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Physico-chemical Prop erties of Nb/Ti Bi nary Ox ides and their
Photo-catalyticActivities

Shi-Jane Tsal ( & ) and Soofin Cheng* ( &F#12%)
Depart ment of Chemistry, National Tai wanUni ver sity, Tai pei, Tai wan 106, R.O.C.

A seriesof bi nary Nb/Ti ox ideswas pre pared by co-precipitation. Their struc ture and physico-chemical
proper tiesinterm of sur facearea, sur faceacidity, bandgap energy andlifetimeof therad i ation-excitedelec
tron-hole pair were examined. These proper tieswerecor related totheir cat alyticactivities in photo-
degradation of ox y genated or ganicpol lut antsinwater. Theor ganic pol lutantsunder investi gationwerephe
nol, cyclohexanol and tetrahydrofuran (THF). The lab-made ti ta nium ox ide and those doped with asmall
amount of Nb (mo lar ratio of Nb/(Nb+Ti) lessthan 20%) showed higher activi tiesindeg radat ion of the or-
ganicpol lutants. How ever, theminer al izationef fi cienciesweredif fer entfor thethreeox y genated or ganic
pol lutants. Nearly completeminer al izationtoform CO, could be achieved in the deg radation of phenol. For
cyclohexanol, only ca. 50% selectiv ity of CO, wasobtained over all thecat alysts. Simi lar low ef fi ciency in
completemineral izationwasob servedinthedegradationof THF, but higher selectivity (ca. 65-75%) of CO,
couldbeobtained onthebi nary oxidewith Nb contentlessthan4 molar %. Incontrast, thebi nary Nb/Ti oxide
withequal Nband Ti molar content gavethepoor est cat alyticactivity. Thephotocatal yticactivityisgenerally
cor relatedwell tothelifetimeof theradi ation-excited electron-holepairs. Thecontri butionof surfaceacidity
tothephotocatalyticactivity wasonly demonstrated ontheniobia-dominant ox idecat alyststoward THF. The
photocatal yticactivity wasfoundtohavenocor relationwiththecrystal linestructure, the bandgap en ergy, the

sur faceareaor thesur facehydroxyl density.

INTRODUCTION

Re search in the photo-degradation of the harm ful or-
ganicpol lutantsinwastewater by semi conductor materi als
hasbeen grow ing steadily over thelast decade.! Ti tanium ox-
ideisan n-type semi conductor and atypi cal photocatalyst.
Theadvantageof uti li zation of ti taniumoxideindecomposi-
tionof or ganicpol lut antsincludesitslow cost, radi ationsta-
bil ity, and no need of using strong ox i dizing agents, such as
0;0rH,0,.2

Many factorswereconsid ered toin flu encethe photo-
catalyticactiv ity of TiO,, suchasthecrystal linestructure,
par ti clesize, bandgapenergy, acidity and density of hydroxyl
groupsonthecat alyst sur faces. How ever, theef fect of these
factorsisstill controver sial. Forinstance, anataseiscom-
monly found more active than rutile in photocatalysis.*®
Nev ertheless, sev eral studiesshowedthattheactivity was
moreinfluenced by theprep arationmethod of thecat alyst.*”
Sur faceacidity isanotherim por tantfactor commonly dis
cussed. Studieson the acid ity of el ther anatase or rutile by
pyridinead sorption havedem on strated that the sur faceacic-
ity ismainly of the Lewis type.*** Thecommer cial Degussa

P-25 TiO,, which has been the most frequently studied
photocatalyst, con tains 70% anatase and 30% rutile. The cat-
alyticactivity of DegussaP-25TiO; in the photodegradation
of 1,4-dichlorobenzenewasre ported toim prove by im preg-
nat ing asuit able amount of MoQ;, WO, or Nb,Os.2 In
thesecases, sur faceacidity waspro posed to betheim por tant
factor af fectingtheef fi ciency of thecat alysts. Bi nary oxides
pre pared by mix ing other metal ionsinto TiO, through the
co-precipitation method are more com monly stud ied. The ef-
fect of the sec ond metal spe cieson photocatalyticactivities
of thebi nary ox ideshow everisquitevar ied. Moreen hanced
photocatalyticactivitiesindegradationof or ganicpol lutants
than on pure TiO, werere ported on TiO, doped with a small

amount of tran si tion metal or lanthanideions,***® but lower
activitieswereobservedon Cr(l11) and Ce(1V) doped TiO,.' "'
Mixedmetal ox idesof tengener ateaddi tional acidsites, espe
cially Bronsted acid type. In sev eral of these stud ies, the sur-
face acidity was thought to contribute surface hydroxyl

groups, which play animpor tant rolein stabi lizing holesgen
eratedbyil lumi nationandoxi dizingadsorbedmol ecules®’
Onthe other hand, im proved photocatalytic activ i tiesin de-
com posi tion of or ganic specieswerereported on TiO2/Si O,
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and TiO/Al,03'*% and TiO/molecularsieves.?* Thesecond
metal oxidewasconsideredtofacil i tatethead sorptionof the
or ganic sub stratesand makethem more easily ap proach the
activeTiO, sites.

Ni obiumoxideandni obiumcompoundsareinter esting
fortheiractivitiesincatal y sis. Hy drated ni obiumoxidewas
reportedto havestrong acidity and ex hibithighactivityin
acid-catalyzedreactions.? Niobia, when used as a sup port,
wasreportedtopromotereactivity of plati numcat alysts. %
Theef fectswereasso ci ated withthestrong metal-supportin-
ter action, whichwasthephenomenonfirstobservedonnoble
met al ssup ported on TiO,.° Besides, lay ered nio batesdem-
onstrated highactivi tiesinphoto-decomposition of water and
alcohols.**#®How ever, thephotocatalyticactivity of ni obium
oxideindegradationof organicpol lutantshasreceivedlittle
attention. Inthisstudy, aseriesof bi nary Nb/Ti ox ideswas
prepared. Their activ i tiesin the photo-degradation of ox y-
gen ated or ganic com poundswere com pared in or der to un-
der stand thefactorswhich af fect thephotocatalyticactivity.

EXPERIMENTALMETHODS

Catalyst Preparation

Reagent gradechemi calswereused aspur chased with
outfurther purifi cation. NbOCI3solution waspre pared by
dissolvingNbCls (Janssen) in con cen trated HCI (Janssen),
fol lowedby di lutiontomake0.1M solution. TiOCl ,solution
wasprepared by mix ing anequal weight of TiCls (Merck) and
1.0M HCl solution. Thebi nary ox idesof dif fer ent Nb/Ti mo-
lar ratioswere pre pared by refluxing the stoichiometric mix-
ture of TiOCl, and NbOCIssolutionsfor 3h. Theresul tant
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sol idswerefil tered, washed with dou bly deionized water un
til freeof Cl-ions, andfol lowedby dry ing at ambi ent tem per
ature. Thecat alystswerenamedasNTs, where“s’ represents
Nb/(Nb+Ti) molarratioinper cent age.

Char acterizationTechniques

BET sur faceareawasdeter mined by physi cal ad sorp
tion of N at liquid N>temper atureinavol umetricsystem.
Thepow der XRD pat ternswereex amined with aScintag X 1
diffractometer using CuK tiradi ation. TheFT-Ramanspectra
wererecordedusingaBOMEM MB155 I|R/Raman spectrom:
eter withaNd-YAG laser (1064 nm) source. Dif fusereflect
anceUV-Visspectraof pow der sam pleswereobtainedwitha
Shimadzu UV -2101PC spectrometer. Thebandgapener gies
of thecat alystswere deter mined based ontheab sorption
threshold of their UV-Visspectra. Thelifetimeof radi ation-
excited electron-holepairswasmoni tored by examiningthe
luminescence life time of the solid cat alysts with atime-
resolved spec trom eter, in which 355 nmlight source gen er-
ated fromaNd-Y AG laser was used and de tec tion was set at
450 nm. The sur face hydroxyl groups of pow der sam ples
wereex aminedusingaBOMEM MB155 IR spectrom eter
equipped with aHarrick dif fuse reflectance cell. Theacid ity
of thecat alystswasdeter mined by tem per ature programmed-
desorption (TPD) of NH;usingaDu Pont 951 TGA system.

PhaotocatalyticActivities

A Rayoney photochemi cal chamber reactor of model
no. PRP-100 was used for photocatalysis study. Detailed
setup of theap paratuswasdescribed previ ously.” The cat a
lystin pow der form based on the same metal equiv alence as
0.01gTiO, (amount listedin Table 1), was suspendedina50

Table 1. Phase Composition, Surface Area and the Weight Used in Photocatd ys sof Nb/Ti

Binary Oxides
Caayst  Nb/(Nb+Ti) SA. Phase composition® (%) Catd . wt®
(%) (nfg™) Anatase Rutile )
LR 0 141 0 100 0.0100
NTO1 1 81 9 91 0.0100
NT04 4 105 20 80 0.0103
NTO7 7 190 58 42 0.0105
NT11 11 190 64 36 0.0110
NT19 19 149 77 23 0.0113
NT50 50 228 88 12 0.0133
NT95 95 301 - - 0.0163
NT100 100 300 - - 0.0166

Determined by XRD patterns
® The same meta equiva ence as 0.01 g TiO,.
¢ Amorphous phase.
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mL agueoussolutionof 1.25mM ox y gen ated or ganic cont
pound. Theor ganicsubstratesunderinvesti gationincluded
phenol, cyclohexanol and tetrahydrofuran. G, gas of 10
mL/minwas bub bled through asox i dant, and 300 nm UV ra-
di ation wasthelight source. The out let gases were di rected
throughatwo-stagebubblingtrapcontaining sat urated Ba(OH) .
so lution, and the CO, yield was deter mined based on the
weight of BaCOsprecipi tated. Gasprod uctswereanalyzed
off-linedur ing thereaction course. Theliquid prod uctsre-
tainedinaqueoussolutionaf ter 6 hradi ationwereseparated
withaHewlett Packard 5890 GC using aRtx-5capil lary col-
umn of 60 mlength and detected by aFID detector.

RESULTS

Structure characterization

Thecrystal linestructureof theNb/Ti bi nary ox ideswas
identi fied by x-ray dif fraction (Fig. 1). Rutilewasthecrystal-
line phase ob served on pureti tanium ox ide, and the sam ple
wastermed LR (an ab brevi ationfor lab-maderutile). AsNb
of aslow as 1% wasdoped into the ox ide, some anatase phase
ap peared. Based onthe arearatio of thepeak at 28 = 25.3" for
anatasetothat at 27.4° for rutile, thecomposi tion of thecrys
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Fig. 1. XRD pat terns of as-prepared Nb/Ti bi nary ox-
ides, (@) LR, (b) NT01, (c) NTO04, (d)NTOQ7, (e)
NT11, (f) NT19, (g) NT50, (h) NT95 and (i)
NT2100; where A: anatase and R: rutile.
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tal linephasesinthebi nary oxideswasdeter minedandthere
sultsaretab ulated in Table 1. The amount of the anatase
phasein creased with the Nb con tent. When ni o bium ox ide
becamedomi nant, suchasNb/(Nb+Ti) molar ratioz= 95%,
thesol idsturnedto amor phous.

The Raman spec traof the sam pleswith low Nb con tent
showed two peaks at 603 and 437 cm™ (Fig. 2), which arethe
char acteristic Ti-Ovi brational peaksof rutile.” These two
peaks shift to ward 616 and 434 cm™, respectively, asNbwas
added into the ox ide. When the Nb content isin creased to
Nb/(Nb+Ti) = 11%, two ad di tional peaksap pear at 514 and
280 cm™. The 280 cm™ peak grows with thein crease of Nb
con tent, while the 514 cm™* peak dis ap pears. For the bi nary
ox ides of amor phous struc ture (NT95 and NT100), two very
broad peaks ap pear at 636 and 280 cm'*, whichcor respondto
thevi brational modesof NbOs octahedra and Nb-O-Nb link-
age, respectively.* Thethreechar acteristicvi brational peaks
of anatase TiO,, which should ap pear at 640, 515 and 395
cm*,® werenot ob served in the Raman spec traof the bi nary
oxides. Theseresultsinferthat theanatasestructureob served
in XRD pat ternsis not due to pure TiO, structure. Instead, it
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Fig. 2. Raman spectraof as-prepared Nb/Ti bi nary ox-
ides, (a) LR, (b) NTO1, (c) NT04, (d)NTO7, (e)
NT11, (f) NT19, (g) NT50, (h) NT95 and (i)
NT100.
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shouldbean ox ideof Nband Ti mixedinthemolecular level.
Rutile isthe dens est phase of TiO,andthermody nami cally
most stableincom par i sonto other phases. Thefor mation of
anatase phasein stead of rutilein Nb/Ti bi nary ox idesis at-
trib uted to the per tur bation of crystal growthwhen Nb(V)
ionsof rel atively larger sizeand with ex cessposi tivecharge
than Ti(IV) werein cor po rated into the ox ide struc ture. A
simi lar phe nom e non wasal so ob served onthe growth pro-
cess of nanosize rutile, where the crystalline phase was
greatly influenced by theaddi tionof NH,Cl as mineralizer *
Fig. 3 showsthat all sam pleshave ad sorptioninthe
O-H stretchingvi brationregion. Theas-prepared sam ples
show broad ab sorp tion bands cov er ing 2500-3750cm’™ re-
gion, dem on strat ing the presence of H-bonding among the
O-H groupsandthephysi cal-adsorbed water mol ecules. The
inten sity of the broad bandswas mark edly reduced and dis-
cretepeaksap pearedaf ter thesampleswereevacu ated at 400
=C. Lab-made TiO, hasthepeak maxi mumappearingat 3670
cm™, lab-made Nb,Os at 3686 cm™, and the bi nary ox ides
show acom bi nation of both peaksindif fer entintensity ra
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Fig. 3. Diffuse reflectance IR spectra in the O-H
stretching region of as-prepared and cal cined
Nb/Ti binary oxides, (a) LR, (b) NT11, (c)
NT50 and (d) NT100.
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tios.

Other physico-chemical properties

The physico-chemical prop er tiesof Nb/Ti bi nary ox
idesof var i ousNb con tentsin term of sur face area, sur face
acidity, bandgapenergy andlifetimeof theradi ation-excited
electron-hole pair are sum marizedin Fig. 4. The bi nary ox-
ides ex cept those with amor phous struc ture have simi lar
bandgap en er giesasthat of lab-maderutile TiO, (LR), while
the niobiadom i nant sam ples NT95 and NT2100 show an ap-
par ent blueshift rel ativetoei ther [ab-maderutile (3.04eV) or
commer cial Nb2Os (2.86 eV). Thesetwo amor phous ox ides
concomi tantly havethehighest BET sur faceareaand sur face
acidity. Sincethe higher the sur face area, the smaller the par-
ti clesizes, theblueshift of thebandgap ener giesislikely are-
sult of the particle size quantization effect.® Fig. 4 also
showsthat theacid amountsaresimi lar for the bi nary ox ides
of Nb con tents smaller than 50%, whilethe BET sur face area
generallyincreaseswithNbcontent. Bothval ueshow ever
reach the max i mum for niobia-dominant sam ples. On the
other hand, thelumi nescencelifetimehaslittlecorrelation
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Fig. 4. Physico-chemical propertiesof Nb/Ti bi nary
oxidesasafunctionof Nbcontent, (a) lumi nes-
cencelifetimeand bandgap (b) acid amount and
BET sur facearea.
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withtheNb content. Theinver sion of thelifetimeispro por-
tional totheelectron-holerecombi nationrate. Theresultsop-
posethepro posal that larger bandgap en ergy gener ally has
lower recombi nationrate.* Thelon gest lifetimeswere ob-
served on lab-made rutile TiO,, aswell asthe bi nary ox ides
containing 4 and 11% Nb, whilethe short est lifetimeswere
found on pure Nb,Os and NT50.

Photocatalytic activ itiesof TiO2 of different crystalline
phases

Theresultsof photo-decomposition of ox y gen ated or-
ganic sub stratesin aque ous so lutionsover lab-made-rutile
(LR) were com pared with those over com mer cial TiO, and
tabulatedin Table2. Al thoughthecommer cia anatase TiO,
showsthehighest conver sionsbased onthedisap pear anceof
theor ganicsub strates, itsef fi cienciesincompleteminer al-
izationto form CO,arerather low. Theminer a ization ef fi-
ciency was also found to vary with the or ganic sub strate. It
de creases from 55.4, 34.1 to 14.2% for phe nol, THF and
cyclohexanol, re spectively. On the other hand, the com mer-
cial rutile TiOz shows very low activitiesindegradation,
whichisconsistentwithmost of thelit er atureresults. Onthe
contrary, lab-maderutilegaverel atively high conver sions
andminer al izationeffi ciencies. Moreover, itismuchmore
ef fi cientthanthecommer cial anataseincompleteoxi dation
of the or ganic sub stratesto CO,. Theseresultsdemonstrate
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that thecrystal linephaseisnot akey factorindeter miningthe
catalyticactivity of photodegradation.

Inor der toex aminetheef fect of cat alyst sur facearea,
photo-degradation of phe nol was car ried out with lab-made
rutilecal cined at dif fer ent tem per aturesbut based onacat &
lyst amount of thesametotal sur facearea. Table 3 showsthat
boththeconver sionandtheminer al ization ef fi ciency de
creasewiththecal ci nationtem per atureof rutile. Theresults
ruleout that thecat alytic activ ity ispro por tional to the sur-
facearea. In stead, the num ber of sur face hydroxyl groupsis
probably moreimportant.

Photocatalytic activ itiesof the Nb/Ti bi nary ox ides

Fig. 5 showsthe photo-degradation rates of thethree or-
ganic sub stratesover the Nb/Ti bi nary ox idesof var i ousNb
contents. Thehighest conversionandminer al ization ef fi
ciency wereob served over thebi nary ox ideswith Nb con tent
lowerthan11%, whilethemini mumactivitieswereobserved
over the bi nary ox ideswith Nb/Ti mo lar ratio higher than 1.
Themaxi mumactivity howevervariedwithdifferentorganic
sub strates. Based onthedisap pear anceof or ganicreactant,
thehighestactivitiesfor thethreesub stratesare: |ab-made
rutilefor phenol, NTO7 for cyclohexanol, and NTO1 for THF.
Ontheother hand, thehighestminer al izationef fi cienciesare:
NT11 for phenol, lab-made rutile for cyclohexanol, and
NTOL for THF.

Table 2. Photodegradati on of the Oxygenated Organic Substratesover Various TiO,

Catalyss

Catalyst Organic subgrate Conv. (%) CO, Yidd (%) Miner. Eff.% (%)
Anatase Phenol 100 55.4 55.4
(Commer.) Cyclohexanol 98.6 14.0 14.2

THF 70.0 239 34.1
Rutile Phenol 56.5 20.5 36.3
(Commer.) Cyclohexanol 40.0 24 6.0

THF 37.3 13.1 35.1
LR Phenol 87.9 75.4 85.8
(Lab-made Cyclohexanol 727 384 52.8
rutile) THF 734 55.0 74.9

&Miner. Eff. = mineralizati on efficiency.

Table 3. Photodegradation of 1.25 mM Phenol over L ab-made Rutile Ti O, Based on the

Same Surface Area
Cdc. Temp. SA. Cata. Wt. Conv. CO,Yidd Miner. Eff.
(°C) (m’/g) (9) (%) (%) (%)
25 141 0.0100 879 75.4 85.8
400 74 0.0191 83.6 63.0 75.4
700 23 0.0613 63.3 422 66.7
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DISCUSSION

Ef fect of theor ganic sub strates

Theinter action of theor ganic sub strateswith the sur-
facegener ated-OH radi calswasconsid eredtobethepri mary
step of thephoto-degradationin aqueoussolutions.>* Phenol
isthe most el ectrophilic among the three or ganic sub strates.
Over TiO, cat alystsof dif fer ent crystal line phases, the con-
ver sions of phe nol in photo-degradation are al ways higher
than those of THF and cyclohexanol. How ever, that changed
onthebi nary ox ides. For thebi nary ox idesof low Nbcontent,
phenol isnolonger theoneachievingthehighestconversion.
Over sev eral cat alysts, the con ver sionsof cyclohexanol are
over that of phenol. Thedi elec tric con stants of thesethree
compoundsdecreaseintheor der of cyclohexanol (z = 16.4) >
phenol (= =12.4) > THF (z = 7.5). Since there are hydroxyl
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Fig. 5. Activ itiesof photo-degradation of phenol,
cyclohexanol, and THF over Nb/Ti binary
ox idesof vari ousNbcontents: (O) conver-
sion, () COzyield, and ( m) mineralizationef-
ficiency.
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groupsonthecat alyst sur face, thehigh af finity of cyclo hex
anol tothecat alyst sur facemay ac count for the high con ver-
sion of cyclohexanol.

For niobiadom i nant ox ides, THF has higher con ver
sionsthan the other two or ganic sub strates. Therefore, there
must befac torsother than el ectrophilicity and di electric con
stant of the or ganic sub strateswhich in flu ence the photo-
degradationactivity.Besides, themineral izationefficiencies
of phe nol are very high over the bi nary ox ideswith Nb con
tent lessthan 11%. Theef fi ciency decreasesastheNb content
increases. Itisalso noticedthat over thebi nary ox idesof low
Nbcontentstheminer al izationef fi cienciesof cyclohexanol
arethelow est amongtheor ganic sub strates. Therefore, cyclo-
hexanol shouldgener atestableinter medi ateswhicharevol &
tileor dif fi cult to de com pose, such ascyclohexanone.

Factors on the catalysts affecting the photocatalytic
activity

The Nb/Ti binary oxides of low Nb contents show
higher photocatalytic activ i tiesthan those of niobiadom
nance. Themini mumactivitieswereobservedover cat alyst
NT50 containing equal equiv alen ciesof Nband Ti. Lab-
madeTiO,, which hasrutilestruc ture, isamong the ox ides of
highestactivities, whileNT50, which contains88% anatase
and 12%rutilephase, haslow est activity. Theresultsarecon
trary to those ob served onthe com mer cial anataseand rutile
TiO.. It dem on stratesthat the crystal line phase of the semi-
conductor playslittleroleonphotocatayticactivity. Instead,
theprep arationmethodismoreim por tantinobtainingthe
cat alystsof high photoactivity.

Ef fect of sur face hydroxyl groups

Sclafani et al.® attributed the high photoactivity of
lab-made TiO; to sur face hydroxyl groups, which were con-
sid ered to trap the holesin the valence band and en hancethe
chemisorption of ox y genmol eculesintheconductionband.
Inthepresent system, FT-IR study showsno sig nif i cant dif-
fer encesintheamount of sur face hydroxyl groupsamong the
Nb/Ti bi nary ox idesof dif fer ent Nb contents. Therefore, sur-
facehydroxyl groupsareprob ably not the key fac tor re spon
si blefor thedif fer encesin photocatalyticactiv i tiesof thebi-
nary ox ides.

Ef fect of bandgap, sur face area and hot-electron lifetime

Incom par i sontothe physico-chemical prop er tiesof
the bi nary ox idesshownin Fig. 4, the photocatal ytic ac tiv i-
ties were found in rather good agreement with the hot-
electronlifetime. Mark edly, theminimaontheactiv ity pro
filesare con sistent with those of lu mi nescencelifetime. All
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cor respondto cat alyst NT50, the bi nary ox idewith equal

equiv alenciesof Nband Ti. Thephotocatal yticactivity onthe
other hand haslit tleto dowith the bandgap en ergy, sinceboth
bi nary ox idesof thehighest andlow est photocatalyticactiv i-

tieshavesimi lar bandgap en er gies. Besides, the photo cata:

Iyticactiv ity doesnot in crease with the sur face areaor the
acid amount. How ever, that pure Nb,Osismoreactivein deg-

radationof all threeor ganicsub stratesthanNT95iscontrary

tothevari ation of thelumi nescencelifetime. Hence, there
must befactorsother thanthehot-electronlifetimethat af fect
thephotocatalytic activ ity. Since both niobiadomi nant sam-

pleshavesimilar surfacear easbut NT 100 hasgreater surface
acidity thanNT95, sur faceacidity should contrib uteto some
ex tenttothe photocatal ytic per for mance.

Ef fect of structural defects

Another factor beenbroughttoconsider ationrecently
isthestructural defects. Sclafani and Herrmann® reported
that the struc tural defects on the sur face could photoadsorb
oxy genandform O~ and O% species. Inagueoussolutions,
thesespeciesarecon sid ered toreact with sur facead sorbed
water molecules to generate -OH radicals. Based on the
bandwidthsat half-maximum of thex-ray dif fraction peaksin
Fig. 1,theNT50 sam ple, which givesthelow est cat alytic ac-
tivities, concomi tantly hasthehighest crystallinity among
thebi nary ox ides. Ontheother hand, thebi nary ox idesof low
Nb contentshavebroad dif fraction peaks, indi catingrel &
tively low crystallinity, while the niobiadom i nant ox ides
have amorphous structure. Ac cordingtothepro posal by
Sclafani and Herrmann,® thestructural defectsin creasethe
oxy gen-exchangeabil ity of TiO,. Thead sorbed ox y genre-
actswiththehot electronstoform O” and O speciesand that
fur ther convertsto-OH radi cals. Inthe present study, the
structural defectsareconsideredimportantininfluencingthe
lifetime of the hot electronsand con se quently the photo-
catalyticactivity.

Ef fect of acid ity

Theim por tance of acidity on photocatalyticactivityis
dem on strated by thetrend of the deg radation rates of the
three or ganic sub strates. The en hance ment of photoactivity
by sur faceacidity wasmost obvi ousover theniobiadomi nant
sam plesNT95and NT100, which havegreat est sur faceacid-
ity among thebi nary ox ides. Incom par i son of theactiv ity
profiles of thethree or ganic sub strates shownin Fig. 5, the
ex tent of enhancement decreasesintheor der of THF> cyclo-
hexanol > phenol. Sur faceacidity isreportedtoim provethe
photo-catalyticactivity byfacili tatingtheadsorptionof basic
substratestothecat alyst surface. 2 Theinter action should be
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weak for phenol sinceitisit self an acidic com pound. Be
sides, acidisusually considered acat alystinbreak ingbonds
of ethers. Hence, the en hance ment of the photo-degradation
activity by acidity ismost ob vi ousfor THF and | east for phe-
nol.

Moreover, both niobia-dominant cat alystswerefound
togiveseri ouscok ingduringthephotodegradationreactions.
Hence, theacidity prob ably al so stabi lizes coke prod ucts
formed onthesur face. Thecov er ageof cat alyst sur facewith
dark cokewould reducethequantumyield and lower themin
eral izationeffi ciency. Asaresult,themineral izationefficien
ciesover the niobia-dominant ox idesare gen er ally lower
thanthoseover theti tania-dominant ox ides.

CONCLUSIONS

We demonstrated that the crystalline structures of
lab-madeNb/Ti bi nary ox idesvary withtheni obiumcontent,
fromrutile, amix ture of rutile and anatase, to amor phous
com pounds. Thebandgap en er giesof thebi nary ox idesre
main con stant for Nb content up to 50 mo lar %. Par ti clesize
quantization ef fect wasdem on strated on thevari ation of the
bandgap en ergy. Thebandgap en er giesarelow est but the sur
face ar eas and acid amount are great est for niobia-dominant
ox ides. How ever, the photocatalytic activ ity wasfoundto
havelit tleto dowiththecrystal linestruc ture, the bandgap,
the sur face areaand sur face hydroxyl den sity. The high est
conversionandmineral izationef fi ciency inphotodegrada
tion of thethreeox y genated or ganic sub strateswereob served
over lab-maderutile and the bi nary ox ideswith Nb/(Nb+Ti)
molar ratiolessthan 11%. Thephotocatal yticactiv i tiesof the
bi nary ox idesasafunction of Nb contentindeg radation of
thethreeoxy genated or ganicsubstratesunderinvesti gation
variedinsimilar pat terns. Theminimawere ob served over
thebi nary ox idewith 1: 1 Nb/Ti molar ratio. Themax i mum
activitieshow ever vary withdif fer ent or ganic sub strates:
lab- maderutilefor phenol, NTO7 for cyclohexanol, and NTO1
for THF. Thestructural defectsontheox idesareconsidered
moreim por tant than other factorsinstabi lizingthelifetime
of thehot electronsand in creasing the photocatalytic activ i-
ties. Besides, sur faceacid ity may also en hancethedegrada
tion of the or ganic sub strates. For the three ox y gen ated or
ganicsubstratesunder investi gation, phenol ismost easily
degraded over TiO, cat alysts. Astheinfluenceof acidity in
creases over niobia-dominant ox ide, THF has higher con ver-
sionthan cyclohexanol and phenol. How ever, alargenum ber
of acidic sitesonthecat alyst sur face also re ducesthemin er-
alizationeffi ciency duetoseri ouscokingonthesurface.
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