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Abstract

Project Code : MRG5580134

Project Title : Development of Novel TiO, Photocatalyst with reactant-shape selective
property
Investigator : Dr. Burapat Inceesungvorn

E-mail Address : binceesungvorn@gmail.com

Project Period : 2 years

Novel TiO,-based composites with improved selectivity and photoactivity toward
degradation of organic compounds under visible light irradiation have successfully been
prepared in this present work. Since TiO,-based photocatalysis is known to be governed
by the free radical mechanism (hydroxyl radical), the photocatalysis over TiO, generally
operates in a non-selective manner. In addition, the material is also inactive under visible
light, thus limiting its practical application under solar irradiation. Therefore, to overcome
such problem, modification of TiO, is needed.

This work presents the modification of TiO, based on molecular imprinting
technique in order to obtain the selectivity toward reactant molecule. Photocatalytic results
show that specific surface area of the imprinted TiO, rather than the shape of the
imprinting molecule is the main factor governing the observed activity. Further
investigation has been performed in order to improve the selective property and enhance
the photocatalytic activity under visible light irradiation. This has been done by doping TiO,
with Ni and forming a heterostructured photocatalyst. The results clearly show that the
hybrid catalyst provides a significant enhancement in both selectivity and photoactivity of

the TiO,.

Keywords : TiO,; Photocatalysis; Visible light; Composite
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sAdeilFvinnasulqsmnnamnsatunindaninugfdeuazdazansnamn
1avdasslfiisensauasdssinmienlaaanlad (Ti0y) Taginnisdaasizyt Tio,
1% a . — s A I3 a a Aa 1 a ' o @
PgvAA molecular imprinting %\‘mﬂﬁ(ﬂﬂ’]‘iUﬂﬂ%@ﬂNﬁN%uﬂ‘WN‘lﬁ?ﬂLL@Z\]W@W‘NﬂuLUu

¥ = . . . . . . ' @ !
TNL@QMMLL‘LI‘U A® ethanoic acid, propanoic acid WAz octanoic acid pei19(5AAIN Wudn
imprinted TiO, A IAFS TN sa@enIU§AZeuassebiulffvingiaes Bnviaded
UszangamniunisissdfizennnalfuasiBiiant seduanizddsedvwinnisuiues

AN a HNNs B NINU B euaz sy AEn e eedas s fiseisFnlas

1%
aaa L Y AR

1) in9i@e Tio, Aae Ni e lHamsadenyinufisentuanssesiulfsu uay
4

o o ¢ @ o ,:! o o ! ' o Aﬁ/
mmﬁmLﬁ‘mwLﬁumﬁmﬂwﬁwﬂumﬁmmm HYBDITWLUAUNRINTIULLAY T‘LWIH

Fanl¥ AgsV0, nanisvaass udauiuanstuuni 3

o

2) ¥nnsfanTziasaan nansEndn imprinted TiO, fUAN5TFNAR B9

LAUNWRIHLAL TUAiTAeNTE g-CoN, nan1anaaas udauiuansluund 4

1.1 U aeAYaINiaY

I3 ¥

111 Wedaensfeynialiniflenineen [mandeunagnguanniziugUsnsasiagiu

o/ ]

1.1.2  WeaneaeauANEINITa NS denin it fisensiaauasiuas

& v dld ! 1
@N@]HWN‘jﬁﬁ’W\‘]@W\‘]‘T

Y

aaa

1.1.3 Wedsulgeaauainisalunisidsninuffideuazlss@nsainenssiaig

UfAsendasuaenelfuasigida

1.2 nquiiiisatiag
1.2.1 nszuIRNISSIUAsaNsasuas (photocatalytic process)
funtsidagasenlaetisisnjasen Ssamnsaimindidudasefizen s
snnanszdudnsuas 39iniEendn Photocatalyst Tagazyimmiiniianndssunssdunes

|
aaa = aaa

a o @ g a ¥ % ' [ A
ﬂ’?‘iLﬂﬂ‘ﬂgﬂ‘iﬂ’] LWN@G]‘TWL‘S')"ZI@\T]JQT]’?EI"I SN Lﬂﬂﬂ"l‘iﬂ‘it(ﬂ‘lﬁfﬂiﬂﬂﬂ’]‘iﬂ"liﬁ’lﬂﬂWNN"l‘HWN

HINNTIIWRNTHEBITNUOUNAI (band gap energy)
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reaction 5

activation energy
uncatalysed reaction

/

3 catalysed

& | reaction~ N bt Bk N

2 /> 1 activation energy

A \ | catalysed reaction
o S | <. TESERS—

————— ————— SR——

extent of reaction

[ 2 a v 1 1

sU 1.1 msileuifisunassmnssfuraaljiseiifdansefizamas idiaass
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¥ b %4
Ufjfizen Tﬂﬂﬁﬁﬁ%mﬁﬁmmm %a‘iwmmunszéuaﬂmmemmuwm HITNIGIN

WREHARN WL ILVITLAN

A9rUINNTEisenseuaeliasddsenay Aol
1) As9Ufjiaen i a1979da%7 (semiconductor)

2) WANIULEN BITATHINNIIDVINTUNRNILINADUIDIFAUARTRES
3) W1

4) 88NTIIN 38 FIBBNTUANA BT

1.2.2 WA THUAY
nsanauasunsruannsisediaeuasin unnsinaseuiuszuuluglees

WA uImDU (photon energy) wnwaflazyinUfAzenauls Gandsemsiananaiizendn

WANIMNTZHW (activation energy) F1THNITAAMWITIHIMNANNTT 1.1

(1.1)
e E A WRISIHAIBUAN (quantum energy) (38)
h e AnAsTiuasndsd (Planck’s constant) = 6.625x10 ™ (98/Aui)

V 79 ANNDADIARWLEY (18561F)



A A8 ATHENIARWLES (W1 1INAS)

{ 8
C B ANNIEIIBIARLUAY = 2.997x10° (LNAF/A17)

1
a ¥ =%

TunszuaunsssUfisendaauasdi Ebmioalraanlsd Wndaselfizeniv
FHavanmmilenlreenled Sgeeiouaundulssiim 3.2 eV neruaunIaey
UfBensnnuasasaniingnld felunsdiidomwesuasazaneglugas UV ifdaauenonau

FIN9T 400 WA NAS weilaganuasaningAaengIRuRalandasuasriiiln uv Tu

]
v

Usrosennn  Jaquindefsmddafisaiiunisdsudgemmilen neenlednianis

FLUa3ia s ARIN1909DUAUBIABEuaNTInINesdin (visible light) wie Hannsa ¥

snelfussanfiad FadneiUseansnnundsau

1.2.3 afiaa9nszuInnisisslfizenfosuss

aaa %

nazUannadeiBenfasuasananusnld 2 Usnian ifleRensanennaniuzaeg
Faideufiizen aeil

1) NTEUINNITSIT BRI LAIULLADIMIAYT (homogeneous photocatalysis)
Aunazuanniafitidadagisen  SeflaotuzifeafuasBunadidesnisdidn
(neinfuudinazifiuananan) iWunisdesaas 2,4 dinitroluene Tna T UV/H,0,

2) NFTUIUNITILNTFEF8LAUL LIRS0 (heterogeneous photocatalysis)
funszuannisilidasefisen feflaomuzdiuansduidisosniaiidn wu nns

tineaany 2 — chlorophenol Taal¥ UV/TIO,

1.2.4 alnpasasslfizen

asftHiiudassfizenunsruaunisisalfizendoauss THun

1) Tanedinsin (transition metal) 4 VIasua TAgifan Snfa g

2) ®1909A73I1 (semiconductor) 11 WMilan lnaan(ss uamianga W (CdS)
danz@aanlwd (Zno) il

Walanednsinasfonaudunnus (valence band) WAEABUANTLLLING (conduction

a o 1 d! o o© A ' o O ' a [ a [
band) AAfH WH aNaANEIN I aRFLUNS LA AaUANTILLNA e MR TasiRadiu
2AAITILOUNAINIY (band gap) Lﬁ@f?ﬁLzﬁﬂm@uﬁ@ﬂumL@uﬁLLuuﬁfﬁ%’uwz‘i’NunWﬂu

+, a & dl dl % o O g = o dl a A

1NN (h) BRNATEUILLAREWA [WEIABNANTULUNS (M sieifefuius o aus

'8 a g @ § { 1 a 4
wundazifinlea (hole, h) BadnUszquanannsanfeuiiatnedas: luanauduuns
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uRgaiuiUBanasanlursuinduLwg Usingniseliinififingdidnasen - laa
(electron — hole pairs, e/ h") F1NITOAABUA [UNITEMININARTUUUALAZADHANT
TPy = e [P ' o =K @ ¥ - + o o
wuwd Fdenazsamiia Wesaniddesdrouaunaseu uiuwmmali e/ h'sansdariu
My o Y o/ o/ 1 - + ‘g! o/ ) 3 a 2 1
Tnallitdne Tunnemssiudinunissonsiaiulmioes e/ h" uansfisioinbudnFunndd
Fipannflgesinsuaundseuiueg vinlig e/ h* agusnanniulium fsuansineans
Fo9dneuounawIHzaslanziain  asfiedann  wazanan  Fuediu  srAuresdi
LaUWAwH  lnaansfisdainariigasdiuaundsuegiugos 1-4 eV dauanauars

ABITILOAUNAIIIUNINATT 4 eV

1.2.5 nalnnsifianssuaunisisslfisenfioauss
\HadsAZengnNIeANAME LA ARNAIUNINNINTBII NUOUNANIH 92Lfin

AANATEUIHADUANTULLUS LasBIRNATaNTTARENIINADUF NTULUNA (USR5

|
o

Blanmaaw (electron acceptor) TuansaraneyinifnUfA3e136ndu (reduction) Twanud
Manfuunddedl b exnfinUfiteresn@iadu (oxidation) fulHBLANAIBW (electron
donor) TwanazUnfimanannga unsuaniaeulszqaeBianaseuiineuinduusn

1 o 4' o o/ a N Y ! dl o o = ¥ 1
Lifdnanmneiezindnasdwidd (f usiilesantuszuninga fesndeuazaiauieg

aaa

(0, ) aon@ianil azfiudady o iinUFAa~Edndu T superoxide radical (03 ) ¥
UfAseste [Hnandoeiidu OH dufiudesndumsifiusesin  awnsndesaans
agAuEdene (i duAeaiudy h AenandundBiaanandessanuaeiuad
i AAENNNG 1.2 WAL 1.3 ANNAIL iftresansiednindid h esfinUfidenesns
widulansansianen (OH) wasin (iifinlansendaisn Mannis 1.5 uazanns 1.6
danfiRasnsiedniiifdidnasen aufnUfideddniudusansauiigaduunioaisf
i ediwgiedeenloddaswsinea (aunis 1.7), Telaswedennlad (H,0,)
(ann1T 1.8) wazlgmsandaisines (aun1s 1.9) miLﬁmLiﬁﬂ@@ﬁiﬁaﬂuﬁy’umﬂﬂﬂﬁlfiﬂ

UfjfBandaauasuanssiasio (1

N9UNMNTARSBUNSS

OH®+ Organic —> Oxidized Organic

(1.2)

h + Organic ’

Oxidized Organic
(1.3)

AINTEHN



Semiconductor + hv —> e + h

(1.4)

N15AREARaa 910 e /h'

h"+OH —>  OH

(1.5)

h'+HO —>  OH +H
(1.6)

e +0, —> 0;
(1.7)

207 +H,0 T H,0,+20H +0,

(1.8)
e +H,0, > OH + OH*
(1.9)
h' Aa Taafinanduuud (Valence Band Hole)
e Aa BLanm9a% (Electron)

OH"* e (ansan8asimaa (Hydroxyl Radical)

0; #e guwedesnluidoeuisfinea (Superoxide lon Radical

¥
1.3 fiayaNugIuneIaIs

1.3.1  @arresaunan (Silver vanadate, AgzVO0,)

msdsznavdanesinianiigasuazlnseadiuansneiuly fofl Agvo, |
AGVOs, Ag,V,0yr WA Ag,V,0; Inslaseadnsfiannnsninantidusoissfizensiaauas
e AgsVO, Wini msnsfidesdnauaundsaueg iudosfivmnzan  uaziand@duso

aNT (AFALTI

Taseas19nAn (crystal structure)
AgsVO, flaseaE1auuy monoclinic 7ilae Ag” 9AIBENAIRLL face—centered cubic

2_ v o/ o/ 5 !
WAzl 07 &5 WeeiU Ag” 3 Bzman uay V. 1 azmen LiugU99 tetrahedron


http://www.americanelements.com/ni2tat.html

sU# 1.2 TassaE192a98aLIa598 AR

NNU AN ATNYBITALIDSITHILAR

%ﬂ : silver vanadate %58 silver vanadium oxide
gATLLaNa : AgsVO,

DU : VNN

a : ANUBARDILEN

viminTluana : 438.55 g/mol

uaNAINITIT NS : 0=873 A,b=671 Auazc=651 A
ANTRN1THN WA : a1fafain WA

AAITNUDUNRINT : 2.20 eV

1.3.  unsAArA1Suaniulnss (graphitic carbon nitride, g-CsN,)

G-C3Ny4 N’]N’]‘jﬂlﬁ%ﬁﬂﬁ@’]ﬂﬂﬁﬁ%m thermal condensation and polymerization
I09ENTIEUARUITINTEN dicyandiamide WA melamine FE9ANILAUNANNLDINT
i degree of polymerization ngﬁmgftmq 1.42-5 eV 1iuselu g-CaN, Usznavsiag

carbon three-coordinated (sp2 hybridized) 11U 2 two-coordinated N ﬁﬁgﬂ 1.3

10


http://www.americanelements.com/ni2tat.html

@ ONPL e Ny

N7=N
N 240°C 290 °C
hf | N’LNJ‘*N

-NH N
HoN" “NH, 3 WNJ\‘N"'J\NHE NHq /JLN)\ A
HaMN N NH
Dicyandiamide (DCDA) Melamine Melem
\N/ \N
S NS

g-C3Ng network

51 1.3 nN19aaLATIEIR g-CsN,
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2.1 A5LM3EN molecular imprinted TiO,

(1) axa1s Titanium isopropoxide 20 RAaAAMSFLAT imprinting molecule (ethanoic

acid, propanoic acid WAY octanoic acid) 1w absolute ethanol 250 RaAANT W&qN

m‘j@:mﬂﬁfﬁsfﬁimefuqa cellophane membrane

(2) 9nWN99 cellophane  ugluasazanewan 11 (vAv) ethanol/DI  water

U537R5 400 RaRARS 718 NH,O0H BY 1.76 wi%
(3) Wi wFenurasazasiigamgf 70-80 °C Luaan 14alug
(4) Thaesuazdnenzneni Faunssisansazanadl pH = 7
(5) BuLHuazuAale A 400 oC ihwran 3 Falu

(6) (fiannim imprinted TiO, AN ouztiuneFzIWIaAIgL 2.1

5u 2.1 molecular imprinted TiO,

2.2 NISLAFEN g-CsN,
(1 %3 melamine 3 n3n Tarasi alumina crucible
(2) waalnd figoumgi 500 C aan 2 #alus anelfiussennas Ar
(3) unalaisia figomgd 520 oC iiuaan 2 Falus

(4) Tona g-CsN, Andnasiagy 2.2

12
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51 2.2 g-C,N,

2.3 N15LA58N g-CsN,/Ti0, composite
(1) %7 imprinted Ti0, 7AlFanTe 2.1 M AwaNTU melamine Tudmsaaufidasns
(2) Feuduneud (2) uaz (3) Tudie 2.2
(3) T#ima g-CsNJ/TiO,  composite FRdmansBau Tﬂﬂmmﬁ@u“ﬂmﬁﬁumﬁu

UBHN0 TIO, Ald Aagtl 2.3

51 2.3 g-C5N,/TiO, composite

2.4 n15La3aH Ni-doped TiO,

(1) az@1® Titanium isopropoxide 20 RaAAMS, CHsCOO),Ni. 4H,0 Tudndanula
a229 TiNiA® 1:0.25, 1:0.5 WAz 1:1 18 was imprinting molecule (ethanoic acid, propanoic
acid waE octanoic acid) T dbsolute ethanol 250 fiadaAnS wiavinansazansd(ildasiig
cellophane membrane

(2) nmudunendt (2) 8 (6) Tudis 2.1

(3) THEa g-CaN, Andeasagy 2.4

13



g‘l_l 2.4 Ni-doped TiO,

2.5 NN5LA5EN AgsVO,

(1) azansuanlfieainnuian 01913 nin ashninlamenlaneusuins
70 HadnAT

(2) araredaneslungm 00616 03w avlulisimsanlassy Usuies 10
HaanmT

(3) wanasazateda (1) war (2) Wadaeiu lnaaauanidansaranonand
qm‘mgﬁsﬁﬁ

(4) Wansazarelsdunlansanlofidndu 4.00 Tna/gnuiafindwmns Usuioy
PBIFNTAZAENEN AT 9.00-13.00

(5) nanansazasifiuiann 14 Fala

6) witaaazatauazdndasinls AanlosauaasarasRfiary sz
7.00

(7) sumznenii lFfigomgR 70 oC iwaan 4 #alu

(8) Tﬁwwm%Lq@'ﬁ‘mmmmﬁﬁwuﬁfmmﬁagﬂ 2.5

51 2.5 AgsVO,

14



2.6 N19Lm38N Ni-doped Ti0,/AgsVO, composite

(1) 3§71 Ni-doped TiO5 M MEmIauiuie 2.5 dnaniuasazatguen oy

WANINHIAR Wi 2.6 (1)
(2) Vnaudunaui (2) 89 (7) Tudia 2.5

(3) {#s Ni—doped TiOn/AgsVO, ﬁﬁﬁmq@Lwﬁﬂqﬁqgﬁ 2.6

51 2.6 Ni-doped Ti0,/Ag5VO0,

15



uni 3

Nan1snaaad Ni-doped Ti0,/Ag;VO0,

Molecular  imprinted  TiO, QﬂﬁﬂLﬂi"l:ﬁ%ﬂﬁQﬂﬁ% membrane-assisted  sol-gel
method Tﬂﬂmﬁﬂm@qa@@mmuﬁﬂ ethanoic acid, propanoic acid LR octanoic acid W&
MaRaAsziteddn dadeiifinasiogudnouazauinaasaynin Tio, #iidife cellophane
membrane, U3snasn, sfinuaanosadidiudvinazats, pH  1avaszateLany
cellophane uazrianasluanasenuuy adslafmanudn aynia imprinted TIO, 70#8
AamEINzRDnAasaRuiiugn uazfilarananintuniadudasefitennetiusae
dasdsliminzanlunisinluszgndlieueis detudeiinisulsennauiis
fananqlagnisidesiag Ni wazduasnsiiduansaanndynay Ag:V0, WAN1TVAREY
FFudn mndnnndentasdaisslgisendeniaresansdasnilaeuliiiariinis
@osng Ni Taadaisalfisanfliaausmnziu methyl orange 81nN97 methylene blue,
ethanoic acid WAy phenol upnaNfAtawLdn dazansamluniaiudasalfazennals

waARDARNNIN T aYININ1T AN INANTL AgaVO, HANTTNARSILAAFIsE (1T

3.1 mMsdsasiziaymalnmdaalnaaniasd

a

3.1.1 Nﬂ’llﬁ\‘lﬂ‘wﬂ”l‘lslL%@T@LWHVINGl@iﬂéﬁd@iéﬂ"lﬂ?‘l’ltﬂtﬁﬂNTﬂﬂ@ﬂ?‘ﬁﬁdﬁlﬁLﬂi’wﬁfﬁ

U

EMSc CMU. SEI 15.0kv¥ X60,000 100nm WD 150mm

16



EMSc CMU. SEI 15.0kv  X10,000 Tpm W

a

51 3.1 (M) aymalnmBaulaaanlodiie gnLila N IHnSE AR AN ()

G

aymalnmdanlnaanlodiie a3l D IHNSEATHLYR AL

91031 3.1 wudreyniadaneaziiunsenanidelEnszanuaalamnlunig
funsedd usidle l¥nsyanuimalamiy auniaesfigussliuineuuaznneimadungs
v dl o v dl =} dl = 1 o/ 3 = 1
fian iavannnazatuimalamwinninfimiiewd eldendin fuluigerzaanis
\ABWTes NH, uaz H,0 a1nuengeidnglugedefiansnssinaes Ti vinlAiinU§Azen

. . . ! 7 o 2 (B I A '
hydrolysis waz condensation 289 Ti precursor B84 WWTMﬂléﬂﬂﬂfﬂﬂquﬂuLﬁuﬂ@qN

!

3.1.2 NR2EIUINIDL 11 AIHTMNTRILATIZS
yian1sAnunaresUiiosinftilunisdansisiannin Tnslddadauin

H,O/isopropanol I 40:360, 50:350, 200:200 NANIFNARBINLIN Lﬁ@ﬂ%mmﬁwm’ﬂ?u

wRayAT FazEnas stnazUsunosiiann vinlidnainiaialalasladagedn

Faadu primary particle (Fx1n2ssiag

17



EMSc CMUL 5 X10,000 Tum WD 15.0mm

SEI 15.0kV Tum WD 15.0mm

51 3.2 aunalnilennoanladviwdunlaald H,0/sopropanolfidmasndaw (viv) ()

40:360, (2) 50:350 wax (A) 200:200

a { @, o o
3.1.3 NaAa9IHA alcohol ﬁ?ﬁﬂummazmﬂ

18



¥N15ANENYiAYe9 dcohol  AlFTuFinazaesinaiu 4 ¥l Ae methanol,

ethanol, isopropanol W&z n-butanol  Wud 1ileT# methanol  1indavinazansy aynA
a e APy 2 & A o XA A &

Tnnilanlneonlaifilfezfamadniign Mefifeswnann methanol Fawnaluianaldn

aaa

A ° % ¥ o . v ' A
figa vinaaanznzunnsdninufAsen dcoholysis Hapndrluianade

EMSc CMU SEI 15.0kV  X10,000 Tum WD 15.0mm

EMSc CMU SEI 15.0kV  X10,000 1um WD 15.0mm

EMSc CMU. SEI 15.0kv  X10,000 Tum WD 15.0mm

19



EMSe CMU. SEI 15.0kV  X10,000 Tum WD 15.0mm

()
H o o @,
51 3.3 mgmﬂwawLﬁﬂuTﬂﬁ@ﬂfeﬁﬁﬁLm’%ﬂNTﬂﬂT%mmmmﬂmu (f1) methanol

(2) ethanol (@) isopropanol LLaz (3) n-butanol

3.1.4 WA2DY pH VBINITRZAE
¥innsfinen pH 2evansazas uiuneunsesaneyna o inoan (#di
PH 3, 6, 10 uaz 11 Tnel¥ con. HNO; uaw conc. NH,OH WnsiatSupH wudn eynnadl
& A ~ Py [ & X i @) o Y A
wARNTIgaLeaTazatefl pH winfiu 11 neflaaiiasannaamduuannyin e
N19199UA%87 hydrolysis uaz condensation [#if wanaINHNa XRD §auamadn 1ile pH
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Abstract

A novel NiTiO3/Ag;VO, composite with type-11 band alignment was prepared using
a modified Pechini/precipitation method. FESEM image of NiTiO3/AgsVO4 heterostructure
reveals the dispersion of small NiTiO3 particles on the AgsVO,surfaces, indicating the
close interfacial connection between NiTiO3; and AgsVO,. The heterojunction shows
remarkably higher photocatalytic activity than pure NiTiOz and AgsVO, due to an increase
in light harvesting efficiency and an efficient electron—hole separation being induced by the

suitably matching conduction and valence band levels. Based on the VB-XPS and UV-vis



DRS results, a possible electron—hole transfer mechanism at the NiTiO3/AgsVO, interface
is proposed.

Keywords: Heterojunction; Composite; Nickel titanate; Silver vanadate; Visible light

1. Introduction

Over the past decades, semiconductor photocatalysis has been regarded as an ideal
green technology for the removal of organic pollutants from wastewater and hydrogen
production from water splitting [1, 2]. Various visible-light-induced semiconductors such
as BiVO,, CdS, g-C3N,4 and AgsVO, have presented good photocatalytic performance for
organic compound transformations and organic pollutant degradations [3-6]. Recently,
titanium-based perovskite oxides such as FeTiO3z, CoTiO3 and NiTiO3 have shown
promising efficiencies in photocatalytic reduction of CO,, production of O, and degradation
of organic dyes under visible light irradiation [7-10].

Nickel titanate (NiTiO3) has an ilmenite structure in which both Ni and Ti prefer
octahedral coordination with alternating cation layers occupied by Ni and Ti alone [9]. The
band gap energy of NiTiO3 is found in the range of 2.14-2.50 eV depending on its
morphology, size and preparation method [9-11]. The material is reported to be highly
stable under light illumination and in oxidizing environment which are crucial for the
photocatalysis application [9, 10]. However, due to its narrow band gap energy, low
quantum efficiency is observed when using NiTiO3 as a single phase photocatalyst.

In contrast to a single phase semiconductor, a heterostructured semiconductor is
beneficial to the improved photocatalytic performance due to its synergistic effects such as

enhanced light harvesting, improved photostability, efficient charge separation and



accelerated electron—hole transfer via heterojunction [5, 12]. To achieve such desired
coupling effects, the two constituent semiconductors should have matching band energy
levels, requisite band gap energy and close interfacial contact [13, 14]. Numerous
composites such as BiVO4/CeO; [3], Co304/AgsVO, [6] and TiO/AgsPO, [15] have shown
superior photodecomposition of organic pollutants compared to their corresponding
individual materials. However, there are few examples of heterojunction based on NiTiO3
[15, 16]. Herein, we report the preparation and characterization of a novel NiTiO3/AgsVO,
heterojunction for the first time. Photocatalytic activity of this coupled system was also

evaluated.

2. Experimental
2.1 Preparation of NiTiO3/Ag3VO, heterostructure

NiTiO3 was synthesized by the modified Pechini method similar to that previously
reported [17]. In brief, 0.01 mol of Ti(OCH(CHj3), (97%, Aldrich), 0.01 mol of
Ni(OCOCHs3),-4H,0 (98%, Aldrich) and 0.06 mol of citric acid (99.5%, Merck) were
dissolved in 100 ml of absolute ethanol and stirred for 1 h. The mixture was heated in an
oven at 70-80 °C for 2 days to produce a sticky, gel-like precursor. The gel precursor was
then calcined at 600 °C for 4 h to finally obtain chartreuse colored particles. Pure AgsVO,
was synthesized at room temperature by the precipitation method. Typically, 0.005 mol of
NH4VO3 (99%, Ajax finechem) and 0.015 mol of AgNO3 (>99%, Aldrich) were separately
dissolved in 70 ml and 10 ml of deionized water, respectively. Upon addition of the AgNO3

solution into the vanadate precursor solution, yellow precipitates were immediately formed.



The suspension pH was adjusted to 13.0 + 0.2 using 4 M solution of NaOH (97%, RCI
Labscan). The precipitate was aged at room temperature for 14 h, washed with deionized
water, and dried at 70 °C overnight. The preparation of NiTiO3/Ags;VO,4 composite was
similar to that of AgsVOy,, except that 1.0 g of the pre-synthesized NiTiO3 was added into

the vanadate precursor solution before adding the AgNO3 solution.

2.2 Characterization

X-ray diffraction (XRD) patterns were collected on a Rigaku MiniFlex Il diffractometer
using Cu Ka radiation (1.54 A). Field emission scanning electron micrographs (FESEM)
and energy dispersive X-ray (EDX) spectra were recorded on Hitachi S4700 and I-XRF
system (550i), respectively. Band gap energy of the material was investigated by UV-vis
diffuse reflectance spectrophotometer (UV—vis DRS, Lambda 650S) equipped with a
Harrick Praying Mantis™ diffuse reflectance chamber. X-ray photoelectron spectroscopy

(XPS) analysis was performed using a Kratos Axis ULTRAP-P

instrument equipped with a
monochromatic source (Al Ko X-rays at 1.4 keV). All peaks in XPS spectra were calibrated
with C 1s peak at 285 eV. Brunauer-Emmett-Teller (BET) surface area measurement was
carried out using an Autosorb 1 MP, Quantachrome analyzer with N, adsorption isotherm.

Photoluminescence (PL) measurement was carried out on AvaSpec-2048TEC-USB2-2

spectrophotometer with an excitation wavelength of 345 nm.

2.3 Photocatalytic experiments



The photocatalytic activity of the material was studied via the degradation of MO
under visible light illumination (A>400 nm). A 50 W Halogen lamp (Phillips, an intensity
of ~640 W/m?) equipped with a 400 nm cut-off filter was used as a light source. In a typical
run, 0.1 g of catalyst was dispersed in an aqueous MO solution (1x10° M, 100 ml). Prior to
light irradiation, the catalyst was stirred under the dark for 1 h to obtain
adsorption-desorption equilibrium. At a given time interval, 2 ml samples were taken from
the reaction solution and the amount of MO was determined by Shimadzu UV-1601
spectrophotometer at 465 nm. As a comparison, MO photolysis and the photocatalytic
activity of the physical mixture of NiTiO3 and AgsVO, were also evaluated under the same

experimental conditions.

3. Results and discussion
3.1 Crystal phase and microstructure analysis

XRD patterns of NiTiO3, AgsVO,4 and NiTiO3/AgsVO, composite are shown in Fig.
1. The diffraction peaks of pure NiTiOs at 26 of 24.1°, 33.1°, 35.7°, 40.9°, 49.5°, 54.0°,
57.5°, 62.5° and 64.1° correspond to the (012), (104), (110), (113), (024), (116), (018),
(214) and (300) crystal planes of ilmenite NiTiO3 (JCPDS no. 33-0960) [9,10]. The peaks
of pure AgsVO, at 19.2°, 30.9°, 32.4°, 35.1°, 35.9°, 38.9°, 41.4°, 48.3°, 51.2° and 54.1°could
be ascribed to the (011), (-121), (121), (301), (202), (022), (400), (-322), (132) and (331)
reflections of monoclinic AgsVO, (JCPDS no. 43-0542) [18]. The XRD pattern of

NiTiOs/Ags;VO, composite displays the diffraction peaks from both NiTiO3; and Ag;VO,



phases. No diffraction peaks from any other impurities are detected, confirming the high

purity of this composite.

[Fig. 1, single column fitting image]
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Fig. 1. XRD patterns of (a) NiTiOs, (b) AgsVO, and (c) NiTiO3/AgsVO, composite.
Morphology of the samples was examined by FESEM. Pure NiTiOs (Fig. 2(a))
presents as agglomerates of small particles with sizes in the range of 80-120 nm whereas
pure AgsVO, (Fig. 2(b)) appears as irregular shaped aggregates with the sizes of 0.5-1.8
um. The FESEM image of NiTiOs/AgsVO, composite (Fig. 2(c)) shows the dispersion of
small NiTiOs particles on the AgsVO, surfaces, indicating the close interfacial connection
between NiTiOz and AgsVO,. The EDX spectrum of the heterojunction (Fig. 2(d))
indicates the presence of Ni, Ti, Ag, V and O elements as expected. Unfortunately,

transmission electron microscopy image of the composite could not be characterized due to

the damage of beam-sensitive AgsVO, specimen.



[Fig. 2, single column fitting image]

Fig. 2. FESEM images of (a) NiTiOs, (b) AgsVO, and (c) NiTiOs/AgsVO, composite

together with (d) the corresponding EDX spectrum of (c).

3.2 XPS and UV-vis DRS analysis

The information on the chemical state of the elements was obtained from XPS
study. The signals for Ni 2p and Ti 2p of NiTiO3s/AgsVO,4 composite are lower than those
of pure NiTiOg, indicating a decrease in Ni and Ti surface concentrations in the composite
sample. From Fig. 3(a), the peaks at 855.5 and 873.1 eV of NiTiOs3 correspond to the Ni
2ps2 and Ni 2pyj2, respectively. The peak positions and the spin-orbit splitting value of 17.6

eV indicate the presence of Ni** [10, 19]. The shift of Ni 2ps, peak to the higher binding



energy (855.7 eV) with an order of 0.2 eV, is observed for NiTiO3s/Ags;VO,4 composite,
suggesting an electronic interaction between NiTiO3 and AgsVO, phases. Ti 2p spectrum
for NiTiOj3 presents the binding energies at 458.2 eV for Ti 2ps; and 464.0 eV for Ti 2psz.
The spin-orbit splitting value of 5.8 eV for Ti 2p is typical for Ti** [19]. The same positive
shift of 0.2 eV is found for the Ti 2ps, peak of NiTiO3/AgsVO, heterostructure, supporting
the above assumption. The XPS and FESEM results confirm the formation of composite
with chemically bound interfaces between NiTiO3 and AgsVO, rather than a physical
mixture of the two separate phases.

To determine the band energy diagram of the NiTiO3/AgsVO, heterojunction, the
valence band (VB) maximum and band gap energy of pure NiTiO3z and AgzVO,4 have been
investigated. As seen from Fig. 3(c), the VB positions of NiTiO3 and AgsV Oy relative to
Fermi level can be obtained from the linear extrapolation of the leading edges of the VB-
XPS spectra and are found to be 1.61 and 1.83 eV, respectively. However, since the work
function of NiTiO3 and AgsVO,4 were not characterized, the exact energy positions of band
edges could not be determined [20, 21]. Fig. 3(d) presents the plot between (¢h1)? and
photon energy for band gap determination. NiTiO3, AgsVO,4 and NiTiO3/Ag;VO, have the
band gap energies (Ey) of 2.60, 2.54 and 2.46 eV, respectively. The band gap energies of
pure NiTiOz and AgsVO, are similar to the reported values [17, 19, 22]. The decrease in Egq
for the NiTiO3/Ag;VO, heterostructure could be advantageous for the enhanced
photocatalytic performance by increasing light-harvesting efficiency. According to the Eg
and VB values of NiTiO3 and AgsVOy,, the conduction band positions are calculated to be -

0.99 and -0.71 eV, respectively. Therefore, the conduction band (AE¢) and valence band



(AEy) offsets between NiTiO3 and Ag;VO, are found to be 0.28 and 0.22 eV, respectively.
The band structure of this novel NiTiO3/Ags;V O, heterojunction is also proposed in Fig.
4(b).

Fig. 4(a) shows the photocatalytic degradation of MO under the visible light
irradiation. Almost no change is observed when MO is exposed to light, suggesting that
MO photolysis can be neglected. The NiTiO3/AgsVO, heterojunction exhibits significantly
higher photocatalytic performance than pure NiTiO3; and AgsVO, as expected. The
heterostructure clearly provides superior catalytic activity compared to the mixture of
NiTiO3; and AgsVO,, thus confirming the need of intimate contact between the two coupled
materials for an improved photocatalytic performance.

The BET specific surface areas (SSA) of NiTiO3z, AgsVO,, heterostructured
NiTiO3/AgsVO, and mixed NiTiOs/AgsVOy, are 26.70, 7.47, 21.80 and 22.51 m?/g,
respectively. The SSA of NiTiO3/AgsVOy, is not the highest, yet this composite provides
the best activity. Therefore, the SSA is likely not a main factor governing the observed
photocatalytic activity in this study.

With the data from VB-XPS and UV-vis DRS studies, the approximate band energy
diagram with a possible photoinduced electron-hole transfer mechanism at the
NiTiO3s/AgsVO, interface is proposed in Fig. 4(b). The band structure indicates that
NiTiOs/Ags;VO,4 composite is a type-I1 heterojunction, for which the photogenerated charge
carriers are effectively separated. The potential difference between corresponding band
positions promotes the electron-hole transfer via close interfacial connection, thus

increasing the life time of photogenerated charge carriers so that the photocatalytic activity



could be improved [23]. This assumption is supported by a significant decrease in PL
intensity for the NiTiO3/Ag;VO, heterojunction (Fig. 4(c)) which indicates an efficient
suppression of electron—hole recombination rate upon coupling NiTiO3 with Ag3VO,.

Based on the obtained results, the enhanced photoactivity of this novel heterostructure is

mainly attributed to a decrease in band gap energy and an improved electron—-hole

separation due to the suitably matching conduction and valence band levels.

[Fig. 3, double column fitting image]
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Fig. 3. Comparisons of high-resolution XPS spectra for (a) Ni 2p and (b) Ti 2p, (c)

VB-XPS spectra of NiTiO3; and AgsVO,4 and (d) the plot between (¢hv)? vs. photon energy

of NiTiOs, AgsVO,4 and NiTiO3/AgsVO, heterostructure.
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[Fig. 4, single column fitting image]
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4. Conclusions

The novel NiTiOs/AgsVO, composite with type-I1 band alignment was successfully
synthesized by a modified Pechini/precipitation method. Enhanced photocatalytic activity
of the heterojunction under visible light illumination is ascribed mainly to an increase in
light harvesting ability and an improved electron—hole separation efficiency. The band
energy diagram together with a possible photogenerated electron—hole separation and

transport processes of this coupled system is proposed.
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Research highlights

e Novel NiTiO3/AgsVO, composite with type-11 band alignment is successfully
prepared.

e XPS and FESEM confirm the formation of composite with chemically bound
interfaces.

e High photoactivity of the composite is due to an efficient separation of e -h" pairs.

e Possible e-h" transfer mechanism at NiTiOs/AgszVOy, interface is proposed.
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Enhanced photocatalytic degradation of methylene blue (MB) using graphitic carbon nitride/titanium
dioxide (g-C3N4/TiO,) catalyst films has been demonstrated in this present work. The g-C3N4/TiO,
composites were prepared by directly heating the mixture of melamine and pre-synthesized TiO,
nanoparticles in Ar gas flow. The g-C3N,4 contents in the g-C3Ny4/TiO, composites were varied as 0, 20,
50 and 70 wt%. It was found that the visible-light-induced photocatalytic degradation of MB was remark-
ably increased upon coupling TiO, with g-CsN4 and the best degradation performance of ~70% was
obtained from 50 wt% g-C3N,4 loading content. Results from UV-vis absorption study, Electron micros-
copy, Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy suggest that the
improved photoactivity is due to a decrease in band gap energy, an increased light absorption in visible
light region and possibly an enhanced electron-hole separation efficiency as a result of effective interfa-
cial electron transfer between TiO, and g-C3N, of the g-C3N,4/TiO, composite film. Based on the obtained
results, the possible MB degradation mechanism is ascribed mainly to the generation of active species
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induced by the photogenerated electrons.
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1. Introduction

Over the last few decades, the semiconductor-based photocatal-
ysis has emerged as an alternative and environmentally benign
wastewater treatment technology due to its destructive ability to-
ward a wide range of inorganic and organic pollutants. To date, a
large number of semiconductors such as ZnO, CdS, V,0s, WOs3,
and TiO, have found to be active photocatalysts for photodegrada-
tion of various organic contaminants [1-5]. Among them, TiO, has
been one of the promising photocatalysts due to its low cost, non-
toxicity and long-term stability [6-8]. However, its large band gap
energy of ~3.2 eV and the high recombination rate of electron-
hole pairs in excited TiO, have hindered its practical application
[9,10]. Therefore, much effort has been devoted to extend the light
absorption of TiO, into visible light region as well as to reduce the
photogenerated charge recombination. Various strategies have
been proposed to obtain the TiO, with such properties including
doping with metallic and/or non-metallic elements [11-14] and

* Corresponding author. Fax: +66 53 892277.
E-mail address: binceesungvorn@gmail.com (B. Inceesungvorn).

0021-9797/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jcis.2013.11.072

forming heterojunctions with other narrow band gap semiconduc-
tors [15,16].

Coupling TiO, with visible light-sensitized semiconductors has
shown to be beneficial to the improvement of photocatalytic
performance due to the synergistic effect such as enhanced light
harvesting, improved photostability and efficient photoexcited
charge separation [17]. To achieve such desired coupling effect,
close interfacial connection between the two semiconductors with
appropriate conduction and valence band levels is necessary, so
that spatially smooth charge transfer via heterojunction can
proceed [18].

Recently, the metal-free graphic carbon nitride (g-CsN4) has
attracted considerable attention as a potential visible light photo-
catalyst due to its high thermal and chemical stabilities together
with its moderate band gap energy of ~2.7-2.8 eV depending on
the degree of thermal condensation [19,20]. The delocalized
conjugated 7 structure of g-CsN, also offers a relatively slow
charge recombination and a rapid photoinduced charge separation
in the electron transfer process [21], thus making this material a
sensitizer candidate for the design of efficient visible-light-driven
photocatalyst. Therefore, coupling g-C3N4 with TiO, may be a suit-
able approach to achieve the improved charge separation and the
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enhanced light harvesting ability of the TiO, semiconductor. The
application of g-C3N4 as a sensitizer in a composite photocatalyst
has previously been investigated. For example, Wang et al. [21]
prepared g-C3N4/ZnO hybrid photocatalyst with a higher activity
in methylene blue (MB) degradation than either a single phase of
ZnO or g-C3N4. In addition, the excellent antiphotocorrosion ability
was also observed from this composite material. Therein, the per-
formance enhancement and the photocorrosion inhibition were
attributed to the high separation efficiency of photogenerated
charges. Yan et al. [22] reported that the coupling of TaON with
g-C3N4 can increase the photocatalytic degradation of rhodamine
B due to an improved electron-hole separation which results from
the appropriate band structures of the composite photocatalyst.
The organic-inorganic composite of g-CsN4 and Pt/TiO, with supe-
rior photocatalytic H, production rate was also observed by Chai
et al. [17]. The authors ascribed such improved H, evolution to
the direct migration of electrons from g-C3N4 to Pt/TiO, via close
interface and the effective separation of photogenerated charge
carriers due to the synergistic effect.

In this study, a series of g-C3N4/TiO, photocatalyst films with
different g-CsN,4 loading contents have been investigated for their
photodegradation activities toward MB under visible-light illumi-
nation (/ > 400 nm). The possible mechanism for the enhancement
of photocatalytic performance over the g-C3N4/TiO, heterostruc-
tured photocatalyst was also proposed.

2. Experimental
2.1. Materials

Titanium isopropoxide (Ti(OCH(CHs3),)4, Pur. 97%), melamine
(C3HgNg, Pur. 99%) and other chemicals (analytical grade purity)
were purchased from Aldrich and used without further purifica-
tion. Deionized (DI) water was used throughout this study.

2.2. Catalyst preparation

Pure TiO, nanoparticles were synthesized by membrane-as-
sisted sol-gel method [23,24]. Briefly, a 20 ml of titanium tetraiso-
propoxide (TTIP) was dissolved in 250 ml of absolute ethanol. The
mixture was loaded into a cellophane membrane pouch and then
placed in a clear solution of 1:1 (v/v) ethanol/DI water containing
1.76 wt% of NH4OH. The solution was stirred and heated at
70-80 °C for 1 h, after which the suspension was then centrifuged,
washed with DI water until pH 7 was obtained and dried at 60 °C
for 24 h. The dried TiO, powder was then calcined under static
air at 400 °C for 3 h.

The g-C3N4 sample was prepared by directly heating melamine
under a flow of Ar gas as described elsewhere [20]. In brief, 3 g of
melamine powder was placed in a semiclosed alumina crucible
with a quartz cover. The crucible was then put into a quartz tube
reaction chamber and heated at 500 °C for 2 h in a flow of Ar.
The sample was further heated at 520 °C for 2 h. Afterward, the ob-
tained yellow polymeric g-CsN4 was ground into powder.

The g-C3N4/TiO, composite catalysts were prepared by mixing
the pre-synthesized TiO, with different weight percentages of mel-
amine (the nominal contents of 20, 50 and 70 wt%) in ethanol. The
slurry mixture was stirred at room temperature for 3 h and soni-
cated for 1 h to obtain the homogeneous mixing. The sample was
dried in an oven at 60 °C for 24 h and subjected to the heat treat-
ment under the same conditions as those of pure g-C3N,4.

2.3. Characterization

To identify the crystalline phase of the obtained materials,
X-ray diffraction (XRD) experiments were performed on a GBC

EMMA 0133 X-ray diffractometer with Cu Ko radiation of
0.15406 nm, at a scanning speed of 4°/min. The morphology and
microstructure of the photocatalyst films were examined by field
emission scanning electron microscope (FESEM, JSM 6335F)
equipped with energy dispersive X-ray (EDX) spectrometer and
transmission electron microscope (TEM, JEOL JEM 2010). Fourier
transform infrared (FTIR) spectra were recorded on a Nicolet 510
FTIR spectrometer using conventional KBr pellets. Thermogravi-
metric (TG) analysis was done on TA instrument Q10 DSC. The
experiment temperature ranged from 20 °C to 800 °C at a constant
heating rate of 10 °C min~' in air. X-ray photoelectron spectros-
copy (XPS) measurement was performed using PHOIBOS 100 hemi-
spherical energy analyzer (SPECS) equipped with Al, Ko radiation
in the fixed analyzer transmission mode. All peaks in XPS spectra
have already been calibrated with C 1s peak at 285 eV. UV-vis
absorption spectra of all photocatalyst films were analyzed by Shi-
madzu UV-3600 spectrophotometer equipped with an integrating
sphere assembly. Brunauer-Emmett-Teller (BET) surface area mea-
surement was carried out using an Autosorb 1 MP, Quantachrome
analyzer with N, adsorption isotherm.

2.4. Preparation of photocatalyst films

Photocatalyst films were prepared by doctor blade coating tech-
nique [25]. Typically, 1 g of the as-synthesized powders was mixed
with 40 pl of acetic acid, 15 pl of Triton X100, and 0.5 ml of Milli Q
water. The slurry was ground and sonicated to break up large
agglomerates. The film was then prepared on a glass slide (2.00
x 5.00 cm) and the film thickness determined by a Veeco Dektak
6 M stylus profilometer was 13.0 £ 2.0 um. Finally, the prepared
film was annealed at 300 °C for 1 h under static air.

2.5. Photocatalytic experiments

The photocatalytic activities of catalyst films were evaluated by
the decomposition of methylene blue (MB) under visible light illu-
mination (1>400nm). A 50 W Halogen lamp (an intensity of
~640 W/m?) equipped with a 400 nm cut-off filter was used as a
light source. In a typical run, an aqueous MB solution (15 ml,
10 mg L~!) was added into a batch reactor containing photocata-
lyst film. The solution pH was adjusted to ~7.0 by using 0.1 M
NaOH or 0.1 M HCIO,. Prior to light irradiation, the film was kept
under the dark for 30 min to achieve adsorption-desorption equi-
librium. At given time intervals, 2 ml samples were taken from
the reaction solution and the amount of MB was determined by a
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Fig. 1. TG thermograms of (A) pure TiO,, (B) 20 wt% g-C3N4/TiO,, (C) 50 wt%
g-C3N4/TiO,, (D) 70 wt% g-C3N4/TiO, and (E) pure g-CsNg.
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Fig. 2. XRD patterns of pure TiO,, pure g-C3N4 and g-C3N,4/TiO, composites.

Shimadzu UV-1601 spectrophotometer at 664 nm which corre-
sponds to the characteristic absorption peak of MB. Then, the col-
lected sample was put back into the reactor and the light was then
irradiated again.

For comparison, MB photolysis was also investigated under the
same experimental conditions. Investigation on the stability of g-
C3Ny4/TiO, film was carried out for five successive experiments,
using a fresh MB solution for each catalytic run. After each run,
the film was washed with deionized water and subsequently an-
nealed at 300 °C for 1 h.

3. Results and discussion
3.1. TG analysis

To determine the g-C3N,4 contents in the final products, thermo-
gravimetric analysis was performed from 20 °C to 800 °C in air. As

shown in Fig. 1, pure TiO, shows almost no weight loss in the tem-
perature range of study. However, pure g-CsN,4 presents the rapid
weight loss from 550°C to 670 °C, indicating the sublimation
and/or decomposition of g-C3N4. The weight of the g-C3N4/TiO,
composites decreases rapidly at the temperature above 500 °C. At
the end of the analysis, total combustion of g-CsN,4 is attained.
Therefore, the weight loss can be directly related to the amount
of g-C3N, in the composite. The results from TG study indicate that
the g-C3N4 contents in the respective composites correspond to the
nominal values.

3.2. Crystal phase and microstructure analysis

Powder XRD patterns of pure TiO,, pure g-C3N4 and g-C3Ny4/TiO,
composites are shown in Fig. 2. The diffraction peak of pure g-C5N,4
at 20 of ~27.4° is the characteristic of interlayer stacking of conju-
gated aromatic system, indexed as the (002) diffraction plane for
graphitic materials [26]. The calculated interplanar distance of
aromatic units is ~0.33 nm which is in good agreement with the
previous reports [27-29]. The peaks of pure TiO, at 25.3°, 37.8°,
48.0°, 53.9°, 55.1° and 62.7°correspond to the (101), (004),
(200), (105), (211) and (204)crystal planes of anatase TiO,
(JCPDS 21-1272) [23]. The XRD patterns of g-C3N,4/TiO, composites
show no obvious diffraction peak attributable to g-CsN4 when the
g-C5N4 content is less than 50 wt%; however the composites with
higher g-C3N4 loading clearly display the diffraction peak of
g-C3Ny4 at ~27.4°. It can also be seen that the relative peak intensity
of g-C3N4 gradually improves upon increasing the g-CsN,4 content.

Morphology and microstructure of the catalyst films were
examined by FESEM and TEM. Fig. 3 shows FESEM micrographs
of pure g-C3Ny4, pure TiO, and g-C3N4/TiO, composite films. The
g-C3N4 (Fig. 3a) appears as aggregated irregular particles whereas
pure TiO, (Fig. 3b) presents as agglomerates of small spherical-like
particles. The FESEM image (Fig. 3c) of 50 wt% g-C3Ny4/TiO,
together with the corresponding EDX spectrum (Fig. 3d) reveals
the agglomeration morphology and the attachment of the TiO,

EMSc CMU.

2 Full Scale 312 cts Cursor: 0.000

EMSc CMU. SEI 150KV X50,000 100nm WD 15.0mm

Fig. 3. FESEM images of (a) pure g-C3Ny, (b) pure TiO; and (c) 50 wt% g-C3N,4/TiO, composite films and (d) the corresponding EDX spectrum of (c).
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Fig. 4. TEM micrographs of (a) pure g-C3Ny, (b) pure TiO; and (c,d) 50 wt% g-C3N4/TiO, composite.

particles on the g-C3Ny surfaces. Fig. 4 shows the TEM micrographs
of pure g-C3Ny, pure TiO, and g-C3N4/TiO, composites. It can be
seen that g-C3N4 (Fig. 4a) displays 2D lamellar structure whereas
pure TiO, (Fig. 4b) shows spherical particles with an average par-
ticle size of 13.7nm. For the 50 wt% g-C3N4/TiO, composite
(Fig. 4c), the TiO, nanoparticles are found embedded in the g-
C3Ny4 lamellar structure. The corresponding HRTEM image
(Fig. 4d) clearly reveals the close interfacial connections between
g-C3N4 and TiO, nanoparticles as well as the lattice spacing of
0.32 nm, corresponding to the (101) plane of anatase TiO,. These
observations together with the SEM result in Fig. 3c suggest the
formation of heterojunction between TiO, and g-CsN; which
would be an ideal system to achieve the improved electron-hole
separation via smooth charge transfer process [29].

3.3. FTIR analysis

FTIR spectra of g-C3Ny4, TiO, and g-C3Ny4/TiO, composites with
different g-C3N4 contents are presented in Fig. 5. Pure g-C3Ny4
shows characteristic IR peaks similar to those of the previous
results [17,21,22,30,31]. The peak at 1640 cm! is assigned to
C—N stretching vibration mode, while those at 1247, 1325 and
1408 cm™! are associated with C—N heterocycle stretching of
g-C3N4 [17,21]. The peak at 808 cm™! can be attributed to the
characteristic breathing mode of triazine units [21]. A broad band
in the range of 3150-3300 cm™! corresponds to the stretching
vibration modes of terminal NH groups [30]. Pure TiO, shows
characteristic broad absorption band at 500-700 cm™! [17]. It
can be clearly seen that the main characteristic peaks of g-C3Ny4
and TiO, appeared in all g-C3N4/TiO, samples suggesting the
formation of a composite between g-C3N4 and TiO; [32].

3.4. XPS analysis

XPS measurement was carried out to obtain the information on
oxidation state and surface chemical composition of the samples.
Survey spectra in Fig. 6a indicate the peaks of Ti, O, C, and N in
the 50 wt% g-C3N4/TiO, composite and the peaks of Ti, O and C in
the pure TiO,. The C 1s XPS spectrum of g-C3N4/TiO, sample
(Fig. 6b) displays four peaks centering at 285.0, 286.4, 288.5 and
294.0 eV. The peak at 285.0 eV can be ascribed to C—C and/or
adventitious carbon, and the peaks at 286.4 and 288.5 eV can be

{ 640'4081 325
Pure g-CN, \’ 1247
M

20 wt% g-C3Ny4/TiOy
0 wt% g-C3N,/TiO,

E_\_/\/\NML
70 Wt% g-CaN4/TiO,

Pure TiO,

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 5. FTIR spectra of pure g-C5Ny4, pure TiO, and g-C3N4/TiO, composites.

assigned to C—N—C and C—(N)z groups of g-C3N4 [33,34], respec-
tively. Another C 1s peak found at higher energy ca. 294.0 eV is attrib-
uted to carbon in aromatic rings attached to terminal uncondensed
NH, species [34]. The regional spectrum of N 1s for g-C3N4/TiO,
also presents in Fig. 6¢c. The spectrum can be deconvoluted
into four peaks, ascribable to O-Ti-N in TiO,_xNy at 396.2 eV [35],
C—N=C at 398.6eV [36], N—(C); at 399.3eV [17,34,36] and
—NH; or=NH of uncondensed terminal amino groups at
401.0 eV [37].

Fig. 6d shows Ti 2p spectra of pure TiO, in comparison with that
of 50 wt% g-C3Ny4/TiO,. The binding energy values of Ti 2ps/, and Ti
2p1j2 at 458.9 and 464.7 eV, respectively can be ascribed to Ti**
species in the form of TiO, clusters [33]. However, the shift of
0.4 eV to the lower binding energies of 458.5 and 464.3 eV, respec-
tively, is observed for the 50 wt% g-C3N4/TiO,. This negative shift
could be ascribed to an enhanced partial electron transformation
to Ti and an increased electron density on Ti [38] as a consequence
of the electronegativity effect due to the electronic interactions be-
tween Ti and possibly N atom as supported by the peak of O—Ti—N
in N 1s region. The O 1s spectrum (Fig. 6e) of pure TiO, can be fitted
into two peaks, and the binding energies of 530.0 and 531.4 eV can
be ascribed to oxygen in TiO, and surface hydroxyls, respectively
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Fig. 6. (a) Survey scan of TiO, and 50 wt% g-C3N4/TiO, composite and high-resolution

50 wt% g-C3N4/TiO, in comparison with those of TiO-.

[17,38]. In comparison with pure TiO,, the negative shift of the
main O 1s to 529.6 eV, with an order of ~0.4 eV, is observed for
the g-C3N4/TiO, sample. This shift is the same order as that found
in the case of Ti 2p peak position, suggesting the incorporation of
nitrogen in TiO, lattice [38]. The XPS results together with those
from SEM, TEM and FTIR studies clearly reveal the formation of
composite material with the chemically bound interfaces between
g-C3N4 and TiO, rather than a physical mixture of two separate g-
C3N4 and TiO, phases.

3.5. UV—vis absorption spectra
The optical properties of the photocatalyst films were investi-

gated by UV-vis absorption spectroscopy. As seen from Fig. 7a,
the film color changes from opaque white to bright yellow as the

Intensity (a.u.)

396 398 400

394
Binding energy (eV)
529.6 eV (e)
O1s

T |50 wt% CN,TiO,
8 531.1eV
2
@
c
3
£

526 528 530 532 534
Binding energy (eV)

spectra for: (b) C 1s and (c) N 1s of 50 wt% g-C3Ny4/TiO,; (d) Ti 2p and (e) O 1s of

amount of g-C3N4 loading increased from O to 100 wt%. The optical
spectra of the films (Fig. 7b) present the absorption onsets at
~375nm and ~490 nm for pure TiO, and g-C3N, respectively.
Superior light absorption intensity compared with pure TiO, is
found from all g-C3N4/TiO, composite films. Additionally, upon
loading TiO, with g-C5Ny, the light absorption region of TiO, could
be further extended to longer wavelength and the highest red shift
appearing at ~540 nm is found from 50 wt% g-C5N,4/TiO, sample.
These observations suggest that the composite catalyst could pro-
vide an efficient utilization of visible light, thus producing more
electron-hole pair, which would be beneficial to a photocatalytic
process. The band gap energy (Eg) of a semiconductor can be deter-
mined by:

(ohv)'/™ = A(hv — Eg) (1)
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Fig. 7. (a) Photocatalyst films and (b) UV-vis absorption spectra of (A) pure TiO5,
(B) 20 wt% g-C5Ny4/TiO, (C) 50 wt% g-C3N4/TiO>, (D) 70 wt% g-C5N4/TiO, and (E)
pure g-C3N, films. Inset is (ch)”/? and (othv)? vs. photon energy (hv) plot of pure TiO,
and g-C3N4 films, respectively.

where A is a proportionality constant, hv is photon energy, h is
Planck’s constant, v is the frequency of vibration, and o is an absorp-
tion coefficient. The value of n depends on the type of optical tran-
sition of the semiconductor (n = 2 for direct transition and n = 2 for
indirect transition). For g-C3N4 and TiO,, the n values of %2 and 2 are
used, respectively [39-41]. Therefore, as can be seen from the inset
of Fig. 7b, the corresponding band gap values of g-C3N,4 and TiO, are
found to be 2.83 and 3.31 eV, respectively.

3.6. Photocatalytic activities of the photocatalyst films

The photocatalytic activities of the obtained films were evalu-
ated by measuring the decolorization of MB under visible light irra-
diation (4>400nm). As a comparison, direct photolysis and
photocatalytic degradation of MB over pure TiO, were also carried
out under identical conditions. Unfortunately, MB degradation
activity over pure g-CsN4 film was not obtained due to the prob-
lems with film-peeling off. As seen from Fig. 8a, the blank test
without any catalyst shows the MB degradation of ~28% whereas
the pure TiO, film provides ~35% degradation within 3 h of irradi-
ation. The photocatalytic activity of g-C3N4/TiO,, however, is much
better than that of the pure TiO, sample, although at high g-C3N,4
concentration the activity decreases slightly, suggesting an opti-
mum g-C3N4 content of 50 wt%. The 50 wt% g-C3N4/TiO, film can
degrade MB by 68% which is almost twice higher than that of pure
TiO,. The improved photocatalytic activity observed from the g-
C3N4/TiO, films might be partially ascribed to the red-shift of the
light absorption range and the strong light absorption intensity
of the g-C3N,4/TiO, composites as evidenced from the UV—vis study
in Fig. 7b. Another possible reason responsible for the significant
enhancement of the photocatalytic performance can be attributed
to an improved charge separation efficiency of photogenerated
electron-hole pairs due to the suitably matching conduction and
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Fig. 8. (a) MB photolysis and photocatalytic degradation over pure TiO,, pure g-
C3Ny4 and g-C3Ny4/TiO, composite films and (b) cycling runs using 50 wt% g-C3N,/
TiO, film (the initial MB concentration of 10.0 mg/L).

valence band levels and the close interfacial connection between
TiO, and g-C3Ny4 in the composite material [17,21,22]. Note that
the decrease in BET specific surface area (SSA) with the increase
in g-C3N4 loading content is observed. The SSA of pure TiO, is
120 m?/g whereas that of pure g-C3N,4 is 6 m?/g. Upon increasing
the g-C3N4 loading to 20, 50 and 70 wt%, the surface area decreases
to 91, 49 and 31 m?/g, respectively. Therefore, the SSA is likely not
a main factor governing the observed photocatalytic activity. Since
the 50 wt% g-C3Ny4/TiO, composite provides the best performance,
this sample is selected for the following long-term stability exper-
iments which will be an advantage for practical applications. The
cyclic experiments (Fig. 8b) indicate only ~5% deactivation after
five cycles, suggesting good stability and recyclability of the g-
C3Ny4/TiO, composite film during MB photodegradation reaction.

A proposed mechanism for electron-hole separation and trans-
port at the g-C3N4/TiO, interfaces under visible light irradiation is
illustrated in Fig. 9. Based on the UV—vis results in Fig. 7b, the con-
duction band (CB) and valence band (VB) potentials of g-C3N, and
TiO, can be determined using [42]:

Egy =y — E°—1/2E, )

where y is the Sanderson electronegativity of the semiconductor (7
is 4.73 eV [26] and 5.81 eV [38] for g-C3N4 and TiO,, respectively),
EC is the scaling factor relating the hydrogen electrode scale
(NHE) to absolute vacuum scale (AVS) (~4.5 eV vs. AVS for OV vs.
NHE) [42] and E, is the band gap of g-CsN4 (2.83 eV) and TiO,
(3.31eV) obtained in this study. The calculated CB and VB
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Fig. 9. Proposed mechanism for the photoexcited electron-hole separation and transport processes at the g-C3N4/TiO, interface under visible light irradiation.

potentials of g-C3N,4 are —1.19 and 1.65 V, and of TiO, are —0.35 and
2.97 V, respectively. According to the obtained band gap energies,
only g-CsN4 can be activated under the visible light illumination,
resulting in the photogenerated electrons in the CB and holes in
the VB of g-C3N,; Because the CB edge potential of g-C3Ny4
(-1.19 V) is more negative than that of TiO, (—0.35 V), the electrons
in g-C3N4 can transfer easily to the CB of TiO, possibly via close
interfacial connections [17,22] as supported by the SEM and TEM
results, while the holes remain in the VB of g-C3Ny. This direct elec-
tron transfer from g-C3N4 to TiO, could reduce the probability of
electron-hole recombination [40], leading to efficient charge sepa-
ration and the improvement of photocatalytic activity as seen in
Fig. 8a.

Since the CB potential of TiO, (—0.35 V) is more negative than
the standard redox potential E°(0,/°0,,—0.33 V) [43], the elec-
trons accumulated in the CB of TiO, can be transferred to adsorbed
oxygen molecules yielding ‘O, which then further react to finally
produce active ‘OH radical as follows [29]:

e +0, -0, 3)
‘0, +H" — "HO, (4)
e” +'HO, + H" — H,0, (5)
e~ +H,0, — ‘OH + OH~ (6)

Consequently, the generated -O; and ‘OH acting as effective oxi-
dants will react with the MB molecules, producing CO, and H,0 as
final products. However, since the standard redox potential E°
("OH/OH™, 1.99 V) [43] is more positive than the VB position of g-
C3Ny4 (1.65 V), the photoinduced holes in the VB of g-C3N,4 cannot
oxidize OH™ or H,O to form "OH. This suggests that the photogen-
erated hole is not a main effective species for the MB degradation
in this study. Based on the above observations and discussion, the
possible MB degradation mechanism is ascribed mainly to the gen-
eration of active species induced by the photogenerated electrons.
More detailed studies to fully understand the mechanism are pres-
ently being conducted.

4. Conclusions

The g-C3Ny4/TiO, composite films with different g-C3N4 weight
percentages have successfully been prepared by direct heating of
melamine in the presence of preformed TiO, nanoparticles. The
improved MB degradation activity under visible light irradiation

was observed from all g-C3N4/TiO, photocatalyst films with the
50 wt% g-C3N4/TiO, showing the best photocatalytic activity. Signif-
icantly, the photocatalytic performance of 50 wt% g-C3N4/TiO, in-
creased almost twice in comparison with pure TiO,. Such an
enhanced photocatalysis is ascribed to the strong light absorption
intensity, the red-shift of light absorption range of the g-C3N4/TiO,
composites and possibly the improved electron-hole separation
efficiency originated from the suitably matching conduction
and valence band potentials between g-CsN4 and TiO,. Cyclic
experiments also indicate the reusability and high stability of the
obtained films. Based on the results obtained in this study, the
possible photocatalytic mechanism of g-C3N,4/TiO, heterojunction
catalyst under visible light irradiation is proposed.
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