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Abstract:Hydrothermallysynthesizedtitanatenanorodsarecalcinedatthreedifferenttemperatures(300,

500,700℃).Thepreparedsamplesarecharacterizedbyscanningelectronmicroscope/transmissionelec-
tronmicroscopyandX-raydiffraction.Thesesamplesareusedtofabricatephotoelectrodesfordye-sensi-
tizedsolarcells.Itisfoundfromcurrentvoltagecurvemeasurementsthatdye-sensitizedsolarcellswith
anatasenanorodscalcinedat700℃showsthebestphotoelectrochemicalperformance,withaphotovoltaic
conversionefficiencyof1.13%.Electrochemicalimpendencespectroscopy(EIS),intensity-modulatedpho-
tocurrentspectroscopy(IMPS),andintensity-modulatedvoltagespectroscopy(IMVS)areusedtofurther
investigatethekineticsprocessofTiO2filmelectrodes.Theresultsindicatethattheanatasenanorods,cal-
cinedat700℃,havealowercharge-transferresistance,afastertransporttimeandalongerelectronlife-
time,implyinglowerelectron-holerecombinationandahighercharge-collectionefficiency.
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质子钛酸盐热解TiO2纳米棒的光电性能研究

曲 婕,陈智慧,朱媛媛,张 帅,丁建宁,袁宁一
(常州大学 材料科学与工程学院,江苏省光伏科学与工程协同创新中心,江苏 常州213164)

摘要:为了进一步提高染料敏化太阳能电池的光电转换效率,采用水热法制备质子钛酸盐纳米棒,并在300,500℃和700℃下分别

对上述样品烧结得到二氧化钛纳米棒。利用扫描电子显微镜和X射线衍射分析手段对样品进行了表征。将上述样品组装成染料

敏化太阳能电池,并对其进行光电性能测试。测试结果表明700℃烧结得到的二氧化钛纳米棒具有最高的光电转换效率为

1.13%。交流阻抗,强度调制光电流谱和光电压谱测试结果进一步显示700℃烧结得到的锐钛矿纳米棒具有较低的电荷转移电

阻,快速的电子转移速率和较长的电子寿命。上述结果表明高温烧结得到的二氧化钛纳米棒电子-空穴复合几率少,电子收集效

率高,相应的光电转换效率也高。
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  Dye-sensitizedsolarcells(DSSCs)asapromis-
inglow-costalternativeforsolarenergyconversion
havereceivedconsiderableattentionasapotential
cost-effectivealternative [1-6].Itconsistsofadye-
sensitizedsemiconductorelectrode,redoxelectro-
lyte,andcounterelectrode.Thesemiconductore-
lectrodeisthehardcoreamongthethreeparts.
Forphotovoltaicpropertiesofdyesensitizedsolar
cells(DSSCs),itismainlydeterminedbytwofac-
tors,lightharvestingefficiencyandelectrontrans-
portefficiency.Electron-transferkinetics,which
mainlycompetesamongelectroninjection,recom-
bination,andregeneration,playsanimportant
roleintheefficiencyofDSSCs.Certainlytheelec-
tron-transferkineticsdependsstronglyonthemor-
phologyandcrystalstructureofsemiconductor
materials[7-10].

One-dimensionalTiO2nanostructures(nano-
rods,and nanowires)havearelatively small
amountofgrainboundariesandcanactassingle
crystal,whichisabletoreducethegrainboundary
effectandprovidefastelectrontransport [11-12].
However,abetterunderstandingofthepotential
effectofthesemiconductorsstructureonelectron-
transferkineticsisstillnecessaryforfurtherim-
provingDSSCsperformance.

Inthiswork,wecalcinedprotonatedtitanate
nanorodsatdifferenttemperaturesto makethe
structuretransformationtoTiO2(B)nanorodsand
anatasenanorods.Thephotoelectrochemicalprop-
ertiesofthecalcinedTiO2rodswereinvestigated.
ItisfoundthattheDSSCswithanatasenanorods
calcinedat700℃ showsthehighestphotovoltaic
conversionefficiency.Thiscanbeattributedtoa
lower charge-transfer resistance and a longer
lifetimeforthesamplecalcined at700℃,as
provedbyEIS,IMPSandIMVS.

1 Experimentaldetails

1.1 SamplePreparationandCharacterization

Thesampleswerepreparedviathehydrother-
malreactionoftitanium withNaOHsolutionac-
cordingtoourpreviousworks [13].AnataseTiO2

wasmixedwith10mol·L-1NaOHsolution.After
beingsonicatedinanultrasonicbathfor0.5h,the
resultingsuspensionwastransferredtoaTeflon-
linedautoclaveandheatedto180℃for48h.The
solid product was recovered and rinsed with
distilledwater,0.1mol·L-1 HCl,anddistilled
wateruntilpH =7.Afterbeingdriedat60℃for
2days,theas-preparedsamplewascalcinedat
300,500,700℃for2hinair.Thestructureand
morphologyoftheresultantsamplesweredetected
usingX-raydiffraction(RigakuD/max-2500)and
transmissionelectronmicroscopy(FEITecnai20).
N2adsorptiondataweremeasuredusingaNOVA
2 000e (Quantachrome)instrument,and the
specific surface area was evaluated by the
Brunauer-Emmett-Teller(BET)method.

1.2 PhotoelectrochemicalPerformance

The titanate nanorods were mixed with
ethanolandstirredtoobtainafluidmixture.Then
afilmwasmadebythedoctorblademethodona
fluorine-dopedtin (FTO)oxideconductiveglass
(LOF, TEC-15, 15Ω/square). After being
calcinedat300,500,700℃inairfor2h,thefilms
weresoakedinanethanolsolutionofN-719dyefor
about24h.Thedye-adsorbedTiO2electrodewas
assembledintoasandwich-typecellwithacounter
electrode (platinum-sputtered FTO glass)by
clamps.Adropofelectrolytesolution(0.5mol·

L-1LiI,0.05mol·L-1I2,and0.5mol·L-14-
tertbutylpyridineinacetonitrile)wasintroduced
intotheclampedelectrodes.Theactiveareaofthe
electrodewasabout0.25cm2.Photocurrent-voltage
curvesweremeasuredwithaZahnerIM6exelec-
trochemicalworkstationusingaTrusttechCHF-
XM-500Wsourceundersimulatedsunillumination
(Global AM 1.5, 100mW · cm-2 ).
Electrochemicalimpedancespectrawereconducted
usingaZahnerIM6exelectrochemicalworkstation.
Aperturbationof10mV wasapplied,anddata
werecollectedfrom 100kHzto0.1Hz.IMVS
underopen-circuitconditionsandIMPS under
short-circuitconditionswerecarriedoutusingthe
ZahnerCIMPS-2system.Thelamphousewaspro-
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videdwithablue-light-emittingdiode (470nm)

drivenbyaPP210 (Zahner)frequencyresponse
analyzer.TheACcomponentofthecurrenttothe
LEDgeneratedamodulation(10%)superimposed
ontheDClightintensitywiththefrequencyrange
from1000to0.01HzforIMPSandIMVS.

2 Resultsanddiscussion

2.1 AnalysisofSEMimages

AsshowninFigure1a,thesamplecalcinedat
300℃keepsthenanorodmorphologywithalength
ofseveral micrometersand diameterofabout
100nm.Theinterferencefringespacing ofthe
nanorods,whichwasmeasuredfromthehigh-res-
olution transmission electron microscopy
(HRTEM)imageofthesample(theinsertinFig-
ure1a),isabout0.37nm,correspondingtothein-
terplanardistanceofthe(110)planeinTiO2(B)

phase.Nanorodsoftitanateareshortenedwhen
calcinedat500℃ (Figurehortened1b).Aftercal-
cinationat700℃,thenanorodsbecomeshorter
andthicker.

Fig.1 TEMimageofTiO2nanorodsobtainedaftercalcinationof

titanatenanorodsatdifferenttemperatures

2.2 AnalysisofXRDmeasurements

Thetransformationofthecrystalstructureof
thesamplesisdetectedbyX-raydiffraction(XRD)
(Figure2).Allthediffractionpeaksofthesample

calcinedat300℃and500℃canbeindexedtoTiO2
(B ) (JCPDS74-1940 ). With calcination
temperatureincreasingto700℃,onlytheanatase
phaseisfoundinXRDpatterns.Meanwhile,the
peakintensitiesincreaseobviouslywithincreasing
temperature,indicatingtheimprovementofcrys-
tallizationofnanorods.

Fig.2 XRDpatternsofTiO2nanorodsobtainedaftercalcination

oftitanatenanorodsatdifferenttemperature

2.3 AnalysisofUV-visspectra

UVvisiblespectrophotometer(UVvis)ab-
sorptionspectraofthesamplesareshownin
Figure3a.TiO2nanorodsabsorbsUVlightunder
380nmwavelengthandhasnophotoresponseinthe
visiblelightregion.TheUVabsorbanceofTiO2
(B)isobviouslyhigherthanthatofanatasenano-
rods.TheenhancedlightabsorptionofTiO2(B)is
attributedtothefactthatithas moresurface
defects(relativelypoorcrystallizationasshownin
XRD patterns)thananatasephase.Figure3b
showstheUVvisabsorptionspectraofN-719dye
adsorbedonthenanorodscalcinedatdifferenttem-
peratures.Twomainabsorptionpeaksappearin
theabsorptionspectra.ThepeakintheUVlight
regionresultsfromTiO2,andtheotherpeakata-
bout545nmisascribedtotheabsorptionofdyeN-
719.Dye-absorbed TiO2 (B)calcinedat300℃
showthehighestabsorptionintensityinthevisible
lightregion.Withthecalcinationstemperatureris-
ing,theabsorptionintensityreducesgradually.
Theresults suggest TiO2 (B)can adsorb a
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relativelylargeamountofN-719dye,duetomore
surfacedefectsandhigherspecificsurfacearea

(thesurfaceareafornanorodscalcinedat300℃,

500,700℃is19,14and10m2·g-1respectively).

Fig.3 Absorptionspectraofdifferentnanomaterials

2.4 Analysisofphotoelectrochemicalproperties

Figure4showsthephotocurrentvoltagechar-
acteristics(I-V)oftheDSSCswiththenanorods
calcinedat300,500,700℃.Itcanbeclearlyfound
thatbothshort-circuitcurrent (Jsc)andopen-
circuitvoltage(Voc)ofthecorrespondingDSSCs
areimprovedwiththeincreaseofthecalcination
temperature.JscandVocoftheDSSCswithanatase
nanorods(700℃)areupto3.28mA·cm-2and
0.78V,respectively,demonstratingthebestper-
formance. More detailed parameters are
summarizedinTable1.Anatasenanorodsobtained
at700℃showthehighestphotovoltaicconversion
efficiency,1.13%.Thephotoelectrochemicalper-
formanceswillbefurtherdiscussedincombination
withtheEISresultsinthefollowingdiscussions.

Fig.4 I-Vcurvesforcellsusingdifferentnanorodselectrodes.Il-

luminationintensityof100mW·cm-2withGlobalAM

1.5andtheactiveareaof0.25cm2wereapplied

EISanalysiscouldhelptounderstandtheelec-
tronkineticsoftheDSSCsbyanalyzingthevaria-
tionsinimpedancesassociatedwiththedifferent

configurationsofappliedcells [14-15].Fig.5shows
thetypicalNyquistplotoftheDSSCs.TheNyquist
plotsexhibitedonlyonesemicirclewhichcorre-
spondedtotheelectrontransportandtransferat
TiO2/dye/electrodeinterface[16].Equivalentcircu-
itcontainingaconstantphaseelement(CPE)and
resistances(Rs)isusedtofitthecorresponding
resistances(Fig.5,inset).Andtheresultsfor
300℃,500℃ and700℃ are415.2,173.6and
74.3Ω.Thecharge-transferresistanceattheTiO2/

dye/electrolyteinterfacefornanorodscalcinedat
differenttemperaturesisclearlydifferent,showing
atemperature-dependentorder:300℃>500℃>
700℃.Thus,thereactionactivityforDSSCsalso
followsthetemperature-dependentorder:700℃>
500℃>300℃.Thisisinagreementwiththeorder
ofthephotoelectrochemicalperformanceaspresen-
ted in the photocurrent-voltage characteristic
measurement.

Table1 DetailedphotovoltaicparametersofDSSCsmadebyTiO2

nanorodscalcinedatdifferenttemperatures.

Nanorods
Jsc/

(mA·cm-2)
Voc/V FF η/%

SBET/

(m2·g-1)

300℃ 0.90 0.605 0.52 0.28 19
500℃ 2.35 0.700 0.45 0.75 14
700℃ 3.28 0.780 0.44 1.13 10

  IMPSandIMVSwereusedfurthertoinvesti-
gatethe electron transportand recombination
processes,asshowninFigure6.Theelectroncol-
lectiontime(τd)andtherecombinationtime(τn)

canbeestimatedfromtheIMPSplotsandthe
IMVSplots,respectively[17].Thedetailedparam-
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Fig.5 Impedancespectraof DSSCs madeofTiO2nanorods

calcinedatdifferenttemperatures.Theinsetshowsthee-

quivalentcircuitfortheimpedancespectrum.Rct:

charge-transferresistanceofTiO2/dye/electrolyteinter-

face;CPE:constantphaseelement.

etersarelistedinTable2.Itisfoundthatτnincr-
eased withthecalcinationtemperaturesrising,

showingaclearorder:700℃>500℃>300℃and
τdshowsthereverseorder:300℃>500℃>700℃.

Ashortelectrontransporttimemeansfastelectron
transportprocessinthephotoanodefilm,andlow
probabilityofelectronrecombination,andalong
lifetimemeansenoughtimeforelectronstotrans-
port,whichareimportanttoimprovecharge-col-
lectionefficiencyandenergyconversionefficiency
ofDSSCs[18].Theaboveresultsindicatenanorods
calcinedat700℃showtheoptimizedfastreaction
kinetics.Itisconsideredthatthegoodcrystallinity
andthecylindricalgeometrycouldallowthenano-
rodstosupportradialelectricfieldsthatcould
keep the electrons away from the nanorods
surface,therebyreducingsurfaceelectrondensities
and recombination[11].Anatase nanorod show
bettercrystallinityandlessdefectsthanTiO2(B)

nanorod,forwhich moreelectroncouldbesur-
vived.

Fig.6 Short-circuitImpsandIMVSresponsewithdifferentmaterials

Table2 DetailedIMPS/IMVSparametersofDSSCsmadebyTiO2
nanorodscalcinedatdifferenttemperatures.

NR τd/ms τn/ms

300℃ 2.07 19.70

500℃ 1.46 54

700℃ 0.94 93.7

3 Conclusion
Aftercalcinationatdifferenttemperatures,the

synthesizedtitanatenanorodscanbeconvertedto
TiO2(B)nanorodsandanatasenanorods.Anatase
nanorodscalcinedat700℃showbetterphotoelec-
trochemicalperformancethanTiO2(B)nanorods,

andthecorrespondingDSSCshasthephotovoltaic
conversionefficiencyof1.13%.EIS,IMPSand
IMVSindicatethattheanatasenanorodscalcined
at700℃ havealowercharge-transferresistance,

fasterelectrontransportandlongerelectronlife-
time,duetoitsuniquemorphologyandstructure.
Theresultsareverysignificantforfurtherunder-
standingtheeffectsofthemorphologyandcrystal-
linestructureofphotoelectrodematerialsonpho-
toelectrochemicalproperties,andforthedesignof
efficientphotoanodematerialswithoptimumstruc-
turesforDSSCs.
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