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Dye-sensitizedolarcellsdiffer from corventionalsemiconductodevicesin thatthey sep-
aratethe function of light absorptionfrom chage-carriertransport.The device is based
on a 104m-thick optically transparenfilm of titanium dioxide (TiO;) particlesof a few
nanometerm size,coatedwith amonolayeiof chage-transfedyeto sensitizethefilm for
light hanesting.In the presentauthors’review, the principalrole of the TiO, photoanode
is emphasizedby a detailedpresentatiorof its characterizatioty differentexperimental
methodswhile the photoelectricesponsesf the cells,a work which is still in progress,
areindicatedin thereferencegited. Hydrolysisof Ti(IV)-isopropoxidein isopropanoby
theadditionof wateris a suitablechemicalreactionfor the productionof hanosized'iO.
The propertiesof nanosizedliO, canbe modifiedby the hydrolysiscatalyst,pH of the
solution,temperaturepresencef compleing ligand andthe colloidal stateof TiO, pre-
cursor In the presentvork, the microstructurapropertieof nanosizediO, werestudied
by HREM, ED, XRD, SAXS and Ramanspectroscopp HREM was usedto determine
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bothgrainandporesizes.ElectrondiffractionandX-ray diffraction provided evidenceof

nanocrystallineanataseandbrookite phasesThe grain sizesof the anataseand brookite
phaseghangedrom (5+ 1) to (124 3) nmwith anincreasef thetreatingtemperatureip

to 773K, asshovn by XRD. An methodof determiningnanosizediO, grainsizebased
onlow-frequeny Ramarscatteringjs presented.

1. Introduction

Titanium dioxide particlesof very small dimensionshave importantapplicationsin
photovoltaic devices.For example, TiO, thin films, obtainedby chemicalvapourdeposi-
tion (CVD) [1] or spraytechnique[2], have beenutilized asintercalationelectrodegor
Ag/Agl/ TiO,, SnG rechageableand photosensitie galvanic cells [2]. The Ag* ion
diffusionin TiO, andthusthe kinetics of the electrochemicaintercalationreactionare
greatlyinfluencedby the propertiesof the oxide electrode.In orderto achieve a better
understandingf the role of TiO, in thesecells, variouscharacterizationsf TiO; thin
films wereperformedusing X-ray diffraction, Ramanspectroscop thermallystimulated
currentgTSC),photoresistanceavelengthdependenca the rangefrom 250to 350nm,
FT-IR spectroscop X-ray photoelectrorspectroscop (XPS)andUV-Vis absorptio3—
9.

In the lasttwenty years,a considerablescientificand engineeringeffort hasbeenfo-
cusedon the developmentof photovoltaic solar cells [10]. Excellentresultshave been
achievedin thedevelopmenof differenttypes.Althoughthesesolarcellsweretechnically
very satishctory they were not competitve againstthe price of electricity generatedn
standarcklectricalpower plants.

In 1991,Gratzelandhis researclgroupmadea breakthroughn preparingan efficient
dye-sensitizedell utilizing arelatively non-pureraw materialandaninexpensve prepa-
ration procedurg11]. Enegy corversionefficienciesfrom 7 to 12% were achieved. All
previous attemptsto producea stableelectrochemicatell from semiconductorsvith an
adequateenegy gapfor solarlight absorptionhadfailed becausef the photocorrosion
effect. Photo-generaterthinor chage-carriersat the semiconductoelectrolyteboundary
actasoxidantsanddestrg the photoanodeThe new type of solarcell mimicsthe natural
proces®f photosynthesigndit is evenmoreefficientin enegy cornversionthanthetradi-
tional solarcells.lIt differsfrom the corventionalsemiconductodevice in thatit separates
thefunctionof light absorptiorfrom thatof chage-carrietransportFor us,it wasa great
satishctionto learnthat TiO, semiconductoelectrodesvereusedin thesesolarcells, as
we usedthe samematerialin the photosensitie galvaniccells[2,3]. In our cell, the appli-
cationof the Agl-TiO, systemproduced shift of the absorptiormaximumto the visible
region of the solar spectrum.This shift was not significantasin the caseof dye-coated
TiO2 thin films [11], but theideaof moving the absorptioredgeof TiO, (anatasewith a
bandgapof 3.2 eV) to thevisible region, in orderto obtainefficient solarcells or photo-
batterieswas essentiallythe same.In the work by O’Reganand Gratzel[11], TiO» thin
films werepreparedusingsol-gelprocedureThe high surfaceareaof TiO, semiconduc-
tor electrodesvas sensitizedwith differentRu(bpy)-complexes. Light-to-electricenegy
corversionefficienciesof 10%in simulatedsolarlight (AM 1.5)[11]and12%in diffuse
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daylight[12] werereported Thelongtime stability of theabore-mentionedolarcellswas
reported sustainingat least10’ turnovers,the longestreportedcontinuousexposuretime
being10 months.

In orderto improve the propertiesof the Gratzel cell, scientistsand engineershave
focusedheirresearctanddevelopmenbnthe componentsf this solarcell, suchasTiO»,
electrolytesolutionanddye.We alsoinvestigated3-9,13] TiO, from differentstandpoints
usingvarioustechniguessuchasX-ray diffraction,electrondiffraction, TEM, HREM and
DTA.

In the presenteview, we shall presentanddiscussselectedesultsof the microstruc-
tural characterizatioof nanosizediO,, asobtainedn our previousinvestigationsTiO;
was preparedusing sol-gel procedure.The optimization of sol-gel procedurefor TiO2
preparationwasalsoinvestigatedThe aim of this researctwasto obtainnanosizedliO,
with improved propertieswhich could be usefulfor its applicationasphotoanodén dye-
sensitizedsolarcells,aswell asin electrochromialevices.

2. Experimental

Chemicalssuppliedby Aldrich andMerck wereused Waterwasdoublydistilled. The
precipitationof TiO, precursowasperformedby hydrolysisof Ti(IV)-isopropoxidein a
speciallydesignedjlassapparatusThe experimentaproceduresf the preparatiorof the
samplesaredescribedn previouspublicationgd14-18].

TheTiO; samplesvereexaminedby transmissiorlectrormicroscopy (TEM), includ-
ing bright-field (BF) and dark-field (DF) microscoyp, electrondiffraction (ED) andhigh
resolutionelectronmicroscoly (HREM). TEM andHREM investigationsvereperformed
with the JEOL JEM 2010200 keV electronmicroscopehaving Cs = 0.5 mm and point
resolutionof 0.19nm.

X-ray powder diffraction measurementsere performedat roomtemperaturaisinga
Philipscounterdiffractomete(MPD 1880)with monochromatize@€uKa radiation.

SmallangleX-ray scattering(SAXS) is a powerful experimentaltechniquein deter
mining the grain or poreshapeandsizein therangefrom 1 to 100nm. A drawbackin its
applicationon thin films is the presencef a substratevhich usuallysubstantiallyeduces
theprimarybeamintensity SAXS measurementsereperformedusinga standardratky
camera.

Ramanspectrawere recordedusing a Dilor Z-24 Ramanspectrometein the back
scatteringconfigurationusing50 mW of focuseds14.5nm argonlaserexcitation.
3. Resultsanddiscussion

3.1. Geneal view of nanosizediO» obtainedby sol-gel procedue

Thehydrolysisof Ti(IV)-isopropoxidewith waterin isopropanolcanbe describedy
thefollowing equation
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Ti(OCsH7)4 + XH20— Ti(OH)x(OCsH7) 4—x + XC3H7OH 1)

If thereis an excessof water the hydroxidephase which may alsoincludethe Ti(1V)-
hydroxy polymers,is completelyprecipitated.The Ti(OH)4 aggreyatescan be peptized
into stablecolloids by acidificationof the suspensiorwith HCI or HNOs. Adsorption
of H* ions onto the surfaceof Ti(OH)4 aggrejatesgivesthe positive chageto colloidal
particles sotheseparticlesexistin a stabilizedstate The proces®f adsorptiorof HY ions
ontothe surfaceof Ti(OH)4 aggreyatescanbewrittenas

NTI(OH)4+ yHtA~ —[Ti(OH)4ln x y H + YA~ @)

Peptizatioris atemperaturelependenprocessThe phasecompositionof the productsof
agingof the TiO, precursoiin aqueousnediumdepend®n the colloidal state(polymer;
sol, gel, precipitate)and otherfactors. Additional stabilizationof TiO» colloids canbe
achieved by the additionof polymers,for exampleHPC (hydroxyprogyl cellulose),PEG
(polyethyleneglycol), etc. Thesepolymersalso preventsinteringof particlesduring the
calcinationof the TiO, precursor Before reviewing our results,we shall first focus our
attentionon selectedachievementf otherresearcherm thefield of TiO, synthesigrom
Ti(IV)-alk oxide.

PapoutsiandLianos[19,20]usedwaterin-oil (W/O) microemulsiongo produceTiO,
gel suitablefor thin film preparationTi(IV)-isopropoxidewasthe startingmaterialin the
synthesiof TiO; gel. Courtecuissetal. [21] alsousedTi(IV)-isopropoxydéen thesynthe-
sisof fine TiO, powders;however, the synthesisvasperformedn supercriticaisopropyl
alcohol. TiO2 photocatalystgaerogelswere prepared22] using hydrolysisof Ti(IV)-
isopropoxideand supercriticalpoint drying. The porosity of theseaerogelaneasuredy
BET was85% andthe surfaceareawas 600 m?/g. Theseaerogelshave a bulk densityof
0.5g/cn?. X-ray diffractionshovedtheexistenceof anatas@hasewith a crystallitesizeof
5 nm. NishideandMizukami[23] investigatedormationof TiO, by hydrolysisof Ti(IV)-
isopropoxiddn the presencef variouscompleing ligands.The presencef compleing
ligandsinfluencedthe sizeof TiO» particlescrystalphasesandrefractive indicesof TiO»
films on glasssubstratesNagpalet al. [24] preparedTiO; thin films on quartzor sili-
consubstratesisingTiO» colloid dispersiorstabilizedwith HPCpolymer The TiO2/HPC
compositefilms weretransparenin the visible region andcompletelyblocked UV radia-
tion at 300nm. Transparentiims of amorphoudiO, weremadeby burningoutthe HPC
at500 C.

The mechanisnof polycondensatiowf Ti(IV)-isopropoxidewith orthoboricacidin
pyridineat60° C hasbeenstudied25] by 'H and'3C nucleamagnetiadesonancéNMR).
Thedegreeof polymerizationandthe natureof the hydrolytic specieformedin thereac-
tion weredeterminedby the boric acid/alloxide ratio. Transferof the alkyl groupsfrom
alkoxide to boric acid is monitored spectroscopicallyLopez et al. [26] characterized
TiO,, preparedy sol-gelprocedurepsingFT-IR andUV-Vis (diffusereflectance}pec-
troscopiesCorrelationsverefoundbetweertheformationof TiO, polymorph(anataser
rutile) andcatalystof hydrolysisreaction pH andcalcinationtemperature.

The poroustexture of TiO, gel producedfrom Ti(IV)-isopropoxidewas investigated
[27] usingsmallangleX-ray scattering(SAXS) andthermoporometryin decanea pore
radiusof 2 to 2.8 nmwasmeasuredwhile the hydrolysisof residualorganicgroupsin the
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gel,with prolongedagingin water gave anew poreradiuscloseto 4 nm.Kallalaetal. [28]

investigatedhe structuref the oxopolymersy SAXS. It wasproposedhatthe growth

of oxopolymersccurrthrougha two-stagegrowth processn which afew largepolymers
grow first andthendensifythroughthe captureof residualmonomers Kamiyamaet al.

[29] investigatedhe gelationprocessof Ti(IV)-isopropoxidesolutionsas a function of

the reactiontime, also using SAXS. By slowly addingwater, solutionthe solutionwas
kepttransparenthroughoutthe gelation. A fractal structureof the size of about12 nm

wasobsened. Whenthe waterwasrapidly added the solutionbecameopaquebeforethe
gelationpoint. In this casethefractalstructureof about2.5nmin sizewasmeasured.

3.2. Physicalcharacterizationf nanosizediO»
3.2.1. High resolutionelectron microscopyand electron diffraction

Theresultsobtainedwith two samplesS1andS2,aregivenin Tablel. TheHREM image
andthecorrespondingeD patternof sampleS2 stabilizedwith HPCand

TABLE 1. Grainsizedeterminedy HREM, XRD, SAXS andRamanspectroscop Leg-
end: A=anataseB=brookite, R=rutile, d=dominaniphase NM=not measurabldecause
of sharpdiffractionlines.

Heat Phase Grainsize(nm)
Sample| treatment| compositionby

(K) XRD & ED HREM XRD | SAXS | Raman
S1 A(d)+B 6+1 7.0
S1 423 A(d)+B 7+£2 8.1
S1 573 A(d)+B 45+20 | 9+£2 10.0
S1 913 R(d)+B R:150-700 | NM

A:6.5+2.0

S1 1273 R NM
S2 A(d)+B 5+1 4 6.6
S2 573 A(d)+B 5+2 7+£2 10.5
S2 773 A(d)+B 9+3 12+3 8 11.1

heatedto 573 K are shavn in Figs. 1a, b andd. Theseimagesreveal nanocrystalline
grainsizesof 2 to 8 nmin diameterandporessizedfrom 1.5to 10 nm. The distribution

of grain sizes,as measuredrom HREM images,wasfitted to the Gaussiarcurve (Fig.

1c), giving an averagesize of (5% 2) nm [15]. Accordingto ED, this sampleconsisted
of nanocrystallinendamorphougphasesDiffractionrings wereascribedo anatasend

brookite. A magnifiedpartof Fig. 1ais shovn in Fig. 1d, revealingnanocrystallingrain

sizes poresandamorphousegions.
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Fig. 1. TiO, sampleS2 (startingthin solid film heatedup to (573 K): a) HREM image
shawing nanocrystallingrainsof anataseandbrookite, of size (5+ 2) nm, andporesof
sizefrom 1.5to 10 nm; b) the correspondingeD pattern;c) the distribution of size of
grains,measuredy HREM, andfitted by the Gaussiarturve; d) magnifiedpartof HREM
imagea); the overlappedjrains,pores(P) andregionsof amorphouphasgAm).

The HREM imageof the sampleS2, heatedto about773 K, shavn in Fig. 2a,gave
thegrainsizesfrom 7 to 12 nm, theaveragebeing(9+ 3) nm (statisticalaverageof three
images).The sizesof poresvariedfrom 7 to 12 nm [15]. The correspondindeD pattern
(insetin Fig. 2a)revealedhanocrystallineanatasendbrookite. TheHREM image givenin
Fig. 2c, shavs amorphousegionsof HPC surroundinga brookitegrain; its lattice planes
(111), having a spacingof 0.346nm, are clearly resohed. The role of organicpolymer
HPCis to preventsinteringof crystalgrainsduringthe heating;however, a slow increase
of grainsizesis obsenedwith anincreaseof thetemperature.

The HREM imagesof sampleS1, preparedwithout HPC [14,16,30]and heatedto
about913K, revealedcrystalgrainsof rutile having sizesfrom 150to 700nm, andsmall
grainsof anatase.
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Fig. 2. TiO, sampleS2 (startingthin solid film heatedup to 773 K): a) HREM image
shawving nanocrystallinegrains of anataseand brookite, of size (9+ 3) nm; the corre-
spondingED patternis shavn in theinset;b) thedistribution of grain(G) sizes,measured
by HREM, andfitted by the Gaussiarturve; c) HREM imageshaving a grain of brookite
(B), surroundedvith amorphousegion A of HPC (Am); the lattice planes(111) having
the spacingof 0.346nm areshavn in brookitegrain.

3.2.2. X-ray diffraction

XRD powderpatternsof the startingsamplesS1andS2,heatedo differenttemperatures
areshavn in Fig. 3aandb. All startingsamplesand heatedsamplesvereidentifiedas
mixturesof anatasesthe dominantphase,andbrookite; this is in accordancevith the
resultsof ED. Both phase®xhibiteda pronouncedliffraction

broadeningwhich decreasedsthe heat-treatmerntemperaturéncreasedThe crystallite
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sizeof the samplewereestimatedisingthewell-known Scherrelequation:

0.9A
= m, 3

whereA is the X-ray wavelength 8 theBraggangleandp the purefull width of thediffrac-
tion line at onethe half of the maximumintensity

A
A =anatase BA B
B = brookite |
R =rutile

TiOp+HPC

not calcined, D=6 nm

T=150°C, D=7nm

/\ T=300°C, D=9nm
\\.y../\wr‘

R

N | O

| 1
15 10 Bl/deg(CuKka)

; !
15 10 Bl/deglCuka)

Fig. 3. X-ray powderdiffractionpatternsof samplesS1andS2, heatedo differenttemper
atureg/A=anataseB=brookite,R=rutile, D=estimatedrystallitesize).

Theaveragecrystallitesizeincreasedrom 5 to 12 nmwith anincreaseof temperature
upto 773K for the sampleS2,andfrom 6 to 9 nmwith anincreaseof temperatureup to
573K for thesampleS1 (Tablel). However, the sampleS1, heatedup to about1270K,

exhibited the well-crystallizedrutil. XRD resultsarein agreemenwith thoseof HREM
andED.

3.2.3. Small-angleX-ray scattering

SAXS datafor TiO, sampleS2 on a glasssubstrateare shavn in Fig. 4, togetherwith

thefitted curvesin the Guinierplot. Small-angleX-ray scatterings causedecaus®f the
differentelectrondensitywithin the grainsandin thesurroundingmaterial. Thescattering
atvery smallangless of a Gaussiarform, andthe Guinierplot yieldsthegrainsizes.The

grainsizeestimatedor the startingsampleandthe sizefoundfor the samesampleheated
to 773K aregivenin Tablel.
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3.2.4. Low-frequencyRaman scattering

We analyzedow-frequeng Ramanmodesat about20 cm™? (Fig. 5) asa new methodfor
the determinatiorof grain sizesin nanosizedriO, [14,17]. This methodis basedon the
work of Duval et al. [31], originally appliedto crystallizedglassesThe maximumof the
low-frequeny Ramarbandis proportionatto the inversediameterof the sphericalgrains.
Thewave numberv (in cm~1) of thelowest-eneagy sphericamodeof a

! | |

log(I)

| i
0.0 0.1 02 03
2, -2
(24)" (nm %)

Fig. 4. SAXS datafor the sampleS2, not-heateqsquaresandheatedo 773K (circles):
Guinier plot relatinglogl and(2q)?, wherel is the scatteredntensity andq the wave
vectorin nnt L,

freegrain,correspondingo theangulamomentum = 0, is given,accordingo Lamb[32]
andTamuraetal. [33], as

0.7v
VR T (4)

wherey is the speedf longitudinalsoundwaves,c thevelocity of light in vacuumandd

thegraindiameterFor thelongitudinalvelocity of thesound theaveragevaluefor rutile of

vi = 9022m/swasused assuminghatthedifferencen thelongitudinalvelocity of sound
in variousTiO2 polymorphsis not large. The Ramanspectrarecordedwvere correctedor

linearbackgroundandthe Bose-Einsteiriactor

The grain sizeof nanosizedliO, determinedy low-frequengy Ramanscatteringas
presentedn Tablel, is in goodagreementvith the resultsof othertechniquegsections
3.2.1.,3.2.2.and3.2.3.).
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Fig. 5. Low-frequengy Ramanmodesat about20 cni! after baselineand temperature
correctionsa) TiO, sampleS1 (startingsample)andsampleseatedo 423and573K; b)
TiO, sampleS2 (startingsample)andsampleseatedo 573, 723and773K.

4. Conclusion

Following the proceduréoy Gratzelandhis researclgroup,but usingtitaniumdioxide
films asphotoanodepreparedy our original method we have producedsolarcellswith
betterefficienciesthanthoseusingcommercialP25TiO, [34]. The hydrolysisof Ti(IV)-
isopropoxidein isopropanoby the addition of wateris a suitablechemicalreactionfor
the productionof nanosizediO,. The phasecompositionof the productsof the agingof
the TiO2 precursordependson its colloidal state(polymer, sol, gel or precipitate). The
hydrolysiscatalysts,pH, temperatureandthe presenceof a compleing agent,are also
factorswhich influencethe sol-gelsynthesiof TiO».

The experimentakonditionsfor thesynthesiof TiO, with smallgrainsizesof 4 to 12
nmweredefinedusingTEM, HREM, XRD, SAXS andRaman.Thegrainsizesdepended
on the modificationof the generalsol-gel procedure.lt was found that the grain sizes
graduallyincreasedo 12 mm with anincreaseof the heatingtemperatureip to 773 K.
Electrondiffraction and X-ray diffraction gave evidenceof nanocrystallineanataseand
brookite.Thegrainsizesof theanatasendbrookitephaseshangedrom (54 1) to (12+
3) nmwith anincreaseof temperatureip to 773K, asshovn by XRD. The smallgrain
size,high specificarea,goodporosityanddesirablephasecompositiorof nanosizediO;
samplessynthesizedn our work, arepropertiesensuringgoodpropertiesof this material
in the testeddye-sensitizedolar cells. It is suggestedhat the mixture of anataseand
brookite playedanimportantrole in the constructiorof dye-sensitizedolarcells, where
TiO, wasusedasa carrierfor ruthenium-dyecomplex [34]. Grain sizesobtainedusing
differentmethodsarein goodagreemenf35]; however, whenwe compareghesemethods,
it is importantto keepin mind thatgrainsizedefinitionis specificfor eachmethod.
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STUDIINANOFAZNOG TiO, ELEKTRONSKOM MIKROSKOPIJOM,
DIFRAKCIJOM X-ZRACENA | RAMANOVIM RASPRSENJEM

Solarnecelije senzitizirandojomrazlikujuseodklasicnih poluvodickih urethjau tomeda
imaju odwjenufunkciju apsorpcijesvjetlaod transportanositeljanaboja.Nov tip solarne
telije osnvasenal04m-debelomopticki prozirnomfilmu titanovog dioksida(TiO,) €ija
su zrnaveli¢ine nekoliko nm. Oksidnifilm je prekriven monoslojemboje za prenGenje
nabojakojom seizvodi senzitacijdilma zasakupljanjesvijetla.

U ovom seraduistrazuju mikrostrukturnaswojstva TiO» nanoveli€ine primjenomvi-
solorezolucijsle elektronsle mikroskopije, elektrosle difrakcije, difrakcije X-zratenja,
raspsenjemrentgenskg zratenjapod malim kutom i Ramaneog raspienja. U zrn-
ima TiO, detektiranisu anatas brukit primjenomelektronsle difrakcije i difrakcije X-
zraCenja.Velic¢inazrnaanatasa brukitasubile od (5+ 1) do (12+ 3) nm s odgovarajLtim
povetanjemtemperatureo 773K, Stoje odretenodifrakcijom X-zratenja.Prikazange
novametodaodredvanjaveliCinezrnaTiO, nanwelicine primjenomniskofrekvencijstog
RamanwograspienjaPostignutge dobroslaganjeezultatgori odredvanjunanaoveliCine
zrnaTiO, navedeniminstrumentalnintehnikama.
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