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Dye-sensitizedsolarcellsdiffer from conventionalsemiconductordevicesin thatthey sep-
aratethe function of light absorptionfrom charge-carriertransport.The device is based
on a 10-µm-thick optically transparentfilm of titaniumdioxide (TiO2) particlesof a few
nanometersin size,coatedwith amonolayerof charge-transferdyeto sensitizethefilm for
light harvesting.In thepresentauthors’review, theprincipalrole of theTiO2 photoanode
is emphasizedby a detailedpresentationof its characterizationby differentexperimental
methods,while thephotoelectricresponsesof thecells,a work which is still in progress,
areindicatedin thereferencescited.Hydrolysisof Ti(IV)-isopropoxidein isopropanolby
theadditionof wateris a suitablechemicalreactionfor theproductionof nanosizedTiO2.
The propertiesof nanosizedTiO2 canbe modifiedby the hydrolysiscatalyst,pH of the
solution,temperature,presenceof complexing ligandandthecolloidal stateof TiO2 pre-
cursor. In thepresentwork, themicrostructuralpropertiesof nanosizedTiO2 werestudied
by HREM, ED, XRD, SAXS and Ramanspectroscopy. HREM was usedto determine
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bothgrainandporesizes.ElectrondiffractionandX-ray diffractionprovidedevidenceof
nanocrystallineanataseandbrookitephases.The grain sizesof the anataseandbrookite
phaseschangedfrom (5

�
1) to (12

�
3) nmwith anincreaseof thetreatingtemperatureup

to 773K, asshown by XRD. An methodof determiningnanosizedTiO2 grainsizebased
on low-frequency Ramanscattering,is presented.

1. Introduction

Titanium dioxide particlesof very small dimensionshave importantapplicationsin
photovoltaicdevices.For example,TiO2 thin films, obtainedby chemicalvapourdeposi-
tion (CVD) [1] or spraytechnique[2], have beenutilized asintercalationelectrodesfor
Ag/AgI/ TiO2, SnO2 rechargeableand photosensitive galvanic cells [2]. The Ag � ion
diffusion in TiO2 and thus the kineticsof the electrochemicalintercalationreactionare
greatly influencedby the propertiesof the oxide electrode.In order to achieve a better
understandingof the role of TiO2 in thesecells, variouscharacterizationsof TiO2 thin
films wereperformedusingX-ray diffraction,Ramanspectroscopy, thermallystimulated
currents(TSC),photoresistancewavelengthdependencein therangefrom 250to 350nm,
FT-IR spectroscopy, X-ray photoelectronspectroscopy (XPS)andUV-Vis absorption[3–
9].

In the last twentyyears,a considerablescientificandengineeringeffort hasbeenfo-
cusedon the developmentof photovoltaic solar cells [10]. Excellentresultshave been
achievedin thedevelopmentof differenttypes.Althoughthesesolarcellsweretechnically
very satisfactory, they werenot competitive againstthe price of electricity generatedin
standardelectricalpowerplants.

In 1991,Grätzelandhis researchgroupmadea breakthroughin preparinganefficient
dye-sensitizedcell utilizing a relatively non-pureraw materialandaninexpensive prepa-
rationprocedure[11]. Energy conversionefficienciesfrom 7 to 12%wereachieved. All
previousattemptsto producea stableelectrochemicalcell from semiconductorswith an
adequateenergy gapfor solar light absorptionhadfailed becauseof the photocorrosion
effect. Photo-generatedminor charge-carriersat the semiconductorelectrolyteboundary
actasoxidantsanddestroy thephotoanode.Thenew typeof solarcell mimicsthenatural
processof photosynthesis,andit is evenmoreefficient in energy conversionthanthetradi-
tionalsolarcells.It differsfrom theconventionalsemiconductordevice in thatit separates
thefunctionof light absorptionfrom thatof charge-carriertransport.For us,it wasa great
satisfactionto learnthatTiO2 semiconductorelectrodeswereusedin thesesolarcells,as
weusedthesamematerialin thephotosensitivegalvaniccells[2,3]. In ourcell, theappli-
cationof theAgI-TiO2 systemproduceda shift of theabsorptionmaximumto thevisible
region of the solarspectrum.This shift wasnot significantas in the caseof dye-coated
TiO2 thin films [11], but the ideaof moving theabsorptionedgeof TiO2 (anatase,with a
bandgapof 3.2eV) to thevisible region, in orderto obtainefficient solarcellsor photo-
batteries,wasessentiallythe same.In thework by O’ReganandGrätzel[11], TiO2 thin
films werepreparedusingsol-gelprocedure.Thehigh surfaceareaof TiO2 semiconduc-
tor electrodeswassensitizedwith differentRu(bpy)-complexes.Light-to-electricenergy
conversionefficienciesof 10%in simulatedsolarlight (AM 1.5)[11] and12%in diffuse
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daylight[12] werereported.Thelongtimestabilityof theabove-mentionedsolar-cellswas
reported,sustainingat least107 turnovers,the longestreportedcontinuousexposuretime
being10months.

In order to improve the propertiesof the Grätzel cell, scientistsandengineershave
focusedtheir researchanddevelopmentonthecomponentsof thissolarcell, suchasTiO2,
electrolytesolutionanddye.Wealsoinvestigated[3-9,13]TiO2 from differentstandpoints
usingvarioustechniques,suchasX-ray diffraction,electrondiffraction,TEM, HREM and
DTA.

In thepresentreview, we shallpresentanddiscussselectedresultsof themicrostruc-
tural characterizationof nanosizedTiO2, asobtainedin our previousinvestigations.TiO2
was preparedusing sol-gel procedure.The optimizationof sol-gel procedurefor TiO2
preparationwasalsoinvestigated.Theaim of this researchwasto obtainnanosizedTiO2
with improvedproperties,which couldbeusefulfor its applicationasphotoanodein dye-
sensitizedsolarcells,aswell asin electrochromicdevices.

2. Experimental

Chemicalssuppliedby Aldrich andMerckwereused.Waterwasdoublydistilled.The
precipitationof TiO2 precursorwasperformedby hydrolysisof Ti(IV)-isopropoxidein a
speciallydesignedglassapparatus.Theexperimentalproceduresof thepreparationof the
samplesaredescribedin previouspublications[14-18].

TheTiO2 sampleswereexaminedby transmissionelectronmicroscopy (TEM), includ-
ing bright-field (BF) anddark-field(DF) microscopy, electrondiffraction(ED) andhigh
resolutionelectronmicroscopy (HREM). TEM andHREM investigationswereperformed
with the JEOL JEM 2010200 keV electronmicroscope,having Cs � 0 � 5 mm andpoint
resolutionof 0.19nm.

X-ray powderdiffractionmeasurementswereperformedat roomtemperatureusinga
Philipscounterdiffractometer(MPD 1880)with monochromatizedCuKα radiation.

Small angleX-ray scattering(SAXS) is a powerful experimentaltechniquein deter-
mining thegrainor poreshapeandsizein therangefrom 1 to 100nm. A drawbackin its
applicationon thin films is thepresenceof a substratewhichusuallysubstantiallyreduces
theprimarybeamintensity. SAXSmeasurementswereperformedusingastandardKratky
camera.

Ramanspectrawere recordedusing a Dilor Z-24 Ramanspectrometerin the back
scatteringconfiguration,using50mW of focused514.5nmargonlaserexcitation.

3. Resultsanddiscussion

3.1. General view of nanosizedTiO2 obtainedbysol-gel procedure

Thehydrolysisof Ti(IV)-isopropoxidewith waterin isopropanol,canbedescribedby
thefollowing equation
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Ti(OC3H7)4 � xH2O� Ti(OH)x(OC3H7
�
4� x � xC3H7OH (1)

If thereis an excessof water, the hydroxidephase,which may also includethe Ti(IV)-
hydroxy polymers,is completelyprecipitated.The Ti(OH)4 aggregatescanbe peptized
into stablecolloids by acidificationof the suspensionwith HCl or HNO3. Adsorption
of H 	 ions onto thesurfaceof Ti(OH)4 aggregatesgivesthe positive charge to colloidal
particles,sotheseparticlesexist in astabilizedstate.Theprocessof adsorptionof H 	 ions
ontothesurfaceof Ti(OH)4 aggregatescanbewrittenas

nTi(OH)4 � yH 	 A � � [Ti(OH)4]n 
 y H 	 � yA � (2)

Peptizationis a temperaturedependentprocess.Thephasecompositionof theproductsof
agingof theTiO2 precursorin aqueousmediumdependson thecolloidal state(polymer,
sol, gel, precipitate)and other factors.Additional stabilizationof TiO2 colloids canbe
achievedby theadditionof polymers,for exampleHPC(hydroxypropyl cellulose),PEG
(polyethyleneglycol), etc. Thesepolymersalsopreventsinteringof particlesduring the
calcinationof the TiO2 precursor. Beforereviewing our results,we shall first focusour
attentiononselectedachievementsof otherresearchersin thefield of TiO2 synthesisfrom
Ti(IV)-alkoxide.

PapoutsiandLianos[19,20]usedwaterin-oil (W/O) microemulsionsto produceTiO2
gel suitablefor thin film preparation.Ti(IV)-isopropoxidewasthestartingmaterialin the
synthesisof TiO2 gel.Courtecuisseetal. [21] alsousedTi(IV)-isopropoxydein thesynthe-
sisof fine TiO2 powders;however, thesynthesiswasperformedin supercriticalisopropyl
alcohol. TiO2 photocatalysts(aerogels)were prepared[22] using hydrolysisof Ti(IV)-
isopropoxideandsupercriticalpoint drying. The porosityof theseaerogelsmeasuredby
BET was85%andthesurfaceareawas600m2/g. Theseaerogelshave a bulk densityof
0.5g/cm3. X-ray diffractionshowedtheexistenceof anatasephasewith acrystallitesizeof
5 nm.NishideandMizukami[23] investigatedformationof TiO2 by hydrolysisof Ti(IV)-
isopropoxidein thepresenceof variouscomplexing ligands.Thepresenceof complexing
ligandsinfluencedthesizeof TiO2 particles,crystalphasesandrefractive indicesof TiO2
films on glasssubstrates.Nagpalet al. [24] preparedTiO2 thin films on quartzor sili-
consubstratesusingTiO2 colloid dispersionstabilizedwith HPCpolymer. TheTiO2/HPC
compositefilms weretransparentin thevisible region andcompletelyblockedUV radia-
tion at 300nm.Transparentfilms of amorphousTiO2 weremadeby burningout theHPC
at500� C.

The mechanismof polycondensationof Ti(IV)-isopropoxidewith orthoboricacid in
pyridineat60� C hasbeenstudied[25] by 1H and13C nuclearmagneticresonance(NMR).
Thedegreeof polymerizationandthenatureof thehydrolyticspeciesformedin thereac-
tion weredeterminedby the boric acid/alkoxide ratio. Transferof thealkyl groupsfrom
alkoxide to boric acid is monitoredspectroscopically. Lopez et al. [26] characterized
TiO2, preparedby sol-gelprocedure,usingFT-IR andUV-Vis (diffusereflectance)spec-
troscopies.Correlationswerefoundbetweentheformationof TiO2 polymorph(anataseor
rutile) andcatalystof hydrolysisreaction,pH andcalcinationtemperature.

The poroustexture of TiO2 gel producedfrom Ti(IV)-isopropoxidewasinvestigated
[27] usingsmallangleX-ray scattering(SAXS) andthermoporometry. In decane,a pore
radiusof 2 to 2.8nmwasmeasured,while thehydrolysisof residualorganicgroupsin the
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gel,with prolongedagingin water, gaveanew poreradiuscloseto 4 nm.Kallalaetal. [28]
investigatedthestructuresof theoxopolymersby SAXS. It wasproposedthat thegrowth
of oxopolymersoccurrthrougha two-stagegrowth processin whicha few largepolymers
grow first andthendensifythroughthe captureof residualmonomers.Kamiyamaet al.
[29] investigatedthe gelationprocessof Ti(IV)-isopropoxidesolutionsas a function of
the reactiontime, alsousingSAXS. By slowly addingwater, solution the solutionwas
kept transparentthroughoutthe gelation.A fractal structureof the sizeof about12 nm
wasobserved.Whenthewaterwasrapidly added,thesolutionbecameopaquebeforethe
gelationpoint. In thiscasethefractalstructureof about2.5nm in sizewasmeasured.

3.2. Physicalcharacterizationsof nanosizedTiO2

3.2.1. High resolutionelectron microscopyand electron diffraction

Theresultsobtainedwith two samples,S1andS2,aregivenin Table1. TheHREM image
andthecorrespondingED patternof sampleS2stabilizedwith HPCand

TABLE 1. Grainsizedeterminedby HREM, XRD, SAXS andRamanspectroscopy. Leg-
end: A=anatase,B=brookite,R=rutile, d=dominantphase,NM=not measurablebecause
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 4 
 5 � 2 
 0 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 shown in Figs. 1a, b and d. Theseimagesreveal nanocrystalline
grainsizesof 2 to 8 nm in diameterandporessizedfrom 1.5 to 10 nm. Thedistribution
of grain sizes,asmeasuredfrom HREM images,wasfitted to the Gaussiancurve (Fig.
1c), giving an averagesizeof � 5 � 2� nm [15]. Accordingto ED, this sampleconsisted
of nanocrystallineandamorphousphases.Diffractionringswereascribedto anataseand
brookite.A magnifiedpartof Fig. 1ais shown in Fig. 1d, revealingnanocrystallinegrain
sizes,pores,andamorphousregions.
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Fig. 1. TiO2 sampleS2 (startingthin solid film heatedup to (573 K): a) HREM image
showing nanocrystallinegrainsof anataseandbrookite,of size(5 � 2) nm, andporesof
size from 1.5 to 10 nm; b) the correspondingED pattern;c) the distribution of sizeof
grains,measuredby HREM,andfittedby theGaussiancurve;d) magnifiedpartof HREM
imagea); theoverlappedgrains,pores(P) andregionsof amorphousphase(Am).

The HREM imageof the sampleS2, heatedto about773 K, shown in Fig. 2a,gave
thegrainsizesfrom 7 to 12 nm, theaveragebeing � 9 � 3� nm (statisticalaverageof three
images).Thesizesof poresvariedfrom 7 to 12 nm [15]. ThecorrespondingED pattern
(insetin Fig.2a)revealednanocrystallineanataseandbrookite.TheHREMimage,givenin
Fig. 2c,shows amorphousregionsof HPCsurroundinga brookitegrain; its latticeplanes
(111), having a spacingof 0.346nm, areclearly resolved. The role of organicpolymer
HPCis to preventsinteringof crystalgrainsduringtheheating;however, a slow increase
of grainsizesis observedwith 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. TiO2 sampleS2 (startingthin solid film heatedup to 773 K): a) HREM image
showing nanocrystallinegrainsof anataseand brookite, of size (9 � 3) nm; the corre-
spondingED patternis shown in theinset;b) thedistributionof grain(G) sizes,measured
by HREM, andfittedby theGaussiancurve;c) HREM imageshowing a grainof brookite
(B), surroundedwith amorphousregion A of HPC (Am); the latticeplanes(111)having
thespacingof 0.346nmareshown in brookitegrain.

3.2.2. X-ray diffraction

XRD powderpatternsof thestartingsamples,S1andS2,heatedto differenttemperatures
areshown in Fig. 3a andb. All startingsamplesandheatedsampleswere identifiedas
mixturesof anataseasthe dominantphase,andbrookite; this is in accordancewith the
resultsof ED. Bothphasesexhibiteda pronounceddiffraction

broadening,which decreasedastheheat-treatmenttemperatureincreased.Thecrystallite
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sizeof thesampleswereestimatedusingthewell-known Scherrerequation:

D � 0 � 9λ
βcosθ �

�
3�

whereλ is theX-ray wavelength,θ theBraggangleandβ thepurefull width of thediffrac-
tion line atonethehalf of themaximumintensity.

Fig. 3. X-ray powderdiffractionpatternsof samplesS1andS2,heatedto differenttemper-
atures(A=anatase,B=brookite,R=rutile,D=estimatedcrystallitesize).

Theaveragecrystallitesizeincreasedfrom 5 to 12nmwith anincreaseof temperature
up to 773K for thesampleS2,andfrom 6 to 9 nm with anincreaseof temperatureup to
573K for thesampleS1(Table1). However, thesampleS1,heatedup to about1270K,
exhibited the well-crystallizedrutil. XRD resultsarein agreementwith thoseof HREM
andED.

3.2.3. Small-angleX-ray scattering

SAXS datafor TiO2 sampleS2 on a glasssubstrateareshown in Fig. 4, togetherwith
thefittedcurvesin theGuinierplot. Small-angleX-ray scatteringis causedbecauseof the
differentelectrondensitywithin thegrainsandin thesurroundingmaterial.Thescattering
at verysmallanglesis of a Gaussianform, andtheGuinierplot yieldsthegrainsizes.The
grainsizeestimatedfor thestartingsampleandthesizefoundfor thesamesampleheated
to 773K aregivenin Table1.
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3.2.4. Low-fr equencyRamanscattering

We analyzedlow-frequency Ramanmodesatabout20 cm� 1 (Fig. 5) asa new methodfor
the determinationof grain sizesin nanosizedTiO2 [14,17]. This methodis basedon the
work of Duval et al. [31], originally appliedto crystallizedglasses.Themaximumof the
low-frequency Ramanbandis proportionalto theinversediameterof thesphericalgrains.
Thewavenumberν (in cm� 1) of thelowest-energy sphericalmodeof a

Fig. 4. SAXS datafor thesampleS2,not-heated(squares)andheatedto 773K (circles):
Guinier plot relating logI and � 2q� 2, whereI is the scatteredintensity, andq the wave
vectorin nm� 1.

freegrain,correspondingto theangularmomentuml � 0, is given,accordingto Lamb[32]
andTamuraetal. [33], as

ν � 0 � 7vl

dc � � 4�

wherevl is thespeedof longitudinalsoundwaves,c thevelocityof light in vacuumandd
thegraindiameter. For thelongitudinalvelocityof thesound,theaveragevaluefor rutile of
vl � 9022m/swasused,assumingthatthedifferencein thelongitudinalvelocityof sound
in variousTiO2 polymorphsis not large.TheRamanspectrarecordedwerecorrectedfor
linearbackgroundandtheBose-Einsteinfactor.

Thegrainsizeof nanosizedTiO2 determinedby low-frequency Ramanscattering,as
presentedin Table1, is in goodagreementwith the resultsof othertechniques(sections
3.2.1.,3.2.2.and3.2.3.).
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TURKOVIĆ ET AL .: TRANSMISSION ELECTRON MICROSCOPY, X-RAY . . .

Fig. 5. Low-frequency Ramanmodesat about20 cm 1 after baselineand temperature
corrections.a)TiO2 sampleS1(startingsample)andsamplesheatedto 423and573K; b)
TiO2 sampleS2(startingsample)andsamplesheatedto 573,723and773K.

4. Conclusion

Following theprocedureby Grätzelandhis researchgroup,but usingtitaniumdioxide
films asphotoanodespreparedby our original method,we have producedsolarcellswith
betterefficienciesthanthoseusingcommercialP25TiO2 [34]. Thehydrolysisof Ti(IV)-
isopropoxidein isopropanolby the additionof water is a suitablechemicalreactionfor
theproductionof nanosizedTiO2. Thephasecompositionof theproductsof theagingof
the TiO2 precursordependson its colloidal state(polymer, sol, gel or precipitate).The
hydrolysiscatalysts,pH, temperature,andthe presenceof a complexing agent,arealso
factorswhich influencethesol-gelsynthesisof TiO2.

Theexperimentalconditionsfor thesynthesisof TiO2 with smallgrainsizesof 4 to 12
nmweredefinedusingTEM, HREM, XRD, SAXS andRaman.Thegrainsizesdepended
on the modificationof the generalsol-gel procedure.It was found that the grain sizes
graduallyincreasedto 12 mm with an increaseof the heatingtemperatureup to 773 K.
Electrondiffraction andX-ray diffraction gave evidenceof nanocrystallineanataseand
brookite.Thegrainsizesof theanataseandbrookitephaseschangedfrom ! 5 " 1# to ! 12 "
3# nm with an increaseof temperatureup to 773 K, asshown by XRD. Thesmall grain
size,highspecificarea,goodporosityanddesirablephasecompositionof nanosizedTiO2
samplessynthesizedin our work, arepropertiesensuringgoodpropertiesof this material
in the testeddye-sensitizedsolar cells. It is suggestedthat the mixture of anataseand
brookiteplayedan importantrole in theconstructionof dye-sensitizedsolarcells,where
TiO2 wasusedasa carrier for ruthenium-dyecomplex [34]. Grain sizesobtainedusing
differentmethodsarein goodagreement[35]; however, whenwecomparethesemethods,
it is importantto keepin mind thatgrainsizedefinitionis specificfor eachmethod.
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STUDIJNANOFAZNOG TiO2 ELEKTRONSKOM MIKROSKOPIJOM,
DIFRAKCIJOM X-ZRAČENJA I RAMANOVIM RASPŘSENJEM

Solarnécelijesenzitiziranebojomrazlikujuseodklasǐcnihpoluvodičkihured–ajau tomeda
imaju odvojenufunkciju apsorpcijesvjetlaod transportanositeljanaboja.Nov tip solarne
ćelijeosnivasena10-µm-debelom,optički prozirnomfilmu titanovogdioksida(TiO2) čija
su zrnaveličine nekoliko nm. Oksidni film je prekrivenmonoslojemboje za prenǒsenje
nabojakojomseizvodi senzitacijafilma zasakupljanjesvjetla.

U ovom seraduistrǎzuju mikrostrukturnasvojstva TiO2 nanoveličineprimjenomvi-
sokorezolucijske elektronske mikroskopije, elektroske difrakcije, difrakcije X-zračenja,
raspřsenjemrentgenskog zrǎcenja pod malim kutom i Ramanovog raspřsenja. U zrn-
ima TiO2 detektiranisu anatasi brukit primjenomelektronske difrakcije i difrakcije X-
zrǎcenja.Veličinazrnaanatasai brukitasubile od(5 $ 1) do(12 $ 3) nmsodgovarajúcim
povećanjemtemperaturedo 773K, što je odred–enodifrakcijom X-zračenja.Prikazanaje
novametodaodred–ivanjaveličinezrnaTiO2 nanoveličineprimjenomniskofrekvencijskog
Ramanovograspřsenja.Postignutoje dobroslaganjerezultatapri odred–ivanjunanoveličine
zrnaTiO2 navedeniminstrumentalnimtehnikama.
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