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Over　two　times　higher　short≒circuit　photocurrent　density　was　attained　in　the　dye－ sensitized　solar　cells　by　using　titania

nanotubes　as　a　semiconductor　thin五1m　in　the　thin五1m　thic㎞ess　region　in　comparison　with　that　made　of　P－25．Tita－

nia　nanotubes　were　synthesized　by　a　surfactanレassisted　templating　mechanism　using　a　laurylamine　hydrochloride／

tetraisopropylortho恒t｛mate　with　acetylacetone　system．1）Nanotubes　have　a　mono－crystalline　structure　ofξmatase　and

showe（1the　highest　photocatalytic　activity　among　the　commercially　available　nano－crystalline　titania．The　dye－

sensitize（1solar　cell　system　using　the　mono－crystalline　titania　nImotubes　showed　about5％sunlight－electricity　conver－

sion．

吻防鴻　Titania　Nanotubes，Dye－sensitized　Solar　Ce11，Mono－crystalline　Strucセ臣re，High　Photocatalytic　Activity

　　　　　　　　　　　　　　l　　Intro（luction

We　present　an　ef5cient　dye－sensiUzed　solar　cell，which

shows　high　short－circuit　photocun・ent（1ensity　especially

in　the　thin五1m　thic㎞ess　region，using　mono－crystalline

titania　nanotubes　as　the　semicon（1uctor　thin　film　of（lye－

sensidzed　solar　cells．Mono－crystalline　d伽ia　nξmotubes

with　high　aspect　rado　facile　elecU’on廿’ansfer　through　ti－

tania　thin　layer　due　to　extremely　decrease　in　the　contact

number　among　nanotubes　in　comparison　with　that　of

nanoparticles．We　succeeded　in　prepara廿on　of　such　a

mono－crystalline　mnotube　of　titania．

　About　three　years　ago，we　succeeded　in　preparation　of

silica　　nanonlbes　　using　　laurylamine　　hydrochloride

（LAHC）／tetraethoxysilaneσEOS）system2，3）an（1ex－

tended　the　method　to　synthesize　titania　nanotubes　using

LAHC　／　te住aisopropy・lortho廿tanate　（TIPT）　wi血　acety－

lacetone（ACA）system　last　year．1）Titania　nanotubes

were　synthesize（1by　Hoyer4）using　ano（lic　porous　almina。

Their　diameter　of　titania　nImotubes　were　lOO　to70nm

and　ha（1polycryst組line　s血cture，indica廿ng　that　high

elecU・on杜ansfer　can　not　be　expecte（1．Kasuga　αα’．5）

synthesized倣miananotubeswithdiameterof8nmby
chemicaltreatmentof且neTiO2－SiO2pa而cleswithlOM
NaOH　aqueous　solution　at383K．Unfo血mately，their
fomla廿on　mechanism　is　un㎞own，and　the　photocatalytic

activity　of　their　nanotubes　was　not　high，although　their

BET　speci且c　su㎡ace　area　was400m2／g．In　comparison

with　their　synthetic　method，our　method　by　templating

mechanism　is　applicable　to　vahous　synthetic　conditions，

an廿cipating　that　it　has　possibility　to　make　highly　active

and　mono－crystalline　structure　nanotubes．

　　In　this　paper，we　present　the　preparation　of　titania

nanotubes，and　a　mono－crystalline　stmcture　of　these

nanotubes　characterized　by　transmission　electron　micros－

copyσ’EM）images，together　with　electron　d征raction，X－

rayd血acUonandniせogenadsoΦUonisothems，We　ap一

plie（1the　mono－crystalline　titania　nanotubes　for　a　semi－

conductor　thin　film　electrode　in　dye－sensi廿ze（l　solar　cells

ξm（l　attained　over　two－times　higher　short－circuit　photocur－

rent　densities　of　the　thin　film　electrode　made　of　titania

nanotubes　in　the　thin　film　region　in　comparison　with

血ose　of　P－25．

　　　　　　　　　　　　　　2　Experimental

2．l　Formation　of　titania　nanotubes

　We　used　mainly　the　LAHC／TIPr　with　ACA　system．

In　some　cases，oct且〔lecylamine（ODA）was　used　as　a　sur－

factImt．The　reacUon　behavior　in　the　ODA　system　was　al－

most　the　same　as　that　in　the　LAHC　system．The　experi－

mental　procedure　was　described　in　the　previous　paper．1〉

Charactehz＆tion　of　the　pro（luce（1materials　was　ma（1e　by

small　angle　X－ray　scattering（SAXS），X－ray〔liffraction

σ【RD），transmission　electron　microscopy（TEM），elec－

tron　d董raction，scaming　electron　microscopy（SEM），
an〔l　isotherm　of　Ili杜ogen　adsorl）tion．The　photocat＆lytic

activity　of　titania　nanotubes　was　measured　through　the

foma廿onrateofI3－duetothe　oxida廿onofI－to　I2．The
produced匝tania　materials　were　ground　in　a　mo血r　made

of　agate，Im（150mg　of　them　were　suspende（1by　mag－

neticstirringin10mlofO．2MKlaqueoussolution，after
which　the　solution　was　irra（iiate（1with365nm　rays（UV－

lamp），

2．2　Preparatio皿of　titania　thin　films　and　solar　cel亘s

　Thin　titania　films　were　made　by　applying　a　titania　sam－

ple　on　a且uorine　doped　conducting　dn　oxide　glass　plate。

We　used　a　gel　with　white　color，which　was　obtained　after

reac痘ons　at353K　for　three　days，as　the　st血ing　tit且nia

sanlple．Since血e　U㎞ia　nanoUlbes　in　the　gel　cont且ine〔l

surfactant　molecllles　in　the　pore，surfactant　molecules

were　removed　ffom　mesopores　by　washing　with　isopro－

pyl　alcohol．We　cl）ntrolled　the　alcohol　content　and　viscos－

ity　of　the　gel　simultaneously　by　chξmging　the　centrifuga一
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tion　spee（1，when　the　sample　was　sep冴ated　from　the　al－

cohol　solut孟on　by　centrifhgation．Next，the　con〔1ucting

glass　was　covered　on　two　parallel　edges　with　adhesive

tape　to　control　the　thic㎞ess　ofthe　TiO2丘lm　and　to　pro－

vide　non－coated　area　for　elecnical　con訟ct。The　U訟nia

sample　was　applied　to　the丘ee　edges　of　the　con（lucting

glass　an（1（lisωbute（l　with　a　glass　rod　sli（1ing　over　the

tape　covered　e〔1ges．After　d邸ng，the　sample　was　cal－

cined　at723K　for30minutes．Dye　was　introduced　to　the

titania　thin　films　by　soaking　the　film　fo：r　about20h　in　a3

×10－4Msolu廿onoftherutheniumdyeinethanol．Cis－di
（thiocyanate）b玉s（2，2’一bipyridyl－4，4’一〔1i－carboxylate）　　ruthe－

nium（II）（R535）produced　by　Gratzers　group6・7）was

use（l　as　the　dye．The　solar　cell　comphsed　titania　thin

film　electrode　on　a　conducting　glass　plate，a　platinum

electro（le　and　electrolyte　between　the　titania　thin　film

and　the　plaUnum．We　used　O．03M　iodine　and　O．3M　lith－

ium　iodide　in3－methy1－2・oxazolidinone（NMO）／acetoni一

面1e　solution　as　the　electrolyte．The　volume　ratio　of

NMO　to　acetonitdle　was1／9．The　photocurren御oltage

characteristics　were　measured　using　a　potentiostat（Ho－

kuto　Denko　HA－501G，HB－105）by　irra（1iating　with　simu－

lated　solar　light，1．o．，AM1．5100mW／cm2（ORIEL1000

W91192）．Thecellsizewaslcm20r（）．25cm2．P－25was

usedasreferenceUtaniaparticlesforcomparison．The
preparation　of　TiO2films　of　P－25was　ma（1e　after
Nazeem〔1dinασ」。7）

　　　　　　　　　　3　Results　and　discussion

3．l　Titania　nanotubes
　　The　reaction　in　the　mb【ed　solution　of　LAHC　aqueous

solu廿on　and　TIPT　mo〔1迅e（1with　ACA　proceeded　as　fol－

lows．When　the　two　solutions　were　mixed，precipitates

were　formed．The　solution　was　sti1Ted　fu丘her　to　dissolve

the　precipitates　completely　at313K，and　the　solution　be－

came　transparent．When　the　temperature　of　the　trImspar－

ent　solution　was　increased　to353K，the　reaction　started．

After3h　ffom　the　start　of　reaction，the　soluUon　became

a　gel　with　yellow　color．After5h，the　hard　gel　became

weak，and　a　liquid　phase　appe訂ed．A日二er25以the　solu－

tion　became　a　gel　with　white　color　agaj、n　with　a　transpar－

ent　yellow　liquid　thin　layer　on　the　gel， and　this　state　was

maintained　for　three　days．

　　Figure　la　shows　a　TEM　image　of　nEmotubes　in　a　gel

sample．We　can　see　long　nanotubes（diameter10nm，
length200nm）as　well　as　short　ones（（1iameter10nm，

length30nm）．SAXS　results　indicate　that　these　short

nanotubes　are　predominant．Electron　d櫛raction　pattems

of　these　nanotubes　show　the　Debye－SchenDer　hngs　of

｛matase。A　TEM　image　of　the　calcined　sample　in　the

ODA／TlrT　with　ACA　system　is　shown　in　Fig．1b．We

can　see　lattice　image　of　the　nξmotubes，which　clearly

shows　that　nanotubes　are　mono－crystals　of　Imatase．The

electron　dHfracUon　pattem　exhibited　in　Fig．1c　also

shows　that　nanotubes　are　crystals　of　anatase．These

TEM　images｛md　electron　d麺fractions　clearly　show　that

titania　nanotubes　are　mono－crystals　of　anatase．This　is　re－

markable　feature　of　titania　nanotubes．

　　Figure2a　shows　the　nitrogen　adsorplion　isotheml　of　a

calcined　sample　at673K。The　isotheml　shows　a　typical
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Fig、1a）TEM　image　of　titnnia　nanotubes　in　gel　sample．In－

set：Electron　dif丘action　of廿tania　nanotub6s；b）TEM　image

of　calcined　titania　nanotubes　at773K　for4h　in　ODA／TIPT

with　ACA　system；c）Electron　d血action　pattem　of　the　ca1－

c董ned廿伯nia　nanotubes。

IUPAC　type　IV　pattem，indicating　that　an　open　mesosize

tubular　shape　was　fomled．The　peak　pore　diameter　ob－

taine（1was　as4．6nm　as　shown　in　Fig．2b．

　The　photocatalytic　activity　of　titania　nanotubes　was

very　high　as（lescribed　in　the　previous　paper，1）The　best

activity　at　present　was　obtained　for　the　sample　calcined

at573K　for24h．The　best　activity　was7Umes　higher
廿［an　dlat　of　standard　photoca副y廿c　pa面cle　JRC－3，2．8

times　higher　than　that　ofJRC－4，which　corresponds　to　P－

25，and　even　higher　than訂一〇1，which　is㎞o㎜as　the
highest　photocatalyUc　active　commercially　available　parti－

cle．Thus，we　can　conclude　that　very　photocatalytic　active

titania　nanotubes　can　be　made　by　the　present　metho（1．

3．2　Characteristics　of　the　thin　film　electroae　ma－e

of　titania皿anotubes
　Su㎡actImt　molecules　in　Utania　nImotubes　can　be　re．

moved　from　mesopores　by　washing　with　alcohol．We
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Fig．2a）Niセogen　adsorp廿on　isothem　ofthe　c謡cined　sam－

ple　at673K．b）Pore　size　distribution　of　the　calcined　sample

shown　in　Fig．2a．

conh・olled　the　alcohol　content　by　the　cen舳gaUon

spee〔1，when　the　sample　was　separate〔1from　the　alcohol

Solu廿on　by　centrifuga廿on．We　chose　the　best　alcohol

content，which　gave　the　highest　short－circuit　photocur－

rent　densi㌻y　because　the　open－circuit　voltage　was　almost

constant　aroun（10．6V．

　Figure3shows　an　example　of　photocurrenレvoltage
characteristics　of　a　cell　ma（1e　of　the　titania　nanotubes．

The且lm　thic㎞ess　was4μm，and　the　cell　size　was　O．5

cmx　O．5cm，The　obtaine（1short－circult　photocurrent　den－

sity　was　l5．3mA／cm2，and　the　open－circuit　voltage　was

O．58V．The　Hght－to－electric　energy　conversion　yiel（l　was

4．88％，and　the　fill　factor　was　O．54．

　　In　order　to　compare　the　cell　composed　of　titania　n｛mo－

tubes　with　a　cell　compose〔l　of　the　st｛m（lard　titania　parti－

cles　P－25，we　measure（l　the　photocurrenしvoltage　charac－

teris廿cs　of　the　cell　made　of　P－25．The　open－circuit　voltage

was　about　O．6V，which　was　the　same　as　the　cell　made　of

titania　nanotubes．Thus，we　can　evaluate　the　e伍ciency　of

the　cell　by　comparing　the　values　of　the　photocurrent

density．

　　Figure4shows　the　short－circuit　photocurrent　density
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Fig．3An　example　of　photocurrent－voltage　characteristics　of

a　cell　made　of　titnnia　nanotubes．The　ob面ned　short－circuit

photocun℃nt　densily，open－circuit　volt貧ge，fill　factor　an（11ight－

to－electric　energy　c onversion　yield　were　l5．3mA／cm2，0．58V，

0．54，and4．88％，respectively．The　film　thickness　was4μm，

and　the　cell　size　was　O．5cm×0．5cm．
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Fig．4　　Relationship　between　the　shortfircuit　photocurrent

density　and　the　Hlm　thic㎞ess．

obtaine（1from　the　cells　ma〔1e　of　titania　nanotubes，to－

gether　with　those　of　P－25，against　the丘lm　thic㎞ess．In

the　thin行lm　regil）n，the　photocurrent（lensity　of　the　cell

made　of　titania　nεmotubes　was2times　to3times　higher

than　that　of　P－25，The　high　photocun℃nt　density　in　the

thin且lm　region　might　be　attributed　to　the　sign置cant　de－

crease　in　the　inter－crystalline　cont且ct　of　titmia　by　using

mono－crystalline　titania　nanotubes　with　a　high　aspect　ra－

do　instea〔l　of　the　nanopa面cles．

　　　　　　　　　　　　　　4Conclusion

　Titania　nanotubes　were　synthesized　by　the　surfactanレ

assisted　templaUng　mechanism　in　laurylamine　hydrochlo－

ri（le　／　te住aisopropylortho廿t㎝ate　with　an　acetylacetone

system．Titania　nanotubes　ha（l　a　mono－crystal　anatase

stmcture　an〔1showe（l　very　high　photocatalytic　activity。

The　thin　film　ele（ltrode　ma〔1e　of　titania　nanotubes　in　dye－

sensitize〔1solar（⊃ells　showed　much　higher　short－circuit

photocurrent　densities　than　those　of　P－25in　the　thin五lm

region．
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