvieunluves Zno W4y
drunislunsaiawaduaefindviiaTanuauddassairsfiuanslusui 4.8

—_ ﬁwoa

]

e | \ PCBM & P3HT
{ 1] AL RE AL ZnO nanorods
—~ 8 ZnO seed
TCO 4

UM 4.8 lassaaaduatoriindvin Tanuauias1aguainuvisuiluves ZnoO

nsnaspsiifuisulures Zno ffleumuvesdusyniaBusiusinety fo 1 uay 2
Hu Mndunauouitusvoamaaaiiu (PCBM) uagwodwesilil (P3HT) iilerfuduvha
Tunsuendidnpseunazlusnsorulumaduasoniing druduuuusenugie Wo, waslditudy
il mamwmaauﬂizﬁm%mmmLszjaéummﬁmé%ﬁmi’aqwauﬁa%qﬁumﬂLLviquu‘um
ZnO wandléfasuil 4.9 anfuinsadiiadsanuisunluges Zno Aifiaumuvestuaynia
Busiu 2 Fuduliusyavinmgenhiifianumnvestusymaduiu 1 du demszuion
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lunfanunuIveiuouMAELAY 2 FutuiiasdvunlngnIATANUNUILLNY DI
Weunidn (3UN 1) vill PCBM wag P3HT anunsarudlvluguuriaunlures Zno laazain
ITGR

6
NE T~ ll - - 2Layers
35' “~__\ —1 Layer
gf =~ ~
24 RN
i . .
s 3 \
= \
=
£ 21 N\
g1 ~

\

o

0 T T T I‘

0.0 0.1 0.2 0.3 0.4 05
Voltage (V)

UM 4.9  nswlanuvukdunssia-Anglniuansuss@ninmueseaduasaniindyinian
HANNATIUUINWIUITLYRY ZnO NTANUVUNITDITUBYNIALSUAUAAT (1 uay 2 W)

4.2 uiisunlues Tio,
4.2.1 N1581A5129 visurluwas Tio, InelduvisunTuwes Zno Wuduwuy

U 4.10 uansnmane SEM 9nyumewnuuLvesiiauluves ZnO Mduusiuuuuas
viewluwed TIO, fidaasgsiléainnszuiunis liquid phase deposition Tasuwvisuiluves
ZnO fuugnaindures zno Budu 2 du awduld s Tuildfouadn Wur
Audnansegdl 50 nm Wity ngaInguil 4.10(b) asfiuihdnvasiuivieulues Tio,
fundeuly Hetlmmelurneiiiansmnuitures TIO, Hu eynAUNEILTaMILUY ZnO
favanglusudviararelailildsuuuuresfanduuuuounuiios fuuetiues Fady
N15USUBnIINIsazaeluves ZnO  nadadur I UANENaY AUVLILIY LagAINENIVDY
viounluld levinliuanevesiewlunaneonazifiutesindlulassairvesioululdoge
Fonau AanefuiTenulunanuidefiseauls (Rattanavoravipa, et al., 2008) 19431914
Tuviounluves Tio, Tdwsiugudnanswunn ~50 nm Fawiiuravesuyiluwivuy
yaurdusugudnatsvesviownluduueniniy ~100 nm AamLILLiuYeieuluanas
Fofleuiuwinuumnzmsaagluvesuianluves Zn0 vsduaINsazae
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Fig. 4.10 nwene SEM 209 (a) wisuluves ZnO Aldifunduuulunsdaunsizi (o) view
Tuwes TiO,

Y ]
~ =

4.22 maduiuiiinlduiasnuiluanlanzeenled (awiwTuves Zno uasviounly
Y94 TiO,)

Turuddeillfuduvuwinluves zno Augnanndures zno Fudu 2 Fudae
nszusumslalasivesuea (leamgil 110 °C1fuan 20 i) fwafindniudaduuy
amigny SEM uansnslnveswisuludauandusuil 4.11 (@) Wundniufiviidaudauae
WUU Wurtzite fiflvunaidusinugudnansueauvisunlusuiaidnifisauduszana 50 nm A
gn13vuvieuluegluyae 200-250 nm Aswandlugy 4.11(b)

20.0kV x100k 500nm |20.0kV x100k 500nm

Fig. 4.11 a1y SEM 9aausisuluges ZnO Adsliiiunsyuiunisusuanmles Tu (a)
LULDINAUUY Uag (b) YUUBWAUIN

nMsdauasIzrieves TiIo, vldlaglduvaunluves Zno Wuwdwuusanawdluiide
4.2.1 MnduuFuanmuiaunlues Zno  AuvounTuwes TIO, MIENTLUIUNITUSUENINRK?
pewafia nadnwagiuRedlanzesnlsfudmnnszuaumsuiuanimine wandlilusy
# 412 msUSuanmmuuuvilsienisiiansaadures Tio, wadraduiiduunly (9idein
NFs) vuwsisulues Zno (ddedn NRs) legain SEM Tugu 4.12(a) and 4.12(b) aziiiu
11 Flowndoutuiidu NFs uu NRs %Lﬁu%mm VOINANVULIIIU T URE AU A1TUTU
andnuwuuRenisiineyniauluruainues Tio, (dfgedn NPs) asuuuviauluves
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7n0 Toeldmaianisuinfiduuns (squeegee technique) Fanm SEM (gﬂﬁ 4.12(0)) wanslu
it NP ansnsnequituiiveswisunluldvieonun Tneifuiuiaveseyniauludaiu
uenantueyniauluiiadiuludesitwewanlulddniedsausagldannslinsei
pewaila Energy-Dispersive X-ray Spectroscopy (EDX)

S

20.0kV x50.0k 1.00um 20.0kV x50.0k 1.00um

©) _ (d)

20.0kV x50.0k 1.00um 20.0kV x50.0k 1.00um

Fig. 4.12 2an8 SEM 99auvisunluves ZnO: (a) ndsliniunszuiunisusuaninlag (o) 7
fnsRuilduuauluyes Tio, iy Zno (o) Nfloyn1Auiluvad TiO, Uuia ZnO way (d)
MunsUSUANNRIAE TiCl,

waInN1sUTuan Az iR AU lILAAAURIUDILYINYE ZnO ABuImAINTg
UvanminveswisunTufifanundudeedusunmsiietureseyniauluves To, i
tues agndlsffndsnmsuivanmazfiuindnsaswisuluves Zno Sudsuluidndes lal
daFodunudaduiy fedmmelussrienmsfuanmuisunlussdmeagnazatsdae
a15avany TiCl AldUSuanIn ms1zasazatesenanianizidunse egrslsannasly
a1sagas TiCl, Wuisiugilunisifiseynauiluvuiiufaildogiaunsnatsuazaim
duduvesansazanedvindslivharednunrve s lulidsluiome wmnifisuniads
syntauluasuuwisunlulunisuivaniwuuuiagiiviinaeynaunlutiosniinisis
oymauluadlungsy (aguil 4120 Andnferouni) synaululunisuSuanmene
arsazany TiCl, dldhfnmfvasluresisenitauisunly WeawavilfAnoyniauuiuia
ity e duldldfasdeliuiauluasanmidundafuoynauiludenisiuanin
shwansazane TiCl, Aennsldnanlunsuivanmiidesamudifioamefunsiineyaauily
Thiies
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423  n1sdszandldalnuiluainlangeanleandansizildainnimaassluwas
uwaRindviindu W Wwaduasainduuudaanau (hybrid photovoltaic cells)

nsusvendldainuiluanlavzeenleanduasievliainnismaassisiiiuua Ly
nsUsuanIRavisiunluaduaseinduuuTanuauyilalaeunianduasizilalvasalu

[%
v v a

dusudianasouluwadmelnssaste FTO/metal oxides/PCBM/P3HT/MoOy/Ag flauandlu

]
a

sUN 4.13

Y
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E— MoO3
— PCBM & P3HT

Metal oxides

— FTO

... Glass

Fig. 4.13 lAs9ain9vaawasiaieinduuunaunauiiidunauvaslangoonlon

g‘dﬁ 4.14 WAMINANITILAIIEH Incident Photon to Current Conversion Efficiency
(IPCE) venenduateinduuunaunauiivhainanlavgeanlaseiiiuuagldiunisus
a0 Ml AngUnUIIadivhanuvisuluves ZnO  (NRs)  uansd IPCE itfosiiloaud
001 % Faillisieandwes IPCE  wouwadiivhann  Zno iiflsenulueisedu
(Chuangchote et al,, 2011) dwsuwadivinainuvisuiluges Zno Aiddusyniaves TO,
UnAquinuuuaien1suin (TiIO, NFs) wuin IPCE AN Fananlviiindmsasvossasd
anas ns1zRvgUsEveseymauluilinsdwriudidnnsouanasileivufuusunly way
ﬁijzu?\lémaqa‘qmﬂuﬂuﬁwsﬁmwwmﬁmnLﬁu"LiJ

Tunsaluvisunluves ZnO fiusuaniwsne TiCl, uansea IPCE veswadiiganineadn
a51991n Zno AllEUSuan LWIZOUNIALANG VB TIO, FiAnanMsUSUanIwEE TiCl,
Fefiufiuiinouasdunnsdsinddnaseuluuioniy nssualiidniasveseadiivsy
anmisgsninwaddilalliuSuanmene TiCl fis 4 wih (1.87 uay 0.44 mA/cm” mudidy)
Lwiaa'wiiﬁaLszjaéLmeﬁméﬁﬂ%’uamwﬁﬁﬂszﬁmémwmiLﬂﬁauwé’mmmqLflﬂ%lﬂ']ﬁhjqq

AsEAvEnmveeadfiaan 0.19% wuluwaduaoriindfiainaainvieunluves To,
(NTs) finasrzsfarnusiuuuuisuilures Zno sailmereuluiuifuiiogeniuvisunly
thues yonantiudafinsseauimEneunaues TO, SdlAnsasiudidnaseulddnia
ZnO ¢18 (Rattanavoravipa et al., 2008) AN IPCE maﬂL%aéﬁﬁqﬁmqqﬁqmﬁum
ogdlsfimufaudinmsivanindae Ticl, weliuiiiavesfanfignusuanimgsduudly
nsdluwisunlures TiO, tunuiiwaduasendindiufuanmgne  Ticl llawnsavinli

v 7 7
= v a

UsgAnSnnveswadasdu vllmszanudunsafigdlivesasazate TiCl, vianednuoe
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wiuvaviowlulues vieansszdounruluvvdnlulnnulnssseninsvieunlulsduiy
Ligeriailinamedweinduianliodnaseu (PCBM:P3HT) luadnlulutunriaunly
Turnanisasswaduuldanunsadulmfuyedineiu (Park et al, 2012)
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Fig. 4.14 Han153tAT1EY IPCE voawaauasoindluunaunaunildiunauvodanyeanlan

4.3 m3saeaniaguilulugunsaididalnslasiin (Electrochromic ) uaznisiseufiisen
L9ES (Photocatalysis)

4.3.1 Q‘Uﬂiiﬁatﬁﬂiwﬂﬂ‘sﬁﬂ (Electrochromic)

dudninslasiadugunsailannsawdsudlddenisnsedumsluli unalulad
yilandaiunldiudnvemthiadedulsdaveserasinenisufunsunasssmma
TmngaufuanmuasnieluoasnuisanUiinuaiufeunnuauaniiiudiann el
01A13 Bsdmavinliogordesdnauisintu Tnevilanlusauasilnihiigninaldidu
guUnsalBidninslasiafindouuunszan dwlvgiduasdminesnledvedlans 1wy Tin-
doped indium oxide (ITO) wag Fluorine-doped tin oxide (FTO) ATt Hunswaunds
i fiduundlagld PEDOT:PSS tadouasuunszanuyu ITO wag FTO Lilalfidngainnis
thlnihvesiiduuns Tngaaiilduunsiiléain PEDOT:PSS azdinnuanunsalunisiiliii
waznzaufiazgninluindovasuuiansosfuriaiildsseld 1wy nanadn iethluuszneu
Jugunsaididninslasfiafilsauasiiannsaldununszanlusauauuumluly
sUft 4.15 wandlassadrmdnvesgunsaididninslasiauuuldueld  Usznaude (1) 42
Tl lsauasvinflduunsiildann PEDOTPSS (2)  Yagsosiuiidanguld (Polyethylene
terephthalate, PET)  (3) %usuaﬁaﬂﬁmmsmﬂﬁauﬁlﬁ (wedwasiuludn Poly  (3-
hexylthiophene, P3HT) uag (4) Fuvesansdidninslad (@nsazane Lithium perchlorate,
LIClO,) (Sanglee, K., et al, 2017)
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P3HT

= PEDOT: PSS
PET

sUT 4.15 Tasaarsvesgunsaididninslasiaviinldsseld (Flexible electrochromic

devices)

4.3.2 N5159UfnN38Teuss (Photocatalysis)

nnsfnensduasziviewilures Tio, lhlinsih  Tio, ulszynaldiludigs
Uiizenduadumsideuinnaluanaiiior (nglea) Tilumsiaiiyaduiia wu nsangla
In lodvea uay evs10lua lnefinalnanisifadeguil 4.16 Taemlundnszuiunsise
UfATendanasselnideslasenlsdifunsdsundsmuaadundsmmaaiiielily
nawdsuansUsznevlslnsaiveulianalnalifowaiidnawielflunsfdndsudion
Tuornavietldlaed Tio, vhuiiiduiiiie§Asen Tnefuasznszdudidnasouly
\Asufinnuauiaud lUSmouthnssua wasiiafidndluuauriaud vielea (hole) dty
TiO, enusananauijisels 2 suuuu Ao Uiseneendindulaslaalukauinaud uay
Aaudisenssndulusauilid viedenvis 2 U§AsenidduiAsensnend UFATen
oondinduindelenaiAnoyuavedlonsonda (OH) uazlelasilendesu (H) Tnseyya
voslensendilannsaviminfidumesndladluanavesasuszneudunisléande dusy
wovtirliifihdy sondaulueinimagyimiinfisudidnnseu uaniAneyyavesyuioseanled
woudeau (0, ) Jsamnsneendladluianavesansusznoudunididuaiveulaoonled uas
th Feulnsdrusnniausafisendauasdas To, asgninnyszgndldiugramnsaalunis
dr9nindsingnaivnssudden f1dneanimissn Welsa nnufalelnsiou
(Payormhorm, J.,, et al., 2017)

CH OH OH
G Cn:ldatlun ?)Yk/\ Decarbaxylatl Q
%/k('\:/\ Tlﬂyhv OH _*‘uﬂmwm H/'\/\DH . ch'”“
OH OH OH OH

CH OH OH
Glucose .QB]_ "‘%.& Gluconic acid Arabinose Formic acid
“-"r_a%%q
m/\‘/l\l/-\m i HCI
:-n.rlnnl Formic ackd |

'\\.................................. M

Uil 4.16  nalnamsidsuiaaluanafedlifuasyadufalesld To, 1Wuduse
TARRIMIGNIGE

22



unil 5
#5UNaN15AY

iAdei AnwnsduasesiaeuiiuvedlanyeenlesiidnFowhuuniuaintan
ssuMenITUIUNMIIATazaeing araunluiaulafnwiuszneudeuraunlues
danvdoonlan (zinc oxide, ZnO) way vieuluvealnwieulaeanles (titanium dioxide,
Ti0,) Gsannsaduasesildannszuiunsinnaiu msfnwagiiuiiomannizivangaly
nssdnaanuluveslavgoanledfiaudinisnienin autiduas uagautinialiiig
dmsunsldamududaliihiowas nufnsussgndldanuTuvedanzoonlefifudunds
vostalave funadlunasonfindvinddonluasiifdsydnsnm

anunsaduasziuiaunlulileeldnszuiunis hydrothermal Tneiiuainnisadia
ayNAYLIALENYRY ZnO asuunszamililih fMenszuIunTs spin coating Lleldueynia
Bufu (seed) 903 ZnO nduthnszaniifoumedinaniuaduasazarsiifiansiaiures
7n0 waweg wagldmnuieurieliaansidulavesadn zno auRnduuianTuves Zno 7
ulndiannfussuiuresnsyan IREIaINIsamUANTUIA ANUVLILLL LALATINEITEY
wiaunluly Tnenisususaudureseuniaiudy viunanlunsdaunseziluduney
hydrothermal Usugaumgilunisduasiey saniauiuaaadidudusergamailuniseusey
pumAudy wisulures Zno Aduaneildamsadlulddudliiinlusaduasending
yindfouluasiozwaduaterfinduintanuan (hybrid photovoltaic cells) ifasduld Tu
waduatenfinguilnddesluasiiusenauiouiaulures Zno Aduasgvuudalniliuy
nsganilwihlusauas FTO wdluddoulonas (N719) wasUsznaudidnlnslad wagdalit

ATITWWNARTN (Pt vunszaniiliin wudndeauenvewisuludsusin 2.6 m

Hu 4.0 m 5.1 m waz (d) 10.8 Um aeiliseasnmueasad () Winduan 0.84 %
i 1.27 % 1.42 % wag 1.69 % muddy Wesannisiintuvesiiuiifnveawsiaunly ¥inls
adoulnasiulffivdunaymsdaudidnaseuluwisunluitdedu dluwaduasening
vipTanuauilduvisunluves Zn0 wameywusvesalaesu (PCBM) uavwedwesthlii
(P3HT) Usznudng WO, uarldGududaluih nuinuszansnmusswadiiadrstuainuaun
Tuwes ZnO fifleumuasiuoymadud 2 fudulissaninmgeniifianumuvestu
aumm‘%'uéfu 1 F4 FadmszAUMULULYe WAl zE

nsdaasIzRiouluwes TIO, lagldurisulures Zno Aduas1eaild Wuduluy
LLavﬂsvaﬂsﬂwauﬂumﬂmﬂumaaLme‘mmaamﬁmwumuawﬁmwmmLézjaaLLaam‘mma
uammnuummaaummaaaﬂmﬂmwmamuﬂu‘luaﬂﬂsmaLaﬁiwﬂﬂiuﬂ (Electrochromic
Devices) kagn15:39UfA381L091a9 (Photocatalysis) Bnede
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ZnO nanorod arrays have been synthesized on seed-coated indium tin oxide (ITO) substrates
by a hydrothermal method from different thicknesses of seed layers. The ZnO nanorods obtained
were investigated by scanning electron microscopy (SEM) to study the influence of different seed
layer thicknesses on the orientation of the nanorods. The diameter of ZnO nanorods increased
with increasing seed layer thickness. An X-ray diffractometer was used to verify the formation
of ZnO nanorods on ITO. Well-aligned ZnO nanorods from various seed layer thicknesses were
used as electron transporting layers in hybrid photovoltaic cells. Photovoltaic properties and power
conversion efficiency (PCE) of devices made of ZnO nanorod arrays were investigated. PCE of up
to 1.02% can be achieved from a cell made of ZnO nanorods grown on two suitable seed layers.

1. Introduction

Currently, researchers in solar energy have given much attention to solving increasing demands
for energy. The conversion of solar energy into electricity is clean, and the sun is renewable
resource. Silicon solar cells dominate the photovoltaic market and have been reported to have
power conversion efficiencies (PCEs) of up to 25%. Although the efficiency of silicon-based
solar cells is high, manufacturing is still expensive. The development of solar cells with reduced
production costs has led to solar cells made of organic materials. Organic photovoltaic cells
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are of great interest owing to the ability to process them in solution, low manufacturing costs,
and light weight.(» In the organic system, an electron donor has the role of absorbing photons
and generating excitons. When excitons diffuse to the interface between two components and
dissociate, the electron acceptor receives electrons and transfers them to an electrode, while the
electron donor carries holes to another electrode. The absorber layer in devices is composed of a
conjugated polymer and a soluble fullerene. Many reports of organic photovoltaic cells are focused
on poly(3-hexylthiophene) (P3HT) as a donor and 6,6-phenyl-C,,-butyric acid methylester (PCBM)
as an acceptor. However, the PCEs of organic photovoltaic cells are still very low, because of low
stability and low mobility associated with transferring excited electrons or holes. Therefore, hybrid
photovoltaic cells, which combine organic and inorganic materials, have been studied to solve the
problem of low charge mobility and to improve efficiency by using inorganic nanostructures as
electron collecting layers.G4

Among several kinds of inorganic semiconductors, metal oxides have been extensively used in
hybrid photovoltaic cells because they have high conductivities and can be prepared as different
nanostructures such as nanorods, nanotubes, and nanoparticles. Zinc oxide (ZnQ) is an attractive
metal oxide that can be used in photovoltaic devices because of its wide band gap (3.37 eV), high
electron transport characteristics, and excellent chemical and thermal stability. It can be easily
formed as nanorods, which have a direct pathway to transport charges.*» ZnO nanorod arrays have
been fabricated by various preparation methods such as vapor—liquid—solid techniques,® chemical
vapor deposition,” electrochemical deposition,® and hydrothermal methods.*%19 A hydrothermal
method is a simple and cheap technique when compared with the others because it requires no
vacuum, no expensive equipment, and no special substrates.(!D

There are many studies about controlling the parameters such as reaction time,'? temperature,!®
concentration of precursor,'” and seed layer thicknesses,'>'® which affect the growth of ZnO
nanorod arrays by hydrothermal methods. However, there are no reports of hybrid photovoltaic
cells made of ZnO nanorods fabricated from seed layers with different thicknesses.

In this work, ZnO nanorod arrays were synthesized under different conditions of seed layer
thickness. The morphology of the grown ZnO nanorod arrays was investigated, and the applications
of ZnO nanorod arrays to hybrid photovoltaic cells were studied.

2. Materials and Methods
2.1 Preparation of ZnO nanorod arrays

ZnO nanorod arrays were prepared on indium tin oxide (ITO) substrates, which were cleaned
ultrasonically in deionized water, ethanol, and acetone. Zinc acetate in ethanol (0.01 M) was spin-
coated on the cleaned ITO substrate. The seed-coated substrate was annealed at 260 °C for 5 h
in the air to form crystal seeds on the substrate. ZnO nanorods were grown perpendicularly on
the seed layer by immersing ZnO-coated glass substrates into 0.04 M of zinc nitrate and 0.8 M of
sodium hydroxide at 110 °C for 20 min. After immersion, the ITO substrates with aligned ZnO
nanorod arrays were washed with deionized water to remove the residual material and dried in the
air.
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2.2 Fabrication of hybrid photovoltaic cell

A mixture of P3HT and PCBM (1:0.8 w/w) in dichlorobenzene (500 pl) was coated on the
ZnO nanorod arrays. Subsequently, the sample was thermally annealed at 165 °C for 20 min in
a dry environment. After the heat treatment, tungsten trioxide (WO;) was coated on the blended
polymers using a solution process. Finally, a Ag layer, which served as an anode, was deposited on
the fabricated structure by thermal evaporation.

2.3 Characterization

The morphology and structure of the nanorod arrays were characterized by scanning electron
microscopy (SEM, JEOL JSM-6610LV) with an accelerating voltage of 20 kV. The crystalline
structure was characterized by X-ray diffraction (XRD, Bruker D8 Advance). Photocurrent
density—voltage (J—F) curves were measured under simulated solar light (AM 1.5, 100 mW/cm?).

3. Results and Discussion

ZnO nanorod arrays were grown by the hydrothermal method at a temperature of 110 °C for 20
min. The morphology of ZnO nanorod arrays deposited on ITO substrates that were coated with
seed layers of different thicknesses was investigated by SEM. Figure 1(a) shows ZnO nanorod
arrays grown on one layer of seed thickness; ZnO nanorods have high density and small diameter
(~350 nm). The growth of ZnO nanorod arrays on two seed layers is shown in Fig. 1(b); the ZnO
nanorods have the Wurtzite hexagonal structure and the rod diameter increased (~600 nm). As can
be seen in Fig. 1(c), the diameter of ZnO nanorod arrays grown on three seed layers was the largest (~1
um) and the density of the rods was low.

It was found that a thinner seed layer resulted in a higher density of ZnO nanorod arrays. This
results from the nucleation sites on the surface of the seed layer decreasing when the thickness of
the seed layers increases. Moreover, the diameter of nanorods depends on the particle size in the
seed layer, because an increase in seed layer thickness affects the increase of the particle size in the
seed layer. Therefore, the thickness of the seed layer plays a role in determining the diameter of
ZnO nanorod arrays.(9

Fig. 1. SEM images of ZnO nanorod arrays grown on seed layers of varying thickness: (a) one, (b) two, and (c)
three seed layer(s).
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The XRD pattern of a cleaned ITO substrate is shown in Fig. 2(a). Figure 2(b) shows the XRD
result of the thickness of two seed layers on an ITO substrate after annealing. The XRD pattern of
ZnO nanorod arrays grown on coated ITO with two seed layers is shown in Fig. 2(c). Many peaks
in the pattern of ZnO nanorods on ITO are totally different from those seen as pristine ITO, which
are the characteristic peaks of ZnO.

The ZnO nanorod arrays with various seed layer thicknesses were applied as electron
transporting layers on hybrid photovoltaic cells. The structure of a cell is ITO/ZnO nanorods/
PCBM/P3HT/WO,/Ag, as shown in Fig. 3. Figure 4 shows J—V curves of hybrid photovoltaic
cells made of ZnO nanorods grown on ZnO seeds for different seed thicknesses. Table 1 shows
characteristic photovoltaic properties, i.e. short-circuit photocurrent density (J,.), open-circuit
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voltage (V,,), fill factor (FF), and PCE (PCE), of the cells investigated. It was observed that ZnO
nanorods grown on ZnO seeds with one seed layer showed low PCE. Even if the diameter of cell
was small, the density of nanorods was high, so the active PCBM:P3HT could not easily penetrate
to the nanorod later. The PCE of the cells increased when the number of seed layers was increased
to two. Even if the diameter of rods was larger, which reduced the surface area, the density of
rods was suitable for the penetration of the active layer. Lastly, with three layers of seed, the cell
short circuited, because the diameter of nanorods standing over the active layer was too large and
contacted the Ag electrode. From this observation, we concluded that the suitable number of seed
layers for ZnO seeding was two.

4. Conclusions

ZnO nanorod arrays have been synthesized on seed-coated ITO substrates using a hydrothermal
method from different thicknesses of seed layers. The seed layer thicknesses influences the
diameter and density of nanorods. The ZnO nanorods had low density and increased in diameter
as seed layer thickness was increased. Well-aligned ZnO nanorods from the suitable seed layer
thickness were used as an electron transporting layer in hybrid photovoltaic cells. A PCE of 1.02%
can be achieved to from a cell made of ZnO nanorods grown on two seed layers.
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Nanofilms of a polymer mixer of two ionomers, poly 3,4-ethylenedioxythiophene:poly(styrene sulfonic acid) (PEDOT:PSS), were
used as conducting materials to develop transparent conducting electrodes. It was firstly found that convective deposition, a versatile
and wide-area coating method, could be used for the coating and acid treatment of PEDOT:PSS films. Electrical conductivity
of the PEDOT:PSS films was significantly enhanced up to 1814 S/cm by only one-time surface treatment by a mild acid solution
(4 M methanesulfonic acid). This is because some PSS chains were removed out from the polymer mixer films without damage on
the substrates. UV-vis-NIR spectroscopy, Raman spectroscopy, and cyclic voltammetry were used to characterize the acid-treated
transparent conducting films. In this report, obtained transparent conducting PEDOT:PSS films on polyester substrates were used
as flexible electrodes for fabrication of flexible electrochromic devices. Poly(3-hexylthiophene) (P3HT) was used as an active layer,

which its color changed reversibly from transparent-light blue to purple with a small applied voltage (+3 V).

1. Introduction

Electrochromic devices or “smart windows” can be used in
energy-saving windows in the interior of the building. Gener-
ally, they are fabricated from materials that their colors can be
changed reversibly by electroredox chemical reactions with
small applied voltages [1-5]. Nowadays, organic polymeric
materials have been interested to fabricate electrochromic
devices based on glasses or flexible substrates [6, 7]. Conduct-
ing polymer is one of the alternatives. A polymer mixer of
two ionomers, poly 3,4-ethylenedioxythiophene:poly(styrene
sulfonic acid) (PEDOT:PSS), can replace conventional-
transparent-conducting oxide layers as a new transparent
conducting electrode for electrochromic devices, because

conventional conducting substrates, that is, indium doped
tin oxide (ITO) and fluorine doped tin oxide (FTO) have
some disadvantages such as high cost, poor mechanical
flexibility, and high mechanical brittleness [8, 9]. Therefore,
PEDOT:PSS is chosen as a promising material for flexible
electrode applications, due to its advantages, that is, facile
coating, high transparency in visible range, and ability of uses
in flexible substrates [10-12]. However, the conductivity of
conventional PEDOT:PSS films is still low. Various previous
works have been reported on improvement of an electrical
conductivity of PEDOT:PSS films by adding dimethyl sulfate
(DMS), zwitterions, methanol, and amphiphilic fluorocom-
pounds [12-15]. Similarly, addition of 5wt% dimethyl sul-
foxide (DMSO) or ethylene glycol (EG) into of PEDOT:PSS



aqueous solution (PH1000) has been reported with an obvi-
ously enhanced electrical conductivity up to 600-680 S/cm
[16-18]. Furthermore, electrical conductivity of PEDOT:PSS
(PH1000) films is significantly increased by treatment pro-
cesses with solutions containing ethylene glycol (EG) and
isopropyl (HFIP) alcohol, lithium salt solutions, or phos-
phoric acid (H;PO,) [10, 19, 20]. Recently, treatment of
PEDOT:PSS films by a strong acid (sulfuric acid, H,SO,)
solutions has been studied [21, 22]. The treatment could
increase the conductivity to about 3,065 S/cm. Nevertheless,
the main problems of strong acid treatment are significant
damage on PEDOT:PSS films and flexible substrates and
high corrosive and dangerous chemicals to environments. To
avoid these problems, weak acid such as methanesulfonic acid
solution was used to improve the electrical conductivity of
these polymer films [23].

For the active layer of organic electrochromic devices,
poly (3-hexylthiophene) (P3HT) is an attractive material
because its color can be reversibly changed [24, 25]. The
polymers films can be fabricated by various techniques, for
example, spray coating, spin coating, and doctor blade [26,
27]. Distinctively, convective deposition is one of coating
methods that has been utilized to coat polymer to thin films.
This method has many advantages, that is, low material and
equipment cost, highly repeatable coating, and possibility
of upscaling in industries. Furthermore, the one important
thing of this technique is about fabrication on large scale
substrates coupled with less solution volume [28-30].

The research reported here focused on fabrication of
PEDOT:PSS and improvement of the electrical conductivity
of PEDOT:PSS films by mild acid (methanesulfonic) treat-
ment with convective deposition. The PEDOT:PSS films were
further used as transparent conducting electrodes for flexible
electrochromic devices. The P3HT films and 0.I1M LiClO,
were used as electrochromic active layer and electrolyte
solution, respectively. The obtained flexible electrochromic
devices were successfully fabricated and characterized.

2. Experimental

2.1. Preparation and Treatment of Transparent Conducting
Films. In the study of enhancement of electrical conduc-
tivity of PEDOT:PSS, rigid glass substrates were used for
PEDOT:PSS coating. The glass slides with a dimension of
2.5 x 2.5 cm? were cleaned by cleanser, deionized (DI) water,
acetone, and isopropyl alcohol (IPA), respectively. After
sonication, they were dried in the air. The radio frequency
oxygen plasma treatment (100 W, 2 min) was then carried out
to increase hydrophilic property of the glasses. Subsequently,
PEDOT:PSS (Clevios 1000, 20 uL) was coated on the glasses
by convective deposition method at a deposition speed of
3,000 pm/s. Then, the coated samples were annealed at 110°C
on a hot plate for 30 min in ambient air. Methanesulfonic
acid solutions with varying concentrations (0.5, 1, 2, 4, 6,
8, 10, 12, and 15.33 M) were used for treatment process. The
acid solutions were treated on PEDOT:PSS film by convective
deposition (one and three times) at a deposition speed of
750 pym/s. Afterward, all treated films were annealed at 110°C
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FIGURE 1: Device structure of flexible electrochromic films.

for 2 min. After waiting for the cooling down (about 5 min),
isopropanol was used to rinse films and then samples were
dried at 110°C on a hot plate again.

2.2. Preparation of Flexible Electrochromic Devices. Fabrica-
tions and treatments of PEDOT:PSS on flexible substrates
(polyester films) were carried out with similar steps compared
with that on the glass substrates. P3HT solution (20 yL) was
then coated on an obtained transparent conducting film by
convective deposition at a deposition speed of 1500 ym/s.
The samples were annealed at 110°C for 60 min in vacuum.
Another PEDOT:PSS-coated polyester film was used as a
counter electrode of a electrochromic device. Edge of a P3HT-
coated PEDOT:PSS/polyester electrode film and edge of a
counter electrode film were sealed together by serene sealant.
Electrolyte (0.1 M of LiClO,) was ejected into between two
electrode films. The structure of flexible electrochromic
device is shown in Figurel. A small voltage of £3V was
applied to the device for the color change of P3HT layer.

2.3. Characterizations. The enhanced electrical conductivity
of dried polymer films was measured by four-point probe
technique (Yokogawa 7561). An UV-vis-NIR spectrometer
(AvaLight-DHc Full-range Compact Light Source, Aventes
Enlightening Spectroscopy) was used to measure the trans-
mittance spectra of samples. The change conformation of
PEDOT chain and some removed PSS chains were observed
by Dispersive Raman spectroscopy (NTEGRA, Olympus).
Cyclic voltammetry (CV) with operation program (PS
Trace4.6, PlamSens3) was used to investigate redox reaction
and reduction and oxidation states of PEDOT:PSS films and
flexible electrochromic devices.

3. Results and Discussion

3.1 Fabrication of Transparent Conducting Films and Improve-
ment of Their Electrical Conductivity. PEDOT:PSS nanofilms
(180 nm) were successfully coated on the glass substrates by
convective deposition. Electrical conductivity of PEDOT:PSS
films was about 1.0Scm™'. Treatment on the surface of
PEDOT:PSS films by acid solutions was also successfully
carried out by convective deposition. Both strong (H,SO,,
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FIGURE 2: Conductivity of PEDOT:PSS films after treatment by
methanesulfonic acid at different concentrations of methanesulfonic
acid (with different coating methods, thickness of PEDOT:PSS
~80 nm).

sulfuric acid) and weak (CH;SO;H, methanesulfonic acid)
solutions were studied to enhance the conductivity of the
pristine films. It was found that, in strong acid treat-
ment, the films were peeled off from the substrates (see
Fig. S1 in Supplementary Material available online at
https://doi.org/10.1155/2017/5176481), because its high acidity
can easily destroy the chains of polymer films in both PEDOT
and PSS. Not only strong degradation of the PEDOT:PSS
films and flexible substrates but also the strong acid can high
corrode and damage environments. For methanesulfonic
acid-treated films, the optical images of with and without
treatment samples showed no difference in morphology and
color compared with untreated ones.

In the literature reported on treatment of PEDOT:PSS
by spin coating, one- and three-time treatments of weak or
strong acid showed the enhancement in the conductivity of
the films [12, 23]. Therefore, in this work, one- or three-
time coatings of weak (methanesulfonic) acid solution by
convective deposition were carried out. One-time coating by
conventional spin coating was also carried out as a reference
for comparison. Figure 2 shows electrical conductivities of
the acid-treated PEDOT:PSS films. In all cases, convective
deposition method not only gave higher conductivity but
also spent less amount of solution (20 L of methanesulfonic
acid solution in one-time coating) than spin coating (100 uL),
which is an advantage of convective deposition method.
Furthermore, convective deposition is possible to upscale an
electrochromic for wide area, whereas spin coating can be
used use only in the laboratory scale.

It was reported that the conductivity of PEDOT:PSS
layers also depends on the concentration of acid solution in
the treatment [23]. Therefore, methanesulfonic acid solutions
with concentrations in the range of 0.5-15.3 M were used

for the treatment in this work. After treatment of samples
with increasing concentrations of 0.5-8 M, the conductivity
of PEDOT:PSS films was found to gradually increase. For
further increasing concentration of acid more than 8M,
even the conductivity was much higher than pristine films,
but the conductivity was found to decrease. This is due to
the fact that, at high concentration, the acid solution could
degrade PEDOT:PSS film layer. Not similar to the case of
spin coating in the literature [12, 23], one-time treatment
process could improve conductivity greater than three-time
one, because three-time treatment may damage the polymer
films. Hence, the optimal condition to create transparent
conducting layer in this research was one-time treatment with
4 M methanesulfonic acid solution by convective deposition,
which resulted in conductivity of 1814 S cm ™. The advantages
of convective deposition coating method are availability for
upscaling thin film coating and use of less sample solution
volume compared with the conventional spin coating. The
thickness of films can be controllable in nanoscales by the
speed in deposition of this technique.

Obviously, the different conductivities of between un-
treated and methanesulfonic acid-treated films were con-
firmed and showed significant increase of conductivity from
proton transfer by weak acid which has an effect on PSS™ of
PEDOT:PSS [12, 23], after PSS™ get H from acid then formed
as PSSH which is neutral. Also, the heat energy from a vibra-
tion of polymer chain affected the columbic force between
PEDOT" (positive charge) and PSS~ (negative charge) and
broke down polymer phases and chains. The coulombic
force that occurred was easy to break down because of
hydrophobic and hydrophilic properties of PEDOT and PSS,
respectively. When thickness of layers of PEDOT:PSS with
treatment process increased, the conductivity was found
to increase. The relationship between a conductivity of
treated PEDOT:PSS films and varied polymer layers is direct
variation. Although many layer films gave the high con-
ductivity, it was too translucent to be used in the actual
electrochromic application (only 70% light transmittance,
Fig. S2 in Supplementary Material). Hence, this research not
only focused on the conductivity but also concerned with the
intensity of light pass through the polymer films. From the
results, it was found that only 2 layers of treated PEDOT:PSS
films (thickness of PEDOT:PSS = 180 nm, light transmittance
>90%) were adequately used as transparent conducting layer
for electrochromic devices (conductivity <2000 S/cm).

The obtained transparent conducting layer of PEDOT:
PSS films was characterized by UV-vis-NIR spectroscopy as
shown in Figure 3(a). The transmittance of the samples with-
out (black line) and with (blue line) treatment by methane-
sulfonic acid solution was observed. The transmittance in the
range of 300-1100 nm of treated films was relatively higher
than that of the pristine sample. The improvement of trans-
mittances occurred due to the fact that some PSS chains were
removed from the conductive films, leading the structure
of PEDOT:PSS films deformed from coil to linear structure
[18, 19, 21]. This transmittance is comparable to transparent
substrates used for several optoelectrical devices. Therefore,
the treated polymer films demonstrated high transmission of
light to create transparent-electron conducting layers.
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FIGURE 3: Characterizations of untreated and methanesulfonic acid-treated PEDOT:PSS films on glasses: (a) UV-vis-NIR spectra, (b) Raman

spectra, and (c) cyclic voltammogram.

In Figure 3(b), Raman spectroscopy under 532 nm green
light laser excitation provided the results correlated to the
effect of acid on PEDOT chain with and without methane-
sulfonic acid treatment. The vibration mode at 1510, 1450,
1380, and 1270 cm™" indicated the position peaks of Coa=Cp
asymmetrical, C,=Cyz symmetrical, C4-Cp stretching, and
C,-C, interring stretching vibration of the five member rings
of PEDOT, respectively. Similarly, the characteristic peaks of
PSS chains can be specified at the vibration mode of 1000
and 1100cm™! [10, 13, 31]. As a consequence, the Raman-
fingerprint for treated samples (blue line) demonstrated
lower peak intensity of PSS phases than the former (pristine
film, black line) which came from acid removed some PSS
from polymer films [23]. Thus, this characterization can

be also confirmed that PEDOT chain was deformed from
benzenoid structure (coil) to quinoid structure (linear or
expanded-coil). The Raman peaks at 1450 cm ™" of PEDOT
with treatment via acid solution are slightly shifted with
respect to one another. In the linear structure, the neigh-
boring thiophene rings in polymer chains are arranged in
the same plan. The conjugate mr-electron should be more
delocalized than the original structure, responsible for the
conductivity improvements [31, 32].

Cyclic voltammogram (see Figure 3(c)) revealed the
redox behavior of PEDOT:PSS film coated on glasses as a
working electrode in 0.1 M LiClO, aqueous solution with a
scan rate 0.05 V/s. Ag/AgCl and Pt were used as reference and
counter electrodes, respectively. Both anodic and cathodic
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anode for electrochromic devices at reduced and oxidized states (applied voltage = 3.0 V).

current peaks of pristine PEDOT:PSS films (black line)
were less than the treated films (blue lines). Additionally,
CV graph also declared that pristine films presented a low
electrochemical behavior. Moreover, the color of working
electrode made of the pristine PEDOT:PSS films did not
change during the test. After treated with weak acid, the
electrochemical activity of PEDOT:PSS films significantly
increased in the potential range from —2.0 to +2.0 V. The
color of PEDOT:PSS was also significantly changed from
light blue to dark blue. The increase in separation of anodic
and cathodic peaks implied that the electron self-exchange
in polymer films as a result of acid-induce behavior [30],
whereas redox process (reduction and oxidation) can be
indicated in the potential range of CV characterization after
the methanesulfonic acid treatment. The PEDOT polymer
chains were altered from a core-shell structure to a lin-
ear or extended-coil structure induced by the weak acid
[23, 31, 33].

3.2. Application of Flexible Electrodes for Electrochromic
Devices. The fabrication and treatment conditions obtained
from above parts can be used for fabrication of transparent
conducting films on flexible substrates. Figure 4(a) represents
the transmission of flexible working electrode based on a
polyester substrate. Before coating of P3HT, the highest trans-
mittance of treated PEDOT:PSS film (gray line) was >80%
which was same as a glass substrate. For the samples with
P3HT coating, when the voltage at 3.0 V was applied, color
of P3HT was changed from purple color to transparent-light
blue and change the light transmission properties. The per-
formance of P3HT/CH;SO;H-treated PEDOT:PSS/polyester
film as working electrode presented switching responses with
bleaching and color times of 3.0 and 5.0's.

Figure 4(b) shows cyclic voltammogram of P3HT/
CH;SO;H-treated PEDOT:PSS/polyester flexible electrode
that was recorded in a solution of 0.1 M LiClO,/acetonitrile
(ACN) with Ag/AgCl and Pt as reference and counter
electrodes, respectively. The redox peak currents appeared
at the range of voltage of —2.0 to +2.0V with a scan rate
of 0.02V/s. The pristine of P3HT film was in neutral
(insulating) state between voltage of —2.0 and 0.0 V. The
reversible oxidation/reduction processes were found between
0.0 and 2.0 V. The anodic current showed a peak at ~0.75
and 1.25V where color of P3HT films changed from purple
to light blue. The reduction peak current showed at ca. 0.50
and 1.25V along with purple color returning. The transition
between the bipolaronic and polaronic charge carrier states
also observed by these characterizations [24, 25].

From the above results, P3HT film can change color from
purple to transparent-light blue in oxidation by penetration
of ClO, " ion on its active surface after voltage applied. C1O,~
ions in liquid electrolyte solution not only inserted into the
active polymer film but also induced charge transfer into
neighboring polymer molecules. The diffusion coefficient
values for P3HT film at the oxidation of electrodes are larger
than those of the reduction process. So, the redox processes
of P3HT polymer film electrode, which is returned to normal
state, associated with the dedoping of CIO,” ions out from
polymer chains and took more time to remove because it
has a slower switching configuration of P3HT than in the
excited state [25, 34, 35]. The performance of P3HT/acid-
treated PEDOT:PSS/polyester substrate presented the switch-
ing responses with bleaching and color times of 3.0 and 5.0's
(see Figures 5(a) and 5(b)). All lines of CV cycles were quite
overlapped, indicating quite-stable polymer films for color
change when the voltage was applied. A few changes in CV
cycles from the first cycle were reported as because of swollen
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FIGURE 5: Photo images of P3HT/acid-treated PEDOT:PSS/polyester film at (a) normal and (b) excited states and (c) a prototype of close-film

devices.

P3HT films [24, 25]. However, working polymer films can
still change colors many times when the voltage was applied.
These results indicated that the flexible films in this work
are candidates for the development of flexible electrochromic
devices. To show feasibility in utilization of flexible films as
electrodes for flexible electrochromic devices, a prototype
of close-film devices was fabricated and tested as shown in
Figure 5(c).

4. Conclusion

Electrical conductivity of PEDOT:PSS nanofilms can be
enhanced with methanesulfonic acid treatment by only one-
time convective deposition coating method. Mild acid is

alternative way to improve conductivity better than strong
acid solution, because it has no damage on polymer films and
plastic substrates. The electrical conductivity of PEDOT:PSS
can be enhanced up to 1814 S/cm by 4 M methanesulfonic
acid solution treatments due to the removal of some PSS
chains. Obtained polymer films were created and used as
flexible transparent conducting substrates instead of conven-
tional FTO/ITO glasses. Finally, full flexible electrochromic
devices were successfully fabricated with the structure
of polyester/acid-treated PEDOT:PSS/P3HT/LiClO,/acid-
treated PEDOT:PSS/polyester. P3HT as active layer can
control light and showed high transparency after applying
a small voltage (3.0 V). Switching responses of a bleaching
and a color time demonstrated at 3.0 and 5.0's, respectively.
Flexible transparent conducting film showed a potential for
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uses in an actual applications of not only electrochromic
devices but also other applications, for example, solar cells
and light emitting diodes.
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of the highest yields of gluconic acid and xylitol were investigated. It was found that all surfactant-
assisted fabrications increased surface area and anatase content of TiO, photocatalysts, resulting in
high glucose conversion and high yields of xylitol, arabinose and formic acid. The highest yield of xylitol
(6.45%) was obtained from US/CTAB-TiO,. Unfortunately, the yield of gluconic acid did not increase by
increasing time, because it was also decomposed during photocatalysis. The moderate photocatalysis was
found from SG/PEG-TiO; (100% anatase, surface area 5.93 m?/g) that provided the highest yield of glu-
conic acid (7.6%) in 120 min.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Biomass conversion has attracted much attention as one of
promising technologies to produce renewable chemicals and en-
ergy in the future. Generally, biomass consists of hydrocarbon
compounds like fossil fuels, but its chemical compositions are
different. Hydrocarbon compounds in biomass have been used as
intermediate platforms molecules to produce chemicals and fuels
[1-3]. Moreover, its components (i.e., cellulose and lignin) have
been applied in fabrication of bio-based materials for solar energy
conversion and energy storage device, such as solar cells [4], bat-
teries [5], supercapacitors [6], etc.

Glucose is one of monosaccharide found in structure of plant
biomass [3,7]. It is transformed to variety forms of high-value
chemicals and fuels, such as gluconic acid, glucaric acid, arabini-
tol, 5-hydroxymethylfurfural, ethanol, H,, etc. [2,8]. There are
various technologies that can be used to convert glucose to fuels
and high-value chemicals. However, these technologies are ther-
mochemically and/or biochemically conversion processes which
are limited by some restrictions in practice, such as high cost of
reagents and equipment, high energy consumption and harsh re-
action conditions. Therefore, the exploration of new routes for the
production of platform chemicals or fuels from biomass is
becoming increasingly important.

Photocatalysis is one of the promising processes for energy and
chemical production, because it can be performed under solar
irradiation at room temperature and mild conditions [9]. It is
considered as clean, effective, energy-saving, simple, ecologically
benign and low cost technology [10]. Titanium dioxide (TiO;) has
been considered to be the most attractive heterogeneous photo-
catalyst, since it presents excellent photocatalytic activity, strong
oxidizing ability, chemical stability, long durability, nontoxicity, low
cost and transparency to visible light [11]. Therefore, it has been
widely used as a versatile material with applications in the pro-
duction of electrodes, capacitors, solar cells, chemical catalysis,
photocatalysis, degradation of organic species in waste water and
H, production [12—-14].

Previously reported photocatalytic reactions of glucose are
mostly focused on glucose conversion and H, production, in which
only gaseous products got attentions [15—17]. For more study of
photocatalytic conversion of glucose, products in the liquid phase
should be considered as well. In the opened literature, there are not
many reports studied on the liquid phase products. Colmenares
et al. (2013) studied the photocatalytic conversion of glucose with
their synthesized TiO, photocatalysts. Two high-value chemicals,
i.e. gluconic and glucaric acids, were found [18]. However, at the
high level of glucose conversion, almost glucose was conversed to
be CO, and selectivity of photocatalysis for high-value products was
relatively low. Therefore, the suitable, mild-conditional photo-
oxidation with high conversion and high product selectivity should
be further considered.

The aim of this research is to study the effects of structural and
textural properties of TiO, photocatalyst on photocatalytic

conversion of glucose and yield of desired high-value chemicals in
different fabrication techniques. In this study, we focused on the
formation of gluconic acid and xylitol which have been mentioned
as top value chemicals from biomass [1]. Interestingly, differently
from other reports, we firstly found that xylitol can also be pro-
duced from photocatalytic conversion of glucose. The gluconic acid
is selected as the preferred high-value chemicals from photo-
catalysis, because of its benefits and costs, and because it has been
reported to convert from glucose by photocatalysis [8,9,18]. Addi-
tionally, arabinose (a C5 sugar) and formic acid are other co-
products that were also obtained from this work.

A well-known process for the preparation of nanomaterial is the
sol-gel synthesis. In many works, some surfactants were also used
to assist in the conventional sol-gel method [19,20]. In this
contribution, we used conventional sol-gel and modified sol-gel
techniques (ultrasonication- and thermal-assisted techniques) to
fabricate conventional TiO, photocatalysts with different structural
and textural properties. Moreover, two different types of surfac-
tants were used to assist in all TiO, fabrication techniques. The
obtained TiO; photocatalysts were characterized and used in pho-
tocatalytic conversion of glucose to high-value products as
mentioned above.

2. Materials and methods
2.1. Materials

Titanium(IV) butoxide (>97.0%) was purchased from Fluka
(USA). Acetylacetone was obtained from Sigma-Aldrich (USA).
Analytical-grade 2-propanol was obtained from QRéC (New Zea-
land). Polyethylene glycol (PEG, HO(CH,CH,O),H, molecular
weight = 4000) and cetyltrimethylammonium bromide (CTAB,
CH3(CH3)15N(CH3)3Br, molecular weight = 364.46) from Ajax
Finechem (Australia) were used as received. D(+) glucose mono-
hydrate was obtained from Carlo Erba Reagents (France). Acetoni-
trile was manufactured from Honeywell Burdick and Jackson (USA).

2.2. Synthesis of TiO, photocatalysts

2.2.1. Sol-gel method

Titanium(IV) butoxide (17.1446 g) was mixed with the same
moles of acetylacetone to slowdown hydrolysis and condensation
reactions [21]. Subsequently, Milli-Q water (133 ml) was slowly
added into the mixed solution under continuous stirring at room
temperature, followed by addition of 2-propanol (67 ml). Mixed
solution was kept at room temperature for 24 h for gel formation.
TiO, synthesized by sol-gel method is denoted as SG-TiO,.

2.2.2. Ultrasonic-assisted sol-gel method

TiO, fabricated by ultrasonic-assisted sol-gel method was syn-
thesized in the same manner as the conventional sol-gel method,
followed by treatment with ultrasonication (35 kHz, 320 W,
Sonorex Digitec, Bandelin) for 1 h. The solution was then aged at
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room temperature for 24 h. TiO, fabricated by ultrasonic-assisted
sol-gel method is denoted as US-TiO,.

2.2.3. Hydrothermal method

TiO, synthesized by hydrothermal method was fabricated in the
same manner of ultrasonication method, but the mixture solution
after ultrasonication was performed in a Teflon-lined stainless-steel
reactor with heating up to 120 "C for 2 h. The stirring speed during
hydrothermal process was kept constant at 400 rpm. The synthe-
sized TiO, particles were separated from the solution by centrifu-
gation. TiO, synthesized by hydrothermal method called HD-TiO».

All synthesis methods, TiO; particles were dried in an oven at
80 "C overnight. The as-synthesized TiO; particles were pulverized
and were then calcined at 500 °C for 2 h.

For surfactant-assisted fabrication method, after mixing of
titanium(IV) butoxide with acetylacetone, instead of Milli-Q water,
a surfactant (PEG or CTAB) solution (133 ml) was slowly added into
the precursor solution under continuously stirring at room tem-
perature, followed by addition of 2-propanol. Other processes in all
sol-gel, ultrasonication and hydrothermal methods, are same as
above.

2.3. Characterizations of TiO, photocatalysts

The microstructure of TiO; particles was analyzed by a scanning
electron microscope (SEM; JEOL JSM-6500FE). Electron beam en-
ergy of 20 kV was used for analysis. The constituent phases were
determined by X-ray diffraction (XRD; Rigaku Rint 2100) with Cu-
Ko radiation (A = 0.15418 nm) at 40 kV and 30 mA. The average
crystal sizes were estimated from the line broadening of X-ray
diffraction reflections using Scherrer Equation (1):

KA
D=>—— 1
6 cos 6 Sy
where D is crystallite size, K is a coefficient (0.94), 1 is wavelength of
the X-ray radiation, § is full-width at half-maximum (FWHM) in-
tensity of peak, and 4 is diffraction angle. The ratio of TiO, anatase
to rutile phase can be calculated from Equation (2):

1

A=77 1.26(Ix/I,)

(2)

where I and I are diffraction intensities of anatase (101) and rutile
(110) crystalline phases at 26 = 25.21 and 27.41°, respectively. The
content of amorphous TiO, was not taken into consideration.

The surface area of the TiO, photocatalyst was measured ac-
cording to Brunauer- Emmett-Teller (BET) method by N, adsorption
using a Belsorp Mini Il equipment with bath temperature of 77.0 K.
The photocatalyst samples were outgassed for 4 h at 110 °C before
the test.

Band gap energies of samples were determined using UV—vis
diffuse reflectance with a UV-3100 Shimadzu spectrophotometer
equipped with an integrating sphere in the range of 200—900 nm.
Band-gaps can be estimated from question (3):

hC
E = (3)

where h is Planck's constant (6.626 x 10734 ]/s), C is the speed of
light (3 x 108 m/s), and 1 is cut-off wavelength.

2.4. Photocatalytic reaction

Glucose solution (1 g/L) was prepared in a mixture of Milli-Q

water and acetonitrile (10:90 v/v) [10]. The solution was then
transferred into a borosilicate cylindrical double-walled reactor.
TiO, powders (1 g/L) were suspended in the glucose solution with
continuous stirring for 30 min in dark condition for completed
adsorption of glucose on the TiO; surfaces. A 400-W mercury lamp
(Amax = 365 nm) was used as a light source to irradiate the samples.
The reaction temperature was maintained by a cooling water sys-
tem. The samples were taken from the photoreactor at specified
times. They were then filtrated through 0.22-um nylon filter before
the product analysis. Glucose conversion and product yield were
monitored by a high-performance liquid chromatography instru-
ment (HPLC, Shimudzu, LC-20AD pump) equipped with a refractive
index detector (Shimudzu RID-10A). Separation was performed via
an Aminex HPX-87H column (300 x 7.8 mm) at 65 "C using 5 mM
sulfuric acid as the mobile phase.

3. Results and discussion
3.1. Characterizations of TiO, photocatalysts

XRD analysis of synthesized TiO; is shown in Fig. 1. It is clearly
observed that all samples exhibit high crystallinity of anatase
phase. The characteristic peaks at 25.21°, 37.91°, 47.81°, 53.81° and
55° represent the indices of (101), (004), (200), (105) and (211)
planes of anatase phase, respectively. These peaks correspond to
the Joint Committee on Powder Diffraction Standards (JCPDS) card
file number 21-1272 [22]. The occurrences of the weak diffraction
peaks at 27.41° and 36.11° in SG-TiO3, US-TiO; and SG/CTAB-TiO;
relate to (110) and (101) planes of small rutile phase that corre-
spond to JCPDS card file number 21-1276 [22]. Rutile crystal was
possible to form in thermal treatment at high temperature [23] (i.e.,
500 °C in this work).

The approximated crystallite size and phase identification of
TiO; from XRD analysis are shown in Table 1. We observed that US-
TiO, showed the highest crystallite size of anatase (84.72 nm)
amongst all the synthesized TiO, samples. Its anatase content was
slightly higher than that of SG-TiO,. This result can be explained
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Fig. 1. XRD patterns of synthesized TiO, photocatalysts without and with surfactants
(PEG and CTAB) via sol-gel (SG), ultrasonication (US) and hydrothermal (HD) methods
(A = anatase and R = rutile).



32 J. Payormhorm et al. / Materials Chemistry and Physics 196 (2017) 29—36

Table 1
Summary of structural and textural properties, and band gaps of synthesized TiO,
photocatalysts.

Photocatalyst ~ XRD SBET Egap
(m?/g) (ev)

Crystallite size (nm) Crystal phase

(%)
Anatase (101) Rutile (110) Anatase Rutile

SG-TiO, 30.30 127.96 89.74 1026 2.12 3.00
US-TiO, 84.72 64.48 92.89 7.11 2.65 3.01
HD-TiO, 26.53 - 100.0 - 29.2 3.08
SG/PEG-TiO,  26.50 - 100.0 - 593 3.11
US/PEG-TiO,  26.53 - 100.0 — 7.44 3.10
HD/PEG-TiO,  23.58 - 100.0 - 335 3.10
SG/CTAB-TiO, 26.46 81.42 93.95 6.05 2579 3.03
US/CTAB-TiO,  26.57 - 100.0 - 41.78 3.07
HD/CTAB-TiO, 23.65 - 100.0 - 3030 3.11

considering that the implosive bubbles/cavities in the bulk of the
sol medium during ultrasonication caused small nucleus forma-
tions of US-TiO, particles [18]. This small nuclei were also sepa-
rately growth and then the crystallite size of anatase increased after
calcination.

In case of surfactant assisted fabrications, the presence of sur-
factants tended to reduce anatase crystal size, while the contents of
anatase increased. Anatase was formed with small crystallite sizes
(in the range of 23.5—26.5 nm). The reduction of anatase crystallite
size and the suppression of anatase to rutile phase transformation
could be annotated that both PEG and CTAB surfactants interrupted
the heat transferred to bulk of the sample during calcination.
Notably, SG/CTAB-TiO, showed the small percentage of rutile
crystal phase (6.05%) with the crystallite size of 81.42 nm, while SG/
PEG-TiO, showed 100% anatase. This indicates that the small
molecular-weight-surfactant CTAB in the synthesis had smaller
suppression of phase transformation than the high molecular-
weight-surfactant PEG polymer.

Considering surface areas of non-surfactant-assisted photo-
catalysts (Table 1), SG-TiO, and US-TiO, had significantly lower
surface area (2.1—2.7 m?/g) than HD-TiO; (29.2 m?/g). The presence
of PEG or CTAB during TiO, synthesis increased the surface area of
TiO, photocatalysts compared with the absent ones. These were
relatively observed in all synthesis methods. Obviously, for CTAB,
specific surface area of TiO, was significantly higher than ones of
TiO, synthesized from non-surfactant assisted methods (ca. 12-15
times) in sol-gel and ultrasonication synthesises.

PEG and CTAB are well-known as non-ionic and cationic sur-
factants, respectively. PEG is a polymer-based surfactant, it has
oxygen atoms in the polyethylene oxide structure. The oxygen in
the molecular chain of PEG could interact with Ti*" metal ions via
formation of hydrogen bonds during the sol process. The random
interactions of Ti** ions also occurred on the PEG polymer chain at
the molecular level [24]. For CTAB, it could reduce the surface
tension and make the high dispersion of TiO, precursor in solution
during sol-gel reaction [25,26]. Moreover, CTAB micelles were
formed in the solution, the hydrophilic groups of the CTAB micelles
could interact with an intermediated compound for hydrolysis of
titanium (IV) butoxide [27]. A possible formation mechanism of
TiO, particles with PEG and CTAB surfactants is shown in Fig. 2.

In this study, we found that the highest surface area of TiO,
could be obtained from US/CTAB-TiO, (41.78 m?/g). This can be
explained considering that the sonic wave during ultrasonication
further aid in getting smaller micelles in TiO, solution. These
smaller micelles acted as small reaction sites for TiO, formation and
avoided the aggregation of TiO, particles. After calcination at
500 °C, CTAB micelles were burned away, leaving small separated

Fig. 2. A proposed mechanism of TiO, particle formation without and with PEG and
CTAB surfactants.

particles. However, the surface areas of SG/PEG-TiO; and US/PEG-
TiO; (5.9—7.4 m?/g) were lower than that of SG/CTAB-TiO, and US/
CTAB-TiO; (25.8—41.8 m?/g). This indicates that the generation of
micelles in the case of CTAB showed more effectiveness in disper-
sion of TiO, precursors than in the case of non-ionic polymer chains
in PEG.

Interestingly, the use of surfactants in hydrothermal fabrication
did not significantly change the crystallite size and BET surface area
of TiO, photocatalysts. It was possibly that the high temperature in
fabrication of TiO, (120 °C in this work) resulted in breaking CTAB
micelles and PEG structures. The crystal growth was then sup-
pressed with the increase of thermal molecular motions [28]. In
addition, all of fabricated TiO, provided quite same band gaps in the
range of 2.95—3.11 eV (Table 1), which are the conventional gaps for
anatase TiO,. The decrease of the energy gap was associated with
the phase transformation from anatase to rutile in some TiO;
samples (SG-TiO,, US-TiO, and SG/CTAB-TiO,). These band-gap
results were well corresponding with XRD patterns in Fig. 1.

SEM images of TiO, photocatalysts synthesized via various
synthesis processes with and without surfactants are given in Fig. 3.
The images of TiO, fabricated from all non-surfactant-assisted
methods showed aggregation of TiO, particles, especially in the
cases of sol-gel and ultrasonication methods. This morphology
could confirm the low surface area of photocatalysts. The spherical
shape of particles was observed in the HD-TiO, photocatalyst that
its particle sizes were slightly smaller than that of SG-TiO, and US-
TiO,. Even the precursor solutions in all sol-gel, ultrasonication and
hydrothermal synthesis methods were same, but in hydrothermal
process, stirring and heat were applied during the particle precip-
itation. Motion of TiO, during particle precipitation caused some
separation of particles to form spherical particles.

The obtained particles from ultrasonication were not clearly
observed in spherical shape and some particles were formed
irregular small fragments. In addition, the formation of TiO, par-
ticles on different structures of PEG and CTAB surfactants resulted
in clearly reduction of the aggregation of TiO, particles. The
morphological appearances of PEG and CTAB assisted-TiO- particles
were also different, corresponding to the proposed mechanism in
Fig. 2.

3.2. Photocatalytic conversion of glucose to high-value chemicals

Glucose was converted to form high-value chemicals via pho-
tocatalysis under UV irradiation (wavelength = 365 nm) using
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Fig. 3. SEM images of TiO, photocatalysts synthesized via sol-gel, ultrasonication and hydrothermal methods without and with surfactants (PEG and CTAB).

various TiO, photocatalysts. The main products in solution obtained
from photocatalytic conversion of glucose were gluconic acid,
arabinose, xylitol and formic acid. The interesting chemicals were
xylitol and gluconic acid, because both xylitol and gluconic acid are
high-value chemicals from biomass, called “platform molecules”,
which can be further synthesized for other specific chemicals. Also,
they are currently approved for use in foods, pharmaceuticals and
oral health products [1,8].

We proposed a pathway model of glucose conversion to glu-
conic acid, arabinose, xylitol and formic acid in this contribution, as
shown in Fig. 4. Conversion of glucose to these chemicals can be

possibly described via 3 main reactions. For the first reaction,
glucose reactant is oxidized by hydroxyl radicals (*OH) in photo-
catalysis and forms gluconic acid. These *OH radicals are initiated
by a nucleophilic attraction of HyO molecules on TiO, surface at
lattice O sites (Ti—0¢). These H,O molecules are then oxidized to
*OH by hole at the valence band of TiO,. For the second one, glu-
conic acid can be converted to be arabinose and formic acid via
photocatalytic decarboxylation [29]. For the last one, xylitol for-
mation, it is possibly produced from photocatalytic decomposition
of glucose. The efficiency of photodecomposition depends on the
amount of applied irradiation energy. The photocatalytic

OH OH OH OH O OH
Oxidati o) . lo)
0\ y OH ﬁ; ¥ OH Decar:boxxhlatnac |H)\/\OH . /lL
OH OH ’ OH OH OH Tiow v OH OH HO™ "H
Glucose Gluconic acid Arabinose Formic acid
HO o
HO OH 4 HO/U\H
HO HO i
Xylitol Formic acid j

Fig. 4. Proposed reaction pathways of photocatalytic conversion of glucose to gluconic acid, arabinose, xylitol and formic acid by TiO, photocatalysts.
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conversions of glucose to gluconic acid and xylitol are interesting
routes, because this process reduced the energy consumption and
operated under mild condition compared with catalytic-
thermochemical and biological processes.

3.2.1. Effect of TiO, fabrication techniques on photocatalytic activity

Different TiO, techniques resulted in different surface areas and
photocatalytic activity for glucose conversion as shown in Fig. 5.
Without surfactant in synthesis, although surface area of SG-TiO,
and US-TiO, were not quite different, the glucose conversion of US-
TiO, was relatively higher than that of SG-TiO,. This is because,
during ultrasonication, the oxygen vacancies probably generated on
TiO, and further enhanced TiO, photocatalytic activity. These ox-
ygen vacancies acted as electron donors, facilitating transport and
separation of photo-excited charges. They then reduced the rate of
electron/hole recombination [30]. The high surface-area HD-TiO;
(29.2 m?/g) gave higher glucose conversion compared with SG-TiO
and US-TiO; because it had larger adsorption site for glucose
substrate.

Considering the CTAB assisted-TiO, fabrication, the conversion
of glucose with US/CTAB-TiO, apparently showed the highest
conversion of glucose (69.5%), because US/CTAB-TiO, had higher
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Fig. 6. Product yields of (a) gluconic acid, (b) arabinose, (c) xylitol and (d) formic acid from photocatalytic conversion of glucose with TiO, photocatalysts with different surface
areas: white = SG < US < SG/PEG < US/PEG; grey = SG/CTAB < HD < HD/CTAB < HD/PEG; and black = US/CTAB.
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surface area than SG/CTAB-TiO,. The increase of photocatalytic
conversion of glucose could also occur from increasing absorption
sites of glucose on photocatalyst surface. From Fig. 5, glucose con-
version and surface area relatively showed a linear relation. This
indicates that the surface area of photocatalyst obtained from
different methods strongly plays important roles on the photo-
catalytic activity for glucose conversion.

The yields of products obtained from glucose conversions at
various reaction times are shown in Fig. 6. Not only reaction time,
product yields were also plotted as a function of TiO, surface area
(in ascending order, according to Fig. 5). It was observed that the
yields of all products were quite in line with the conversion of
glucose. The yields of xylitol, arabinose and formic acid (not glu-
conic acid) tended to increase with increasing irradiation time.
Mostly, the increase of these products also corresponded to the rise
of surface area of fabricated TiO,.

Considering the gluconic acid converted from TiO, fabricated by
hydrothermal-assisted method (HD, HD/CTAB and HD/PEG) which
had the range of surface areas between 29.2 and 33.5 m?/g, the
yields of gluconic acid could be achieved to the maximum yields at
about 60—90 min, then they slightly decreased with longer irra-
diation time. In this range of surface areas, a high yield of gluconic
acid (7.24%) derived from the use of HD/CTAB-TiO, (surface
area = 30.3 m?/g) for 60 min, then the yield of gluconic acid
decreased (6.51% at reaction time of 120 min). This is because TiO;
fabricated by hydrothermal-assisted method had more photo-
oxidation and decarboxylation site of glucose and gluconic acid
than ones synthesized by conventional sol-gel and ultrasonication
methods. The result is in line with the high surface area and the
good electron transferring property in 100%-anatase TiO, fabri-
cated by hydrothermal-assisted method. In other words, high sur-
face area causes reaction sites for glucose conversion, but it can also
convert gluconic acid to other products. Therefore, if the gluconic
acid is a mainly preferred product from photocatalytic conversion
of glucose, the state-of-art in design of surface area is a key factor to
control its product yield.

In case of xylitol formation, as mentioned above, to the best of
our knowledge, this is the first time that xylitol was found to be
converted from glucose using photocatalysis. The yield of xylitol
gradually increased with increasing surface area and irradiation
time in all fabrication techniques. Mostly, the use of CTAB in all
fabrications tends to give the high xylitol yields (4.72—6.45% at
120 min). It was found that, the highest yield of xylitol (6.45%) was
derived from 100% anatase-TiO, fabricated by CTAB-assisted
ultrasonication method with highest surface area of 41.78 m?/g.

Although US/CTAB-TiO, was an effective photocatalyst for
glucose conversion as mentioned above, its gluconic acid decar-
boxylation was higher than that of SG/CTAB-TiO, and HD/CTAB-
TiO,. This further resulted in the rapid decarboxylation of gluconic
acid into arabinose and formic acid. So, the arabinose and formic
acid were considered as predominant intermediate products in this
work. The highest yield of arabinose (28.81%) was derived from the
use of US/CTAB-TiO; in photocatalysis for 120 min. This photo-
catalyst also provided the highest yield of formic acid (28.25%).

All results indicate that the different techniques in fabrication of
TiO, photocatalysts affected the glucose conversion as well as
product conversion via the different structural and textural prop-
erties of TiO; obtained.

3.2.2. Effect of surfactant in TiO, fabrication on photocatalytic
activity

Effect of surfactant on photocatalytic glucose conversion and
product yields can be interpreted from Figs. 5 and 6, respectively. It
is clearly observed that photocatalytic conversion of glucose ob-
tained from surfactant assisted-TiO, was higher than that of non-

surfactant assisted-TiO,, because high surface area and high
segregation of TiO, particles were obtained from surfactant-
assisted fabrications. Moreover, the higher anatase content in sur-
factant assisted-TiO, could enhance photocatalytic conversion of
glucose, because of higher electron transfer than the mixed phase
of anatase and rutile.

In sol-gel fabrication, photocatalytic glucose conversion with
SG/CTAB-TiO, was 56.4%, which was higher than that of SG/PEG-
TiO, (25.6%) and SG-TiO; (10.82%). Regarding product yields, the
high-surface area SG/CTAB-TiO; (25.97 m?/g) provided the gluconic
acid yield lower than SG/PEG-TiO; (5.93 m?/g). The result indicated
that SG/PEG-TiO, gradually converted glucose to gluconic acid,
while gluconic acid was slowly converted to arabinose; therefore
the highest remaining yield of gluconic acid (7.6%) at 120 min could
be obtained.

The photocatalytic conversions of glucose obtained from the use
of CTAB in all fabrications, especially US/CTAB-TiO, photocatalyst,
are higher than the use of PEG because of the advantages of CTAB-
assisted fabrication, such as less particle aggregation, smaller par-
ticle size and higher surface area. Although, structural properties of
US/PEG-TiO, were quite similar to those of US/CTAB-TiO; (Table 1),
the conversion of glucose with US/CTAB-TiO; apparently showed
higher conversion of glucose (69.5%), because it had higher surface
area for glucose adsorption. Furthermore, it is possible that the
oxygen vacancy formation on US/CTAB-TiO; is easier formation
than that on US/PEG-TiO,, because the large structure of PEG in-
terrupts collision between TiO, particles. Therefore, the photo-
catalytic conversion of glucose and most product yields from US-
PEG/TiO, was found to be lower than that from US/CTAB-TiO,.

The use of CTAB and PEG in TiO; fabrication with hydrothermal
method had not significant effect on photocatalytic activity for
glucose conversion and yield of products (compared with non-
surfactant-assisted hydrothermal method). This is because, all
TiO, synthesized with hydrothermal method (HD/CTAB-TiO,, HD/
PEG-TiO, and HD-TiO,) had relatively similar structural properties
and surface areas (the characterization results of these samples are
shown in Table 1).

From all the results, it was found that the use of CTAB in fabri-
cations tends to give high yields of xylitol (4.72—6.45% in 120 min).
Use of this surfactant in fabrications also leaded to increase yields
of arabinose and formic acid.

4. Conclusions

Photocatalysis is a proposed reaction for high-value chemical
production from biomass derivatives, because it is a simple, energy-
saving and environmental friendly technology. In this work,
glucose was successfully converted to high-value chemicals (i.e.
gluconic acid and xylitol) via photocatalytic conversion with TiO;
photocatalysts that have different structural and textural properties
fabricated from different modified and surfactant-assisted tech-
niques. Arabinose and formic acid were co-products obtained from
the photocatalytic reaction. Ultrasonication and hydrothermal
techniques were applied in conventional sol-gel method to reduce
aggregation of spherical-shaped particles. The presence of surfac-
tant (PEG and CTAB) during the fabrication led to an increase of
specific surface area of TiO, photocatalysts and anatase content in
TiO, structure. Surface area was an important property of TiO;
photocatalysts for development of photocatalytic conversion of
glucose as well as the presence of high anatase content which
facilitated the electron transfer. Therefore, it was found that all TiO,
fabricated from surfactant-assisted methods showed high glucose
conversion and high yields of xylitol, arabinose and formic acid. The
highest yield of xylitol (6.45%) was obtained from US/CTAB-TiO,.
However, the highly efficient TiO, photocatalyst for high
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photocatalytic conversion of glucose was not only the factor to
promote the highest production of chemicals. It was found that the
high photocatalytic activity TiO, further accelerate the product
conversion that reduced the yield of gluconic acid. The moderate
photocatalysis was found from SG/PEG-TiO; (100% anatase, surface
area 5.93 m?/g) that provided the highest yield of gluconic acid
(7.6%) in 120 min. Therefore, the development of suitable TiO;
photocatalyst structures and properties is one challenge for high
selectivity of chemical production via photocatalysis.
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I. Reviewers' Comments:

Reviewer #1: In this work, the TiO, nanoparticles is prepared by a sol-microwave method with
cetyltrimethylammonium bromide (CTAB) as a surfactant. It is demonstrated that CTAB has great
impact on morphology, cluster size and mesoporous structure of TiO,, and the surface area of resulting
TiO, is increased from 15.97 to 37.60 m?/g. Its photocatalytic activity is evaluated via the glucose
conversion to produce value-added chemicals (gluconic acid, xylitol, arabinose and formic acid). It is
of certain significance, and the main conclusion is convincible. Hence, it is suitable to be published
after proper revision as noted:

Reply: Thank you very much for the comments. We have carefully considered all comments and
revised the manuscript according to the comments. The changes in the manuscript were highlighted
in red. The replies to the comments are as follows.

Comment 1. It is found that the crystal phase ratio of Rutile is changed in different samples from X-ray
diffraction patterns. Whether is the photocatalytic activity of TiO, related to the change of crystal
phase ratio?

Reply: The composition of phase possibly affects the photocatalytic activity of TiO,. Notably, both MW-
TiO, and 0.027 M CTAB/MW-TiO, had similar surface area (15.97 and 15.60 m?/g), while glucose
conversion of 0.027 M CTAB/MW-TiO, was significantly higher than MW-TiO,. This result could be
explained by relatively higher composition of rutile phase (2.7%) in structure of 0.027 M CTAB/MW-
TiO,, compared with MW-TiO, (rutile 0%) that could increase photo-oxidation efficiency. Likewise,
higher ratio of rutile phase in other synthesized TiO, tended to provide higher conversion of glucose.
Rutile phase has narrower band gap (3.0 eV) than anatase phase (3.2 eV), therefore the increasing
composition of rutile phase in TiO, structure can enhance the light absorption of TiO,. Moreover, the
presence of both phases of anatase and rutile in structure of TiO, assists in better electron-hole
separation. Additional explanation of effect of phase ratio of synthesized TiO, on photocatalytic
activity has been added in section 3.2.

Comment 2. It's not proper that the crystallite sizes and phase compositions of TiO, are revealed
only by X-ray diffraction patterns. Other evidences should be provided like TEM images.

Reply: TEM images of grinded and dispersed TiO, samples (SG-TiO,, 0.027 M CTAB/SG-TiO,, MW-TiO,,
and 0.027 M CTAB/MW-TiO,) have been illustrated in Fig. 6 to show the TiO, crystal sizes. Synthesized
TiO, had various sizes of crystals that aggregated in their particles. Small particle sizes of samples
synthesized by MW caused hardly broken aggregation of crystals after TEM sample preparation,
leading relatively hard investigation of crystallite size in some TEM images. Anyhow, crystallite sizes
observed from TEM analysis was in line with the crystallite size obtained from XRD analysis. The
additional description of crystallite size of synthesized TiO, by TEM analysis has shown in section 3.1.4.



Comment 3. In this paper, the author describes “Table 2 shows band gaps of synthesized TiO,
calculated from adsorption edges of UV-vis”. Thus, UV-vis absorption spectra should be described.
Reply: UV-vis absorption spectra of synthesized TiO, are shown in Fig. 7. For CTAB-absent cases, MW-
TiO, (blue line) exhibits the relatively lower photo-absorption in UV region than SG-TiO, (black dashed
line). Similarly, 0.027 M CTAB/MW-TIO, (red line) displays the adsorption spectrum shifted to shorter
wavelength, compared with 0.027 M CTAB/SG-TiO, (black line). It is clearly seen that the applied
microwave irradiation in synthesis impacted on decrease of UV adsorption of TiO,. All TiO, synthesized
with higher CTAB concentrations had relatively similar absorption edges. The additional explanation
of UV-vis absorption spectra of synthesized TiO, has shown in section 3.1.4.

Comment 4. Please check the manuscript and refine the language carefully, and the format of the
references should be consistent.
Reply: The language used and mistakes have been checked and revised. Regarding the format of the
references, there are three reference styles in this manuscript due to the difference sources of
references (journals, books, and chapters in edited books). Each of references has been written as
examples of reference styles in the guide for authors.
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[1] F. Cherubini, The biorefinery concept: using biomass instead of oil for producing energy and
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[5] D.l. Kondarides, X.E. Verykios, Photocatalytic production of renewable hydrogen, in: K.
Triantafyllidis, A. Lappas, M. Stécker (Eds.), The role of catalysis for the sustainable
production of bio-fuels and bio-chemicals, Elsevier BV, Netherlands, (2013) pp. 495-527.
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[30] Werpy, G. Petersen, Top value added chemicals from biomass, National Renewable Energy
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Il. Other Revisions

- The scanning wavelength range of UV-vis diffuse reflectance (page 5 line 10-11) was changed from
“200-900 nm” to “200-800 nm”.

- The order of figures has been renumbered after additions of Figs. 6 and 7 according to comments
2 and 3, respectively.

- Reference [50] (H. Wen-Chi, C. Yu-Chun, C. Hsin, T. Ting-Ke, Synthesis and characterization of TiO,
and Fe/TiO, nanoparticles and their performance for photocatalytic degradation of 1,2-
dichloroethane, Appl. Surf. Sci., 2555 (2008) 2205-2213.) was added.
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Abstract

Fabrication technique is an important factor for development of catalysts. Titanium dioxide
(TiO,) is one of efficient photocatalysts. In this work, we firstly report the fabrication of TiO,
nanoparticles by sol-microwave method with cetyltrimethylammonium bromide (CTAB) surfactant.
Absence of surfactant, microwave treatment significantly reduced the cluster sizes of TiO,, but high
aggregations of TiO, particles were observed. CTAB has great impact on morphology, cluster size and
mesoporous structure of TiO,. Therefore, surface area of TiO, synthesized by sol-microwave method
with 0.108 M CTAB increased from 15.97 to 37.60 m?/g. Photocatalytic activity of TiO, was tested
via the glucose conversion to produce value-added chemicals (gluconic acid, xylitol, arabinose and
formic acid). It was found that surface area, mesoporous structure and pore size of TiO, are crucial
properties for glucose conversion and product distribution. From the reaction test, 0.108 M CTAB/MW-

TiO, achieved the highest glucose conversion (62.28%).
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Keywords: A. titanium dioxide, A. mesoporous TiO,, B. surfactant, B. sol-microwave method,
D. photocatalysis

(Category: A. = types of material, B. = preparation and processing, D. = properties and phenomena)

1. Introduction

Biorefinery process is a biomass conversion which is considered as a sustainable process for
chemical, power and biofuel productions [1]. Green chemical technology is a sustainable technology
that focuses on approaches to develop the products, equipment and systems. It emphasizes on reduction
of nonrenewable resource uses and prevention of environmental problems [2]. The integration of green
chemistry into biorefinery has been widely investigated for value-added chemical productions.
Heterogeneous catalyst is one of crucial materials in chemical productions, because it could be involved
in many conversion steps. It is also easily recovered and reused.

Photocatalysis is one of the promising processes for biorefinery and green chemical synthesis
because it can efficiently perform under solar irradiation, room temperature and mild conditions. Most
of the heterogeneous photocatalysts is solid semiconductors such as TiO,, ZnO, NiO, ZrO,, SnO,, SiC,
WO;, SrTi0;, GesNy, g-C3Ny, Fe;0,4, CdS, ZnS, etc. [2-6]. Photocatalysts have been used in several
applications depending on their features. Among them, titanium dioxide (TiO,) is known as a high
potential photocatalyst for green organic synthesis [7-10]. Photocatalytic conversion of glucose by TiO,
produces varieties of products such as gluconic acid, glucaric acid, arabitol, arabinose, erythrose,
glyceraldehyde formic acid, H,, CO,, etc. [11-13].

Development of catalyst fabrication is a key point of the improvement of morphology and its
catalytic properties. TiO, photocatalyst has been fabricated by various methods such as sol-gel,
hydrothermal, solvothermal, microwave, electrodeposition, sonochemical and electrospinning methods
[14-17]. Sol-gel method (SG) has been widely used as a conventional way to synthesize TiO,.
Nevertheless, the formation of particles from this method needs long time and use high temperature
[14]. In addition, this fabrication method increases the average size of TiO, particles and causes high

aggregation of particles, which subsequently causes less material surface area. Alternatively,
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microwave irradiation during sol-gel process (so called sol-microwave method) has been applied to
assist in preparations of various nanomaterials [18-20]. The major advantages of using microwave are
easy technique, rapid heat transfer, energy-saving method, shorter reaction time and convenient method
[21-24]. It can be also considered as a green method for photocatalyst synthesis [20]. The homogenous
heating of microwave leads to uniform nucleation of nanomaterials.

During synthesis, surfactants are used in a large number of inorganic material synthesis as a
stabilizer and template to control particle sizes and crystal growth, and reduce
aggregation/agglomeration. An extensive variety of materials with novel structure can be obtained from
the incorporation of surfactants into the inorganic networks during sol-gel method [25-27]. Among
several surfactants, cetyltrimethylammonium bromide (CTAB), which is a cationic surfactant, has been
widely employed in material synthesis to form spherical particles and reduce the size of particles. CTAB
can reduce the surface tension and make high dispersion of TiO, precursor in solution during the sol-
gel reaction [28]. Previously, some researchers have also reported the effect of CTAB in conventional
sol-gel and hydrothermal methods on the morphology and photocatalytic activity of TiO,
photocatalysts. They reported that CTAB modified the surface area and morphology and increased the
charge separation rate of TiO, [28, 29]. From opened literature, there is no work reported on effect of
surfactant in sol-microwave method for TiO, synthesis and applications of the obtained materials.

The main objective of this study is to prepare TiO, particles composed with anatase and rutile
using sol-microwave method with and without the presence of CTAB as the surfactant. Herein, the
synergetic effect of CTAB concentration and microwave irradiation on size, morphology and
crystallization of TiO, were investigated. Moreover, the photocatalytic activity of synthesized TiO, for
conversion of glucose was tested. Productions of gluconic acid and xylitol (value-added sugars) as well
as formation of arabinose and formic acid from biomass were emphasized in this study. Both xylitol
and gluconic acid are called platform molecules from biomass conversion, which can be further
synthesized for other chemicals. They are currently approved for use in foods, pharmaceuticals and oral

health products [12, 30].
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2. Experimental

2.1 Materials and methods

Titanium(I'V) butoxide (>97.0%, Fluka, USA, 17.1446 g), a TiO, precursor, was mixed with
the same mole of acetylacetone (Sigma-Aldrich, USA) at room temperature to slowdown the hydrolysis
and condensation reactions. Subsequently, CTAB aqueous solution (Ajax Finechem, Australia, 0-0.108
M, 133 mL) was slowly dropped into the precursor solution. Isopropyl alcohol (QREC, New Zealand,
67 mL) was added in the solution with continuous stirring. For TiO, synthesized by sol-gel method
(SG), the mixed solution was kept at room temperature for 24 h for gel formation. TiO, particles were
dried in an oven at 80 °C overnight. On another hand, for TiO, fabricated by modified sol-microwave
method (MW), it was synthesized in the same manner with the conventional sol-gel method, followed
by treatment with microwave irradiation (Whirlpool, 2.45 GHz, 970W) for 4 min. The yellow
precipitants were obtained and dried overnight at 80 °C. As-synthesized TiO, samples were pulverized
to powder, then they were finally calcined at 500 °C for 2 h. The samples modified with CTAB are
denoted as “X CTAB/Y-TiO,”, where X refers to the CTAB concentration (0, 0.027, 0.054, 0.081 or

0.108 M) and Y refers to the synthesis method (SG or MW).

2.2 TiO, photocatalyst characterizations

Surface area of samples was determined according to Brunauer-Emmett-Teller (BET) method
by N, adsorption (Belsorp Mini II, Japan) at 77.0 K. The photocatalyst samples were degassed under
vacuum at 110 °C for 4 h before the analysis. The microstructure of TiO, particles was monitored by
scanning electron microscopy (FESEM; JSM-7610F). The crystalline structures of the TiO,
photocatalysts were measured by X-ray diffraction (XRD; RIGAKU RINT 2100) with Cu-Ka radiation
(A=0.15418 nm) at 40 kV and 30 mA. The average crystal sizes were estimated from the line broadening

of X-ray diffraction reflections using Scherrer equation (1):

D= KA
fcosd

(1)
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where D is crystallite size, K is a coefficient (0.94), A is wavelength of X-ray radiation and f is full-
width at half-maximum intensity of peak, and 6 is diffraction angle. The ratio of TiO, anatase to rutile

phase can be calculated from equation (2):

1
T 1+1.26(1, /1))

2)

where /, and [ are the diffraction intensities of anatase (1 0 1) and rutile (1 1 0) crystalline phases at
20 =25.21° and 27.41°, respectively.

Band gap energies of samples were determined using UV-vis diffuse reflectance with a UV-
3100 Shimadzu spectrophotometer equipped with an integrating sphere in the wavelength range of 200-

800 nm.

2.3 Photocatalytic conversion of glucose

Glucose (Carlo Erba Reagents, France) solution (1.0 g/L) was prepared in 10/90 v/v of mixed
solution of water and CH;CN (Honeywell Burdick and Jackson, USA). The prepared solution was
transferred in a double-walled borosilicate glass reactor. TiO, powder photocatalyst (0.15 g) was
suspended in the glucose solution with continuous stirring. The glucose solution was stirred in dark
condition for 30 min for completed adsorption of glucose on TiO, surface. A mercury lamp (Ay.=365
nm) was employed as a light source for irradiation. Cooling water was circulated through a cylindrical
jacket located around the reactor to control a reaction temperature at 30 °C. Sample solutions were taken
at specific times (15 and 30 min) and were then filtered through 0.22 pm-nylon filters before analysis.
Glucose conversion and product yield were monitored by a high-performance liquid chromatography
(HPLC, Shimudzu, LC-20AD pump) equipped with a refractive index detector (Shimudzu RID-10A).
Separation of converted products was performed via an Aminex HPX-87H column (300 x 7.8 mm) at

65 °C using 5 mM sulfuric acid as the mobile phase.
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3. Results and discussion

3.1 Characterizations
3.1.1 Morphological appearances

Fig. 1 shows FESEM images of clusters of TiO, particles obtained from the absence and
presence of CTAB during fabrication at different concentrations. For CTAB-absent cases, it was found
that the clusters of TiO, particles synthesized by SG and MW consisted of small particles (diameter =
8-40 nm). Spherical clusters with relatively smoother surface were observed in TiO, synthesized by SG,
but irregular spherical clusters with rougher surface appeared in TiO, samples synthesized by MW. This
is because, during MW synthesis, the rotation, friction and collision of solvent molecules (water and
isopropyl alcohol) and titanium(I'V) butoxide molecules occurred during nucleation and TiO, particle
formation under electric field of microwave which resulted in irregular aggregation of spherical clusters
[31]. Obviously, the size of TiO, clusters significantly decreased when TiO, was synthesized with MW,
because MW inhibited further aggregation of TiO, particles due to large amount of nuclei was generated
under increasing temperature in a very short time.

A mechanism of TiO, particle formation is illustrated in Fig. 2. Titanium(IV) butoxide
molecules are hydrolyzed with four molecules of water. The hydroxyl terminated titanium is then
formed. Condensation reaction occurs after the hydrolysis step to form polymeric Ti(IV) hydroxide
which is further precipitated to be TiO, particles [32]. In case of without CTAB, the chains of Ti(IV)
hydroxide polymers could interact with other chains by inter-chain hydrogen bonding, so aggregation
of Ti0, particles and TiO, clusters can be formed. The reduction of TiO, aggregation occurs by the use
of CTAB surfactant because the hydrogen atoms of hydroxyl groups (-OH groups) in the polymeric
Ti(IV) hydroxide can be interacted with (C;sHs3)(CH3);N™ cationic head groups (hydrophilic groups)
of CTAB micelles [33, 34]. These head groups of micelles are initial sites for crystallizations of TiO,
particles. In case of TiO, synthesized by MW with CTAB, similar with no-CTAB case mentioned
above, the vibration of Ti(IV) hydroxide polymers and micelles under microwave irradiation caused

more irregular spherical shape of TiO, clusters (compared with TiO, synthesized by SG).
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2 Fig. 1 FESEM images of TiO, samples synthesized by SG and MW with different concentrations of

3 CTAB.
CTAB micelles
4
5 Fig. 2 Schematic illustration of TiO, synthesis with/without CTAB.
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3.1.2 Pore type and shape

N, adsorption/desorption isotherms of TiO, photocatalysts synthesized by SG and MW with
different concentrations of CTAB are illustrated in Fig. 3. Isotherm of SG-TiO, was basically a type
IIT isotherm according to the IUPAC classification because it did not show any hysteresis loop. This
isotherm referred to a non-porous or macroporous (> 50 nm) material which was obtained from weak
interaction of SG-Ti0, and N, molecules.

The isotherm of MW-TiO, could be classified as a type V isotherm that normally occurs from
a mesoporous (2-50 nm) material with very weak adsorbent-adsorbate interaction. This shows the
benefit of MW synthesis that can prepare mesoporous TiO, photocatalysts in a significantly shorter
time compared with conventional SG.

The strong adsorbent-adsorbate interaction was observed in TiO, synthesized with CTAB. They
could be classified as type IV isotherms which refer to mesoporous materials. The appearance of
hysteresis loop in the multilayer adsorption range is related to capillary condensation in mesopore
structure [35, 36]. It was observed that the increase of CTAB concentration from 0.027 to 0.108 M in
MW synthesis resulted in increase the relative pressure of capillary condensation from 0.43 to 0.61.
This affects increasing pore size of TiO, clusters which will be discussed in the next section.

It is well recognized that the pore shape of synthesized TiO, can be determined with the
hysteresis loop of N, adsorption/desorption isotherm. Remarkably, the hysteresis loops of all fabricated
TiO, photocatalysts in this work were mostly in H2 type which correspond to the ink-bottle pore or the
voids obtained from close-packed spherical particles [36, 37]. In addition, the small hysteresis loops
were also observed in the isotherms of MW-TiO, and 0.027 M CTAB/MW-TiO, (P/Py> 0.9). These
hysteresis loops derived from a secondary condensation step of the inter-particle spaces or the porosity
of the aggregation of TiO, nanocrystals [38, 39]. This result indicated that MW-TiO, and 0.027 M
CTAB/MW-TiO, composed of 2 pore shapes (ink-bottle pore and inter-particle space). However,

increase of CTAB concentrations in MW synthesis resulted in only ink-bottle pore in TiO, clusters.
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Fig. 3 N, adsorption/desorption isotherms of TiO, photocatalysts synthesized by SG and MW with
different concentrations of CTAB.
3.1.3 Surface areas, pore volumes, and pore size distributions

Surface areas, pore volumes and pore sizes of synthesized TiO, are summarized in Table 1. It
was found that 0.027 M CTAB/SG-TiO, (25.79 m?/g) had the surface area larger than SG-TiO, (2.12
m?/g). Differently, the surface area 0f 0.027 M CTAB/MW-TiO, was similar to that of MW-TiO,. These
results were attributed to the different formations of CTAB micelles at different synthesis temperatures.
The critical micelle concentration (CMC) of CTAB at room temperature was reported at ~0.001 M [40,
41]. In this study, CTAB micelles could form during SG synthesis at room temperature because CTAB
concentration was 0.027 M. In the case of MW, the structures of micelles are less stable under high
temperature of MW [42, 43]. This resulted in the increase of CMC of CTAB, therefore the CTAB
micelles could not form during MW synthesis with 0.027 M CTAB. Eventually, the surface area of
synthesized TiO, increased with increasing CTAB concentration, because of more stability of micelles.
In this study, the highest surface area of 37.60 m?/g was obtained from 0.108 M CTAB/MW-TiO,

photocatalyst.
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Table 1 Effect of CTAB concentration on BET surface area, average pore size and pore volume
of synthesized TiO, photocatalysts.
CTAB

Photocatalyst concentration SZ;ET 'p V";
(m*/g) (nm) (cm’/g)
M)
- 2.12 26.62 0.0282
SG-TiO,

0.027 25.79 6.99 0.0901

- 15.97 22.76 0.1817

0.027 15.60 14.17 0.1105

MW-TiO, 0.054 31.53 6.35 0.1000
0.081 28.97 6.98 0.1011

0.108 37.60 7.86 0.1477

Considering pore sizes and pore volumes of synthesized TiO,, without CTAB cases, SG-TiO,
had the lowest pore volume (0.0282 cm?/g) and the largest pore size (pore radius = 26.62 nm). The pore
volume of synthesized TiO, increased to 0.1817 cm3/g with MW synthesis and the smaller pore size
(pore radius = 22.76 nm) was also obtained. It was clearly seen that the applied microwave irradiation
resulted in the increase of pore volume of synthesized TiO, but it affected the reduction of pore sizes
of TiO,. The pore-size distribution plots obtained from the Barrett-Joyner-Halenda method (BJH) are
shown in Fig. 4. It was found that MW-TiO, illustrates a narrow pore size distribution at pore radius
around 1-6 nm and a wide pore size distribution at pore radius around 33-46 nm. Therefore, MW-TiO,
showed the non-uniform pore size in TiO, clusters. Smaller pore sizes were found in all TiO,
synthesized with CTAB compared with the absent CTAB cases. The pore sizes of synthesized TiO,
decreased with increasing the CTAB concentrations. From pore size distribution results, it was found
that TiO, had the narrow ranges of the distributions which indicated the presence of the uniform pore
size in TiO, clusters. The increase of CTAB concentration to 0.108 M in MW synthesis resulted in the

most uniform pore size at pore radius of 8.0 nm.

10
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Fig. 4 Pore size distributions of TiO, photocatalysts synthesized by SG and MW with different

concentrations of CTAB.

From all results in this section, it can be concluded that microwave irradiation significantly
affected the increasing surface area and pore volume of TiO, photocatalyst. High pore size distribution,
however, was found with microwave irradiation. CTAB and increase of CTAB concentration in MW

enhanced the surface area and the uniform of pore size in mesoporous TiO,.

3.1.4 Structure of TiO,

X-Ray diffraction patterns of synthesized TiO, photocatalysts are shown in Fig.5. The prepared
TiO, photocatalysts (except MW-TiO,) had the mixed phase of anatase and rutile. The high crystallinity
of anatase exhibits at 25.2°, 36.8°, 37.8°, 38.1°, 47.8°, 53.8° and 55.2° in diffraction lines which
represent the indices of (10 1),(103),(004),(112),(200),(105)and (21 1) planes, respectively.
The small peaks of rutile also observed at 27.41° and 36.11° which correspond to (1 1 0) and (1 0 1)

planes.

11
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Fig. 5 X-ray diffraction patterns of TiO, photocatalysts synthesized by SG and MW with

different concentrations of CTAB.

Table 2 reveals the approximated crystallite sizes and phase compositions of TiO,. In case of
without CTAB in synthesis, the anatase crystallite size of MW-TiO, (26.5 nm) was smaller than that of
SG-TiO;, (30.3 nm). The reduction of anatase crystallite size was attributed to the rapid heating of MW
which induced faster crystallization, the anatase crystal growth was then restricted [44-46].

Effect of CTAB concentration on crystallite size was also investigated. It was found that the
use of CTAB in SG could reduce crystallite sizes of anatase and rutile. On the other hand, the presence
of CTAB in MW leaded to increase of anatase crystallite size. The largest crystallite size of anatase
(84.8 nm) was obtained from 0.027 M CTAB/MW-Ti0,. However, the increase of CTAB concentration
reduced the sizes of anatase crystals whereas it increased the sizes of rutile crystals. This is because
high amount of CTAB molecules suppressed the anatase formation during synthesis [33]. Considering
phase composition, the results indicate that the increase of CTAB concentration did not affect the crystal

phase compositions of synthesized TiO,.
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Table 2 Effect of CTAB concentration on crystallite size, crystal phase composition and energy gap
of fabricated TiO, photocatalysts.

XRD
CTAB
Photocatalyst concentration Crystallite size (nm) Crystal phase (%) E o (eV)
™M) Anatase Rutile .
(101) (110) Anatase Rutile
- 30.3 128.0 89.7 10.3 3.00
SG-TiO,
0.027 26.5 81.4 94.0 6.0 3.03
- 26.5 - 100 - 3.13
0.027 84.8 90.0 97.2 2.8 3.11
MW-TiO, 0.054 38.6 89.8 96.7 33 3.03
0.081 30.2 131.6 85.3 14.7 3.06
0.108 26.5 135.0 93.3 6.7 3.08

TEM images of grinded and dispersed TiO, samples (SG-TiO,, 0.027 M CTAB/SG-TiO,, MW-
TiO,, and 0.027 M CTAB/MW-Ti0,) are illustrated in Fig. 6 to show the TiO, crystal sizes. Synthesized
TiO, had various sizes of crystals in their particles. Small particle sizes of samples synthesized by MW
caused hardly broken aggregation of crystals after TEM sample preparation, leading relatively hard
investigation of crystallite size in some TEM images. Anyhow, crystallite sizes observed from TEM
analysis was in line with the crystallite size obtained from XRD analysis.

UV-vis absorption spectra of synthesized TiO, are shown in Fig. 7. For CTAB-absent
cases, MW-TiO, (blue line) exhibits the relatively lower photo-absorption in UV region than
SG-TiO, (black dashed line). Similarly, 0.027 M CTAB/MW-TiO, (red line) displays the
adsorption spectrum shifted to shorter wavelength, compared with 0.027 M CTAB/SG-TiO,
(black line). It is clearly seen that the applied microwave irradiation in synthesis impacted on
decrease of UV adsorption of TiO,. All TiO, synthesized with higher CTAB concentrations
had relatively similar absorption edges.

Table 2 shows band gaps of synthesized TiO, calculated from adsorption edges of UV-

vis adsorption spectra. SG-TiO, had a narrower band gap than MW-TiO,. Similarly, 0.027 M

13



1 CTAB/SG-TiO; had the band gap narrower than 0.027 M CTAB/MW-T10,. The band gaps of
2 all TiO; synthesized with CTAB were in the range of 3.03-3.11 eV. Therefore, the different

3  CTAB concentrations in MW synthesis did not significantly affect the band gaps of TiO,.
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5 Fig. 6 TEM images of grinded and dispersed TiO, samples synthesized by SG and MW with and

6  without 0.027 M CTAB.
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Fig. 7 UV-vis diffuse reflectance spectra of TiO, photocatalysts synthesized by SG and MW with
9  different concentrations of CTAB.
10 3.2 Photocatalytic conversion of glucose
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Glucose was converted to gluconic acid and xylitol via photocatalysis with synthesized TiO,.
Arabinose and formic acid were also found in the product solution. The possible reaction pathway is as
follows. Firstly, glucose is photo-oxidized to gluconic acid with hydroxyl radicals (*OH) obtained from
photo-oxidation of H,O molecules by hole at valence band of TiO, [47]. The gluconic acid is then
continuously converted to be arabinose and formic acid via photocatalytic decarboxylation or a-scission
of glucose [13]. Moreover, the glucose is possibly oxidized to be glucuronic acid which is continuously
converted to xylose and formic acid by decarboxylation [48]. Xylose is then converted to xylitol via
photocatalytic reduction [49]. However, glucuronic acid and xylose (the intermediate molecules) were
not observed in this work.

The photocatalytic conversions of glucose with TiO, photocatalysts synthesized by SG and
MW with different concentrations of CTAB are shown in Fig. 8. It was found that MW-TiO, provided
higher photocatalytic activity than SG-TiO,, because it had higher surface area than SG-TiO,.
Moreover, the presence of CTAB in all synthesis methods improved the photocatalytic activity of TiO,.
However, 0.027 M CTAB/MW-TiO, gave lower conversion of glucose than 0.027 M CTAB/SG-Ti0,.
This results related to lower surface area and aggregation of 0.027 M CTAB/MW-TiO, as discussed
above. These indicate that increase of CTAB concentration in MW synthesis gradually enhanced the
conversion of glucose because of increasing surface area of synthesized TiO,. The highest
photocatalytic conversion of glucose in 120 min (62.28%) obtained from the use of 0.108 M
CTAB/MW-Ti0, as the photocatalyst. Notably, the surface area of MW-TiO, and 0.027 M CTAB/MW-
TiO, were similar, but the photocatalytic conversion of glucose of MW-TiO, was lower than 0.027 M
CTAB/MW-Ti0O,. This could be explained by weak glucose-TiO, interaction in the large pore of MW-
TiO, which reduced the adsorption of glucose on TiO, surface. Additionally, this result could be
explained by relatively higher composition of rutile phase (2.7%) in structure of 0.027 M CTAB/MW-
TiO, compared with MW-TiO, (rutile 0%) that could increase photo-oxidation efficiency. Likewise,
higher ratio of rutile phase in other synthesized TiO, tended to provide higher conversion of glucose.
Rutile phase has narrower band gap (3.0 eV) than anatase phase (3.2 eV), therefore the increasing

composition of rutile phase in TiO, structure can enhance the light absorption of TiO, [50] (see also
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Fig. 7). Moreover, the presence of both phases of anatase and rutile in structure of TiO, assists in better

electron-hole separation.
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Fig. 8 Photocatalytic conversions of glucose with TiO, photocatalysts synthesized by SG and MW with

different concentrations of CTAB.

The yields of products obtained from photocatalytic conversion of glucose at 120 min are
shown in Fig. 9. SG-TiO, provided lower yields of all products compared with MW-TiO,, which
corresponded to lower conversion of glucose. From all cases of photocatalytic conversions of glucose,
it was clearly observed that the yields of arabinose and formic acid related to glucose conversion.
Oppositely, the yields of gluconic acid relatively decreased with increasing conversion of glucose. This
was attributed to high surface area of TiO, which enhanced the conversion of gluconic acid to arabinose
and formic acid in long time reaction. In this work, the highest yield of gluconic acid (7.83%) at 120
min was obtained from 0.054 M CTAB/MW-Ti0,. Regarding the yield of xylitol, it slightly increased
with increasing concentration of CTAB in MW. Obviously, the highest yield of xylitol (4.72%) at 120
min derived from the use of 0.027 M CTAB/SG-TiO, in photocatalytic reaction. This is because the

fact that the small pore radius (6.99 nm) and small pore volume (0.0901 cm?/g) of 0.027 M CTAB/SG-
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Fig. 9 Yields of products obtained from photocatalytic conversions of glucose at 120 min with TiO,

photocatalysts synthesized by SG and MW with different concentrations of CTAB (0-0.108 M).

4. Conclusions

Development of synthesis of TiO, photocatalysts was succeeded via a surfactant-assisted sol-
microwave method. The microwave irradiation was applied during synthesis to increase the surface
area and pore volume of TiO,. It also provided the small pore size and small clusters of TiO,. In the
presence of CTAB during MW synthesis, CTAB micelles decreased the aggregation of TiO, particles,
eventually the mesoporous TiO, photocatalysts with uniform pore size were obtained. The increase of
adsorption surface area of TiO, evidently related to the enhancement of photocatalytic conversion of
glucose. Two value-added sugars, i.e. gluconic acid and xylitol, were produced from photocatalytic
reaction. Arabinose and formic acid were also produced from this reaction. The decrease of gluconic
acid can be observed in the high surface area TiO, case, because of further conversion of gluconic acid
to arabinose and formic acid. Interestingly, the small pore size and pore volume of mesoporous TiO,
affected the selectivity of xylitol production. Therefore, future development of adsorption site of
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photocatalyst should be considered to promote the higher conversion of glucose and selectivity of

product.
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Ti0, with different surface areas is obtained from sol-microwave synthesis.
CTAB plays an important role in control of mesoporous TiO, structure.
Synergetic effect of CTAB and microwave results in small and uniform pores in TiO,.

Surface area and pore size of TiO, affect photocatalytic selectivities of products.
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Abstract

Fabrication technique is an important factor for development of catalysts. Titanium dioxide
(TiO,) is one of efficient photocatalysts. In this work, we firstly report the fabrication of TiO,
nanoparticles by sol-microwave method with cetyltrimethylammonium bromide (CTAB) surfactant.
Absence of surfactant, microwave treatment significantly reduced the cluster sizes of TiO,, but high
aggregations of TiO, particles were observed. CTAB has great impact on morphology, cluster size and
mesoporous structure of TiO,. Therefore, surface area of TiO, synthesized by sol-microwave method
with 0.108 M CTAB increased from 15.97 to 37.60 m?/g. Photocatalytic activity of TiO, was tested
via the glucose conversion to produce value-added chemicals (gluconic acid, xylitol, arabinose and
formic acid). It was found that surface area, mesoporous structure and pore size of TiO, are crucial
properties for glucose conversion and product distribution. From the reaction test, 0.108 M CTAB/MW-

TiO, achieved the highest glucose conversion (62.28%).
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Keywords: A. titanium dioxide, A. mesoporous TiO,, B. surfactant, B. sol-microwave method,
D. photocatalysis

(Category: A. = types of material, B. = preparation and processing, D. = properties and phenomena)

1. Introduction

Biorefinery process is a biomass conversion which is considered as a sustainable process for
chemical, power and biofuel productions [1]. Green chemical technology is a sustainable technology
that focuses on approaches to develop the products, equipment and systems. It emphasizes on reduction
of nonrenewable resource uses and prevention of environmental problems [2]. The integration of green
chemistry into biorefinery has been widely investigated for value-added chemical productions.
Heterogeneous catalyst is one of crucial materials in chemical productions, because it could be involved
in many conversion steps. It is also easily recovered and reused.

Photocatalysis is one of the promising processes for biorefinery and green chemical synthesis
because it can efficiently perform under solar irradiation, room temperature and mild conditions. Most
of the heterogeneous photocatalysts is solid semiconductors such as TiO,, ZnO, NiO, ZrO,, SnO,, SiC,
WO;, SrTi0;, GesNy, g-C3Ny, Fe;0,4, CdS, ZnS, etc. [2-6]. Photocatalysts have been used in several
applications depending on their features. Among them, titanium dioxide (TiO,) is known as a high
potential photocatalyst for green organic synthesis [7-10]. Photocatalytic conversion of glucose by TiO,
produces varieties of products such as gluconic acid, glucaric acid, arabitol, arabinose, erythrose,
glyceraldehyde formic acid, H,, CO,, etc. [11-13].

Development of catalyst fabrication is a key point of the improvement of morphology and its
catalytic properties. TiO, photocatalyst has been fabricated by various methods such as sol-gel,
hydrothermal, solvothermal, microwave, electrodeposition, sonochemical and electrospinning methods
[14-17]. Sol-gel method (SG) has been widely used as a conventional way to synthesize TiO,.
Nevertheless, the formation of particles from this method needs long time and use high temperature
[14]. In addition, this fabrication method increases the average size of TiO, particles and causes high

aggregation of particles, which subsequently causes less material surface area. Alternatively,
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microwave irradiation during sol-gel process (so called sol-microwave method) has been applied to
assist in preparations of various nanomaterials [18-20]. The major advantages of using microwave are
easy technique, rapid heat transfer, energy-saving method, shorter reaction time and convenient method
[21-24]. It can be also considered as a green method for photocatalyst synthesis [20]. The homogenous
heating of microwave leads to uniform nucleation of nanomaterials.

During synthesis, surfactants are used in a large number of inorganic material synthesis as a
stabilizer and template to control particle sizes and crystal growth, and reduce
aggregation/agglomeration. An extensive variety of materials with novel structure can be obtained from
the incorporation of surfactants into the inorganic networks during sol-gel method [25-27]. Among
several surfactants, cetyltrimethylammonium bromide (CTAB), which is a cationic surfactant, has been
widely employed in material synthesis to form spherical particles and reduce the size of particles. CTAB
can reduce the surface tension and make high dispersion of TiO, precursor in solution during the sol-
gel reaction [28]. Previously, some researchers have also reported the effect of CTAB in conventional
sol-gel and hydrothermal methods on the morphology and photocatalytic activity of TiO,
photocatalysts. They reported that CTAB modified the surface area and morphology and increased the
charge separation rate of TiO, [28, 29]. From opened literature, there is no work reported on effect of
surfactant in sol-microwave method for TiO, synthesis and applications of the obtained materials.

The main objective of this study is to prepare TiO, particles composed with anatase and rutile
using sol-microwave method with and without the presence of CTAB as the surfactant. Herein, the
synergetic effect of CTAB concentration and microwave irradiation on size, morphology and
crystallization of TiO, were investigated. Moreover, the photocatalytic activity of synthesized TiO, for
conversion of glucose was tested. Productions of gluconic acid and xylitol (value-added sugars) as well
as formation of arabinose and formic acid from biomass were emphasized in this study. Both xylitol
and gluconic acid are called platform molecules from biomass conversion, which can be further
synthesized for other chemicals. They are currently approved for use in foods, pharmaceuticals and oral

health products [12, 30].
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2. Experimental

2.1 Materials and methods

Titanium(I'V) butoxide (>97.0%, Fluka, USA, 17.1446 g), a TiO, precursor, was mixed with
the same mole of acetylacetone (Sigma-Aldrich, USA) at room temperature to slowdown the hydrolysis
and condensation reactions. Subsequently, CTAB aqueous solution (Ajax Finechem, Australia, 0-0.108
M, 133 mL) was slowly dropped into the precursor solution. Isopropyl alcohol (QREC, New Zealand,
67 mL) was added in the solution with continuous stirring. For TiO, synthesized by sol-gel method
(SG), the mixed solution was kept at room temperature for 24 h for gel formation. TiO, particles were
dried in an oven at 80 °C overnight. On another hand, for TiO, fabricated by modified sol-microwave
method (MW), it was synthesized in the same manner with the conventional sol-gel method, followed
by treatment with microwave irradiation (Whirlpool, 2.45 GHz, 970W) for 4 min. The yellow
precipitants were obtained and dried overnight at 80 °C. As-synthesized TiO, samples were pulverized
to powder, then they were finally calcined at 500 °C for 2 h. The samples modified with CTAB are
denoted as “X CTAB/Y-TiO,”, where X refers to the CTAB concentration (0, 0.027, 0.054, 0.081 or

0.108 M) and Y refers to the synthesis method (SG or MW).

2.2 TiO, photocatalyst characterizations

Surface area of samples was determined according to Brunauer-Emmett-Teller (BET) method
by N, adsorption (Belsorp Mini II, Japan) at 77.0 K. The photocatalyst samples were degassed under
vacuum at 110 °C for 4 h before the analysis. The microstructure of TiO, particles was monitored by
scanning electron microscopy (FESEM; JSM-7610F). The crystalline structures of the TiO,
photocatalysts were measured by X-ray diffraction (XRD; RIGAKU RINT 2100) with Cu-Ka radiation
(A=0.15418 nm) at 40 kV and 30 mA. The average crystal sizes were estimated from the line broadening

of X-ray diffraction reflections using Scherrer equation (1):

Do KA
pcosd

(1)
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where D is crystallite size, K is a coefficient (0.94), A is wavelength of X-ray radiation and f is full-
width at half-maximum intensity of peak, and 6 is diffraction angle. The ratio of TiO, anatase to rutile

phase can be calculated from equation (2):

1
C1+126(1,/1,)

2

where I, and I are the diffraction intensities of anatase (1 0 1) and rutile (1 1 0) crystalline phases at
20 =25.21° and 27.41°, respectively.

Band gap energies of samples were determined using UV-vis diffuse reflectance with a UV-
3100 Shimadzu spectrophotometer equipped with an integrating sphere in the wavelength range of 200-

800 nm.

2.3 Photocatalytic conversion of glucose

Glucose (Carlo Erba Reagents, France) solution (1.0 g/L) was prepared in 10/90 v/v of mixed
solution of water and CH;CN (Honeywell Burdick and Jackson, USA). The prepared solution was
transferred in a double-walled borosilicate glass reactor. TiO, powder photocatalyst (0.15 g) was
suspended in the glucose solution with continuous stirring. The glucose solution was stirred in dark
condition for 30 min for completed adsorption of glucose on TiO, surface. A mercury lamp (A, =365
nm) was employed as a light source for irradiation. Cooling water was circulated through a cylindrical
jacket located around the reactor to control a reaction temperature at 30 °C. Sample solutions were taken
at specific times (15 and 30 min) and were then filtered through 0.22 pm-nylon filters before analysis.
Glucose conversion and product yield were monitored by a high-performance liquid chromatography
(HPLC, Shimudzu, LC-20AD pump) equipped with a refractive index detector (Shimudzu RID-10A).
Separation of converted products was performed via an Aminex HPX-87H column (300 x 7.8 mm) at

65 °C using 5 mM sulfuric acid as the mobile phase.
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3. Results and discussion

3.1 Characterizations
3.1.1 Morphological appearances

Fig. 1 shows FESEM images of clusters of TiO, particles obtained from the absence and
presence of CTAB during fabrication at different concentrations. For CTAB-absent cases, it was found
that the clusters of TiO, particles synthesized by SG and MW consisted of small particles (diameter =
8-40 nm). Spherical clusters with relatively smoother surface were observed in TiO, synthesized by SG,
but irregular spherical clusters with rougher surface appeared in TiO, samples synthesized by MW. This
is because, during MW synthesis, the rotation, friction and collision of solvent molecules (water and
isopropyl alcohol) and titanium(I'V) butoxide molecules occurred during nucleation and TiO, particle
formation under electric field of microwave which resulted in irregular aggregation of spherical clusters
[31]. Obviously, the size of TiO, clusters significantly decreased when TiO, was synthesized with MW,
because MW inhibited further aggregation of TiO, particles due to large amount of nuclei was generated
under increasing temperature in a very short time.

A mechanism of TiO, particle formation is illustrated in Fig. 2. Titanium(IV) butoxide
molecules are hydrolyzed with four molecules of water. The hydroxyl terminated titanium is then
formed. Condensation reaction occurs after the hydrolysis step to form polymeric Ti(IV) hydroxide
which is further precipitated to be TiO, particles [32]. In case of without CTAB, the chains of Ti(IV)
hydroxide polymers could interact with other chains by inter-chain hydrogen bonding, so aggregation
of Ti0, particles and TiO, clusters can be formed. The reduction of TiO, aggregation occurs by the use
of CTAB surfactant because the hydrogen atoms of hydroxyl groups (-OH groups) in the polymeric
Ti(IV) hydroxide can be interacted with (C;sHs3)(CH3);N™ cationic head groups (hydrophilic groups)
of CTAB micelles [33, 34]. These head groups of micelles are initial sites for crystallizations of TiO,
particles. In case of TiO, synthesized by MW with CTAB, similar with no-CTAB case mentioned
above, the vibration of Ti(IV) hydroxide polymers and micelles under microwave irradiation caused

more irregular spherical shape of TiO, clusters (compared with TiO, synthesized by SG).



0.027 M CTAB/SG-TiO;

0.054 M CTABEMW-TiO;

€

2 Fig. 1 FESEM images of TiO, samples synthesized by SG and MW with different concentrations of

3 CTAB.
CTAB micelles
4
5 Fig. 2 Schematic illustration of TiO, synthesis with/without CTAB.
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3.1.2 Pore type and shape

N, adsorption/desorption isotherms of TiO, photocatalysts synthesized by SG and MW with
different concentrations of CTAB are illustrated in Fig. 3. Isotherm of SG-TiO, was basically a type
IIT isotherm according to the IUPAC classification because it did not show any hysteresis loop. This
isotherm referred to a non-porous or macroporous (> 50 nm) material which was obtained from weak
interaction of SG-Ti0, and N, molecules.

The isotherm of MW-TiO, could be classified as a type V isotherm that normally occurs from
a mesoporous (2-50 nm) material with very weak adsorbent-adsorbate interaction. This shows the
benefit of MW synthesis that can prepare mesoporous TiO, photocatalysts in a significantly shorter
time compared with conventional SG.

The strong adsorbent-adsorbate interaction was observed in TiO, synthesized with CTAB. They
could be classified as type IV isotherms which refer to mesoporous materials. The appearance of
hysteresis loop in the multilayer adsorption range is related to capillary condensation in mesopore
structure [35, 36]. It was observed that the increase of CTAB concentration from 0.027 to 0.108 M in
MW synthesis resulted in increase the relative pressure of capillary condensation from 0.43 to 0.61.
This affects increasing pore size of TiO, clusters which will be discussed in the next section.

It is well recognized that the pore shape of synthesized TiO, can be determined with the
hysteresis loop of N, adsorption/desorption isotherm. Remarkably, the hysteresis loops of all fabricated
TiO, photocatalysts in this work were mostly in H2 type which correspond to the ink-bottle pore or the
voids obtained from close-packed spherical particles [36, 37]. In addition, the small hysteresis loops
were also observed in the isotherms of MW-TiO, and 0.027 M CTAB/MW-TiO, (P/Py> 0.9). These
hysteresis loops derived from a secondary condensation step of the inter-particle spaces or the porosity
of the aggregation of TiO, nanocrystals [38, 39]. This result indicated that MW-TiO, and 0.027 M
CTAB/MW-TiO, composed of 2 pore shapes (ink-bottle pore and inter-particle space). However,

increase of CTAB concentrations in MW synthesis resulted in only ink-bottle pore in TiO, clusters.
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Fig. 3 N, adsorption/desorption isotherms of TiO, photocatalysts synthesized by SG and MW with
different concentrations of CTAB.
3.1.3 Surface areas, pore volumes, and pore size distributions

Surface areas, pore volumes and pore sizes of synthesized TiO, are summarized in Table 1. It
was found that 0.027 M CTAB/SG-TiO, (25.79 m?/g) had the surface area larger than SG-TiO, (2.12
m?/g). Differently, the surface area 0f 0.027 M CTAB/MW-TiO, was similar to that of MW-TiO,. These
results were attributed to the different formations of CTAB micelles at different synthesis temperatures.
The critical micelle concentration (CMC) of CTAB at room temperature was reported at ~0.001 M [40,
41]. In this study, CTAB micelles could form during SG synthesis at room temperature because CTAB
concentration was 0.027 M. In the case of MW, the structures of micelles are less stable under high
temperature of MW [42, 43]. This resulted in the increase of CMC of CTAB, therefore the CTAB
micelles could not form during MW synthesis with 0.027 M CTAB. Eventually, the surface area of
synthesized TiO, increased with increasing CTAB concentration, because of more stability of micelles.
In this study, the highest surface area of 37.60 m?/g was obtained from 0.108 M CTAB/MW-TiO,

photocatalyst.
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Table 1 Effect of CTAB concentration on BET surface area, average pore size and pore volume
of synthesized TiO, photocatalysts.
CTAB

Photocatalyst concentration SZ;ET 'p V";
(m*/g) (nm) (cm’/g)
M)
- 2.12 26.62 0.0282
SG-TiO,

0.027 25.79 6.99 0.0901

- 15.97 22.76 0.1817

0.027 15.60 14.17 0.1105

MW-TiO, 0.054 31.53 6.35 0.1000
0.081 28.97 6.98 0.1011

0.108 37.60 7.86 0.1477

Considering pore sizes and pore volumes of synthesized TiO,, without CTAB cases, SG-TiO,
had the lowest pore volume (0.0282 cm?/g) and the largest pore size (pore radius = 26.62 nm). The pore
volume of synthesized TiO, increased to 0.1817 cm3/g with MW synthesis and the smaller pore size
(pore radius = 22.76 nm) was also obtained. It was clearly seen that the applied microwave irradiation
resulted in the increase of pore volume of synthesized TiO, but it affected the reduction of pore sizes
of TiO,. The pore-size distribution plots obtained from the Barrett-Joyner-Halenda method (BJH) are
shown in Fig. 4. It was found that MW-TiO, illustrates a narrow pore size distribution at pore radius
around 1-6 nm and a wide pore size distribution at pore radius around 33-46 nm. Therefore, MW-TiO,
showed the non-uniform pore size in TiO, clusters. Smaller pore sizes were found in all TiO,
synthesized with CTAB compared with the absent CTAB cases. The pore sizes of synthesized TiO,
decreased with increasing the CTAB concentrations. From pore size distribution results, it was found
that TiO, had the narrow ranges of the distributions which indicated the presence of the uniform pore
size in TiO, clusters. The increase of CTAB concentration to 0.108 M in MW synthesis resulted in the

most uniform pore size at pore radius of 8.0 nm.
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Fig. 4 Pore size distributions of TiO, photocatalysts synthesized by SG and MW with different

concentrations of CTAB.

From all results in this section, it can be concluded that microwave irradiation significantly
affected the increasing surface area and pore volume of TiO, photocatalyst. High pore size distribution,
however, was found with microwave irradiation. CTAB and increase of CTAB concentration in MW

enhanced the surface area and the uniform of pore size in mesoporous TiO,.

3.1.4 Structure of TiO,

X-Ray diffraction patterns of synthesized TiO, photocatalysts are shown in Fig.5. The prepared
TiO, photocatalysts (except MW-TiO,) had the mixed phase of anatase and rutile. The high crystallinity
of anatase exhibits at 25.2°, 36.8°, 37.8°, 38.1°, 47.8°, 53.8° and 55.2° in diffraction lines which
represent the indices of (10 1),(103),(004),(112),(200),(105)and (21 1) planes, respectively.
The small peaks of rutile also observed at 27.41° and 36.11° which correspond to (1 1 0) and (1 0 1)

planes.
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Fig. 5 X-ray diffraction patterns of TiO, photocatalysts synthesized by SG and MW with

different concentrations of CTAB.

Table 2 reveals the approximated crystallite sizes and phase compositions of TiO,. In case of
without CTAB in synthesis, the anatase crystallite size of MW-TiO, (26.5 nm) was smaller than that of
SG-TiO;, (30.3 nm). The reduction of anatase crystallite size was attributed to the rapid heating of MW
which induced faster crystallization, the anatase crystal growth was then restricted [44-46].

Effect of CTAB concentration on crystallite size was also investigated. It was found that the
use of CTAB in SG could reduce crystallite sizes of anatase and rutile. On the other hand, the presence
of CTAB in MW leaded to increase of anatase crystallite size. The largest crystallite size of anatase
(84.8 nm) was obtained from 0.027 M CTAB/MW-Ti0,. However, the increase of CTAB concentration
reduced the sizes of anatase crystals whereas it increased the sizes of rutile crystals. This is because
high amount of CTAB molecules suppressed the anatase formation during synthesis [33]. Considering
phase composition, the results indicate that the increase of CTAB concentration did not affect the crystal

phase compositions of synthesized TiO,.
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Table 2 Effect of CTAB concentration on crystallite size, crystal phase composition and energy gap
of fabricated TiO, photocatalysts.

XRD
CTAB
Photocatalyst concentration Crystallite size (nm) Crystal phase (%) E 4 (ev)
™M) Anatase Rutile )
(101) (110) Anatase Rutile
- 30.3 128.0 89.7 10.3 3.00
SG-TiO,
0.027 26.5 81.4 94.0 6.0 3.03
- 26.5 - 100 - 3.13
0.027 84.8 90.0 97.2 2.8 3.11
MW-TiO, 0.054 38.6 89.8 96.7 33 3.03
0.081 30.2 131.6 85.3 14.7 3.06
0.108 26.5 135.0 933 6.7 3.08

TEM images of grinded and dispersed TiO, samples (SG-TiO,, 0.027 M CTAB/SG-TiO,, MW-
TiO,, and 0.027 M CTAB/MW-TiQ,) are illustrated in Fig. 6 to show the TiO, crystal sizes. Synthesized
Ti0, had various sizes of crystals in their particles. Small particle sizes of samples synthesized by MW
caused hardly broken aggregation of crystals after TEM sample preparation, leading relatively hard
investigation of crystallite size in some TEM images. Anyhow, crystallite sizes observed from TEM
analysis was in line with the crystallite size obtained from XRD analysis.

UV-vis absorption spectra of synthesized TiO, are shown in Fig. 7. For CTAB-absent
cases, MW-TiO, (blue line) exhibits the relatively lower photo-absorption in UV region than
SG-TiO, (black dashed line). Similarly, 0.027 M CTAB/MW-TiO, (red line) displays the
adsorption spectrum shifted to shorter wavelength, compared with 0.027 M CTAB/SG-TiO,
(black line). It is clearly seen that the applied microwave irradiation in synthesis impacted on
decrease of UV adsorption of TiO,. All TiO, synthesized with higher CTAB concentrations
had relatively similar absorption edges.

Table 2 shows band gaps of synthesized TiO, calculated from adsorption edges of UV-

vis adsorption spectra. SG-TiO, had a narrower band gap than MW-TiO,. Similarly, 0.027 M

13



1 CTAB/SG-TiO; had the band gap narrower than 0.027 M CTAB/MW-T10,. The band gaps of
2 all TiO; synthesized with CTAB were in the range of 3.03-3.11 eV. Therefore, the different

3  CTAB concentrations in MW synthesis did not significantly affect the band gaps of TiO,.
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5 Fig. 6 TEM images of grinded and dispersed TiO, samples synthesized by SG and MW with and
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Fig. 7 UV-vis diffuse reflectance spectra of TiO, photocatalysts synthesized by SG and MW with
9  different concentrations of CTAB.
10 3.2 Photocatalytic conversion of glucose

14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Glucose was converted to gluconic acid and xylitol via photocatalysis with synthesized TiO,.
Arabinose and formic acid were also found in the product solution. The possible reaction pathway is as
follows. Firstly, glucose is photo-oxidized to gluconic acid with hydroxyl radicals (*OH) obtained from
photo-oxidation of H,O molecules by hole at valence band of TiO, [47]. The gluconic acid is then
continuously converted to be arabinose and formic acid via photocatalytic decarboxylation or a-scission
of glucose [13]. Moreover, the glucose is possibly oxidized to be glucuronic acid which is continuously
converted to xylose and formic acid by decarboxylation [48]. Xylose is then converted to xylitol via
photocatalytic reduction [49]. However, glucuronic acid and xylose (the intermediate molecules) were
not observed in this work.

The photocatalytic conversions of glucose with TiO, photocatalysts synthesized by SG and
MW with different concentrations of CTAB are shown in Fig. 8. It was found that MW-TiO, provided
higher photocatalytic activity than SG-TiO,, because it had higher surface area than SG-TiO,.
Moreover, the presence of CTAB in all synthesis methods improved the photocatalytic activity of TiO,.
However, 0.027 M CTAB/MW-TiO, gave lower conversion of glucose than 0.027 M CTAB/SG-Ti0,.
This results related to lower surface area and aggregation of 0.027 M CTAB/MW-TiO, as discussed
above. These indicate that increase of CTAB concentration in MW synthesis gradually enhanced the
conversion of glucose because of increasing surface area of synthesized TiO,. The highest
photocatalytic conversion of glucose in 120 min (62.28%) obtained from the use of 0.108 M
CTAB/MW-Ti0, as the photocatalyst. Notably, the surface area of MW-TiO, and 0.027 M CTAB/MW-
TiO, were similar, but the photocatalytic conversion of glucose of MW-TiO, was lower than 0.027 M
CTAB/MW-Ti0O,. This could be explained by weak glucose-TiO, interaction in the large pore of MW-
TiO, which reduced the adsorption of glucose on TiO, surface. Additionally, this result could be
explained by relatively higher composition of rutile phase (2.7%) in structure of 0.027 M CTAB/MW-
TiO, compared with MW-TiO, (rutile 0%) that could increase photo-oxidation efficiency. Likewise,
higher ratio of rutile phase in other synthesized TiO, tended to provide higher conversion of glucose.
Rutile phase has narrower band gap (3.0 eV) than anatase phase (3.2 eV), therefore the increasing

composition of rutile phase in TiO, structure can enhance the light absorption of TiO, [50] (see also
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Fig. 7). Moreover, the presence of both phases of anatase and rutile in structure of TiO, assists in better
electron-hole separation.
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Fig. 8 Photocatalytic conversions of glucose with TiO, photocatalysts synthesized by SG and MW with

different concentrations of CTAB.

The yields of products obtained from photocatalytic conversion of glucose at 120 min are
shown in Fig. 9. SG-TiO, provided lower yields of all products compared with MW-TiO,, which
corresponded to lower conversion of glucose. From all cases of photocatalytic conversions of glucose,
it was clearly observed that the yields of arabinose and formic acid related to glucose conversion.
Oppositely, the yields of gluconic acid relatively decreased with increasing conversion of glucose. This
was attributed to high surface area of TiO, which enhanced the conversion of gluconic acid to arabinose
and formic acid in long time reaction. In this work, the highest yield of gluconic acid (7.83%) at 120
min was obtained from 0.054 M CTAB/MW-Ti0,. Regarding the yield of xylitol, it slightly increased
with increasing concentration of CTAB in MW. Obviously, the highest yield of xylitol (4.72%) at 120
min derived from the use of 0.027 M CTAB/SG-TiO, in photocatalytic reaction. This is because the

fact that the small pore radius (6.99 nm) and small pore volume (0.0901 cm?/g) of 0.027 M CTAB/SG-
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of TiO, photocatalyst.
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Fig. 9 Yields of products obtained from photocatalytic conversions of glucose at 120 min with TiO,

photocatalysts synthesized by SG and MW with different concentrations of CTAB (0-0.108 M).

4. Conclusions

Development of synthesis of TiO, photocatalysts was succeeded via a surfactant-assisted sol-
microwave method. The microwave irradiation was applied during synthesis to increase the surface
area and pore volume of TiO,. It also provided the small pore size and small clusters of TiO,. In the
presence of CTAB during MW synthesis, CTAB micelles decreased the aggregation of TiO, particles,
eventually the mesoporous TiO, photocatalysts with uniform pore size were obtained. The increase of
adsorption surface area of TiO, evidently related to the enhancement of photocatalytic conversion of
glucose. Two value-added sugars, i.e. gluconic acid and xylitol, were produced from photocatalytic
reaction. Arabinose and formic acid were also produced from this reaction. The decrease of gluconic
acid can be observed in the high surface area TiO, case, because of further conversion of gluconic acid
to arabinose and formic acid. Interestingly, the small pore size and pore volume of mesoporous TiO,
affected the selectivity of xylitol production. Therefore, future development of adsorption site of
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photocatalyst should be considered to promote the higher conversion of glucose and selectivity of

product.
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