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Controlling Polymorph and Size of TiO, Nanoparticles by Nitric Acid-catalyzed Hydrothermal
Reaction and Application of the Synthethized TiO, Nanoparticles to Dye-Sensitized Solar Cell

Do Hun Kwon

Department of Chemistry, The Graduate School,
Pukyong National University

Abstract

TiO, nanoparticles were synthesized-by-the controlled thermal hydrolysis of titanium
tetraisopropoxide precursor. The simple hydrolysis of the precurser without strong acid gave only
pure anatase TiO, nanoparticles of which sizes were 4 .- 15 nm depending on the synthetic
temperature and time: As the temperature and time increased, the size of the nanoparticle increased
in the temperature and time range of 90 - 250 °C and 12 - 24 hours, respectively. When the
hydrolysis was performed under the catalytic condition of the strong acid, nitric acid, the various
results were obtained depending on the synthetic temperature and time. When |synthesized at the
temperature below 150 °C, only anatase TiO, nanoparticles were obtained regardless of the synthetic
time and the sizes of the nanoparticles were a little smaller than that synthesized without nitric acid
at the same temperature. When synthesized at the temperature higher than 200 °C, the TiO, was the
mixture of anatase nanoparticles and rutile nanorods. As the synthetic time increased from 12 to 24
hours only pure rutile nanorods of which aspect ratior was in the range of 6 - 15 were obtained.
Insterestingly, Only anatase nanopartilces-were obtained-even under the condition of nitric acid and
high temperature when the preheating was performed at about 80 °C for an hour before the

temperature increased to above 200 °C.

Using the synthesized anatase TiO, nanoparticles of various sizes, the nanoporous TiO,
thin films were prepared on ITO glass substrate by the well-known method of dye-sensitized solar
cell. The prepared TiO, thin films showed the different physical chatacteristics depending on the
particle size of the used TiO,. The film thickness increased as the particle size increased and the
porosity of the film was the highest for the mid size one among the used TiO, nanoparticles. The

surface roughness factor that was calculated from the amount of the adsorbed dye did not show any



tendency depending on the size but the synthesized TiO, film showed higher values than the
commercial TiO,. When the dye-sensitized solar cells were assembled using these TiO, thin film
under the exactly same condition, the cell performance test results showed that the synthesized TiO,
cells were all better than the commercial TiO, ones. The best result was obtained with the cell which

was made of the 10 nm size TiO, nanoparticle.
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U7t EehaEI . HolHEo®m AR EY  goy, S HId  Eol¢
FEujRe] Aol BuEwA tget Jue kT x ASE RIEAR
FEmet FSoel wWol AFEHAL ok Figure: 19141 Tioo AI7FAl F&
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11. o]33} ElEkEe 72
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HH oHg A2 anatase B rutile’d 0.2 WEHA g
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Figurel. ©]AF3} Elebg 9] Al7HA F8 2 A%, (a) anatase, (b) rutile, (c) brookite.
[20-21]

Anatase Rutile Brookite
Crystal system Tetragonal Tetragonal Orthorhombic
Point group 4/mmm 4/mmm Mmm
Space group 14,/amd P4,/mnm Pbca
Unit cell (A)
a 3.784 4.585 9.184
b 5.447
c 9.515 2.953 5.145
Unit cell Vol. (A% 136.25 62.07 257.38
Molar Vol. (cm*/mol) 20.16 18.69 19.38
Density (g/cm®) 3.895 4.274 4.123

Tablel. ©]2t3} Elebge] A7EAl F2 Aol tet A AR A 7, A
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Titanium(IV) isopropoxide (Ti[OCH(CHa),]s, TTIP)< Junsei®] =% 98%%E acetic
acid (CH;COOH)*= YAKURI PURE CHEMICALSY] <% 99~100%Z AF& 3} Th.
65% nitric acid (HNOg)* MATSUOEN CHEMICALSS] +% 93.0%E %3
AF8-3141 3L ethanol (CoHgO, EtOH) J.T.Baker®] =% 99.9%% A}&35}%i ).

T A=A 7)o 2 fluorine-doped tin oxide (FTO) glassE Pilkington2] ™ 4 &+
10 Q AFE A&, N7192 &3 Z . di-tetrabutylammonium  cis-
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Junsei®] %  98.0%= Al23}3 I acetonitrile (CH;CN)2  YAKURI PURE
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lodine (I, Junsei®] =% 99.8%E A}-8-35}$Itt. DuPontAle] hot-melt film 7
50 mAES AESE T Ao Alg3 52 Breansetd NANO pure ultra water
systemS  ARE3le] H|AEHlo] 17.6 MQ °o® " o]&3l A ZEFE

AgIAAT. SIS FH Al glol Fojdulw ALg sheh

12



2. A@7FA A 5A717]

Hydrothermal reactor= AID ENGA}S] Ao 2 9oH 87 SUS304, YH&7]+=
Teflone.=  ®  UFEI7F 100 mLE  AFste]  AE351%a A2 &
BAZIAGAS]  SD-501  EES AR&Slth YAEE 7]+ Hanil - science
industrial ] Megal7R ®&1S& A}&-3}5t).

Ball-milling 7]7]= BMSTECHS] =d BMG2Z A3, AH&% ballS Zr
bid= CENOTECOA] A& 14~16 mm AES F9ste] AFE3sI o™, rotary
vacuum evaporator?} ~&-22E  EYELAS] N-N Series® 23} SB-1000% 492
Abgaktt. W7 skekA el A EG&GAFS] Par 263A Potentiostat/Galvanostat 2
AHg-akg e,

X-ray diffraction (XRD) datai= PHILIPSS] PW3040 X’Pert-MPD  system<] X-ray
diffactometerS A}-8-3}o] CuKo (A=1.54 A)= source® s}o] 4 9mine] =71 &=

5.01°0 4 79.99°7}4] =74 3}3lr}. Thermal gravimetric analysis (TGA) datai= Perkin
Elmere] Pyris 1528 o]8-3}e] 50 T |4 700 C7Z7F4A] N, 3lollA 10 C/min2]
2 ZA3I3ih ¥l3E™ A 20 QUANTACHROME ) Autosorb-1 gas adsorption
analyzer® =735}t Transmission electron—microscope (TEM)3} FE-scanning
electron microscope (FE-SEM) o]n|=|&= Z}Z} JEOLS] JEM-2010%2 3 JSM-
6700FE S o] &3to] ZA3Ith Solar cell]l AM8¥ Tio,EE9 FAE
Tencor2] Alpha-Step 500 surface profile = 213} UV-Vis S3 %9} F4 v+
Varian ] CarrylC 222 200 oA 800 nm7HA] FA43F3t). BlSAA e A
3k2lS $13l IRIE Corporation2] PEC-LO1 solar simulatorE Fo=2 AL&319] a1,

voltage-current data (I-V curve)i= KeithleyA}¢] 2004 source meter2} Labview= A}A]

13



Azpet T2 as o)gste] FAE T FYe Al7l= PeccellAle] PEC-SIO
standard photodiode S A}-&3to] W4 &9},

3.TiO, Y=x &4

TTIP 6.0 mL ¢ acetic acid 1.2 mL = Z&3}o] 1587F 7ZslA wvkslc},
Hhek g-olS 30 mL S7F50] €A%} Sz "ojrmy &

th o] ¥, #RFAEG olgstel FA-Fol A AeelN wrggole

o BOE
(L
=

TE 90CE dAA FA HEA 122N FI-FAFSE v A=A
WA 713 94 B2 715 o] 43te] 15,000 rpmOE 900 s E¢F YA F-l k]
SE TIOE g AR ©lo)A EtOHS. o183l 43 AlH¥ AR E
AR O AT eES ol8ste] A2elA 24Xt AEAA TIO, £EE
DAt o] FH-H o] AlFEE T0-1E Rt W35 100T o] ol A= oA
A3k g7 2 de w-3-hS hydrothermal reactore] Yol @3k t}g AV EE

o]-&3te] 150, 200, 250 & ZFZF 12A1%F Qb RESAIZ thE #E WHo=
etz 4 AFIFGaHnEZAA Tio, WAL ETLS A9y oE
Y95 256 wpeh 2127 T150-1, T200-1, T250-1 ©]&} o},

tgoz A Fvo] digh PSS AHRI] fste] b AFx7A
wRE o] F, 65% HNO;= 2 mL F7iste] 583 =3 5 43 Wrie=
G4 3 Tio, =S zHz; T90-1A, T150-1A, T200-1A, T250-1A 2 F&-3ht},

vpR et 2 whg Azl whE WstE BEsty] fete] b oA
27 HEEAIZES 2421702 WEAIA A Tio, Y= AtE 7+

zd
T90-2A, T150-2, T150-2A, T200-2, T200-2A, T250-2, T250-2A =

14



4. QRIS HFAA A

%L/\

r '|—I‘

TiO, Y= AHE(T90-1, T150-1, T200-1, T250-1)2t2F 0.6 g3} Z4F 0.1
mL, Z&F 01 mL, ol¥-E 10 mLE vialol &3}sted Zr bidet 7 Ball-
milling&.= 100 rpm, 120 AJZF &<k E3A|ZIt o] % qa-Terpineol 2 mLE
7 sl 24471 ethyl cellulose (10%(w/w), in EtOH)E 3.85 mLE % 7}8lo] 244
&< Ball-milling =3tstc}. &3® &AL zr bideE AA F T v
Zeb~A=2 %A rotary-evaporators AR-&35to] g 90Tl A F37}F 1/8=
| 7hA] &= A0

TiO, photoanodei= &% sol= FTO glassell 77 50mme] 3M magic tapes
W 025 c’eE HH FAR EE ®WEo &Ebol= ) Futzg W

2R 70T} Tapes AAspaL G2olA 1A AEZHAES A F F7]SlA
150 C o2 ozl A7|ZeA 1087k 7bsk tL, 10 C/min 4 =
ds A 450\ CTolM 30E% &2 AR &2 o/ 7 HrRe 2E7)

100C = Y¥zte ‘w7b=] oF 3A 7 5<F 71thal 3 N719 998 7.1121 x 10° g &

Y

(LIS

o

t-BuOH 10 mL <} acetonitrile 10 mL ©ll 83217 0.3:mMe] 58N 1o
2417k Bt RS FERAA REEIEL

Solar cell®] At =-2 saturated calomel electrode (SCE) 7|4 =3} W
A AFE o] &ate] #7|3etE W o® FTO glass9lol PtE  F%a}o]
THE2ATE 0.5 mM HyPtCls 2o 7] FTO glasse] WA 1.5 cm® o] HEE
3lo] chronoamperometric W .2 A 9HS -0.04V vs. SCER AA3IA -4 3}l
180% &<t $HAAA TEAT

AEZS HFHEAY =€ 2 4] BHdE A AR F oA

7 50ime] hot-melt film sulyno= 130C= 7}dsle] Az Al7]ar 7

N

flo

M e

15



EojEd dId Tl FAVE o] &3t A& (0.6 M BMII, 0.03 M I, 0.5
M TBP, 0.1 M GuSCN in acetonitrile and valeronitrile mixture) & F¢la}o]
A 2}s} S}

16



V. 23 ¢ 313

1. Hydrothermal® el 213 TiO, Yx=UA A4

1.1. LT o Tio, YA 37 %4

TTIPS] Zhafioll &gk Tio, Wi=date] gHdrlol d=mol we Ao
A7), AZA4R¥st 55 Ay Rwit

FAAA O Aol 7] glol TTIPel 24k 7hek 21& =l 7hall & =Rb
WH3A A SASEATE 2 5F 90, 150, 200, 250C = ®3}stiom 90T 9
Aol 171 el A refluxstlal, U] o = k8 7] &o dd
ol A A ek ol w ZARS hydrolysis®l condensationg =S A&7

Aete] Fasie dAz BE-Se] ZrIgAle] =iko] bidendates]t=E TTIPC]
Bl 91 = o] Ti(OCOCH:)(O'Pr), & #7433l ™ ©]i= hydrolysis®} condensation %=
o] TiO, & anatase 729 AASE Fdte Aoz A4z g
Hbe& ol ek AR TIO Y=l Abs H4l XRDE &35 &1lsH3it
Figure 32 ¥H3-AIHS 1224130 2 arxd sl & 2
XRD datas HojEth FAL7F S7Ees Ao AR dAke] 2717
s/t As & 4 %A, 24Ws vWalstel dAddE Tio, YxdAES
Fewol daglol BT £8 anatase 2SS 7HAE A & 5
Z4zke] Tio, YmdAbEel e A A7) Table 2014 HojFw, o]t
XRD data® 8 AAe F7]E= 2 (1)9 Scherrer's equation®! & o] &3}o]
Ao A7IE FElEY 53] SFAA FAET T0-19 AFol= dAe

A717F °F 5nm olat® FAHH= S & 4 3L, hydrothermal reactor= ¢4 g

17



T150-1, T200-1, T250-1¢] ¢+ Z+Zz} °F 8 nm, 10 nm, 12 nm 7|2 A ¥ =

t=0.9L/B-coshg *reeeeeees 21 (1)

(t= AARZAA T, & AR A7), A= YrFe] 354 A), BE
XRD dataol A ) 41719 peakoll Al 12A4] ol Ao wun], 0g= HhAI7]1¢
peake] YAFZFo|T})

Figure 4= 7t7he] HA2fcel W& WESAHS 240102 S71A
A4 E Tio, Y= Akl XRDE HoJFrf T90-28F T150-22] 7 -+ <4 T90-1,
T150-13} Hlaspe] Aol Yare] 2719 W3
T250-29] ZA$E od T200-1, T250-1ETh A& Aol Fx Ao A=
s7hete A& E T A S HAsiGlS w whgAIZEe] FUsl®
FA4E Tio, HePAES B5F =% anatase A4S HAFP 2479
TiO, Y= AtEl tig YAk 27]= Table 20 4233t

FA2=7F 200C  olstoll A= whgAIZbS FUksto s AR A

A7) A W37 flleth200°C o Fell A = a7 Hsh 7t YER ] wiiol oo
gk WstE AAA R Ftstr] st REEAIZFS 6417 oA 36417 7HA]
W 3kA| A Ay B9k}, Figure 55 200C oA @43 Tio, Wi Ae] wE-E-A] 7tol
st XRD pattern¥3lE HoFEr, sds g2 oA HHSAITH] FUhES
PAre] Aol AL SFSHAT 24413 o] FEE YAk A7) B
Aol FT7teA &gE AL FAT = Ak Figure 60 WESA|Zke] uhE
P2 271 WkE e AT

A9 Tio, U= AHT90-1, T150-1, T200-1, T250-1)53 & 7]%ollA] 450C =

jo.

v
==

It
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303 st AR dxarle] WEE gelsginh. &AZ3 TIio,
U922 zhz; T90-1H, T150-1H, T200-1H, T250-1H & -3t} Figure 7
o]=9] XRD pattern Figure 3%} H]adle] RojZrh T90-1¥ T150-18 A1
A717} 1~3 nm Z7}sk= wbdo] T200-13F T250-19] A9 AAe] =7)0
W37t gl Ao w E ATt Table 2014 FA4 2 ¢l 7S YeE I

Figure 8-1, 2o+ 43 TiO, Y =U A5 TEM imageS H.ol=t}. Al st
TiO, Y= =} (T90-1, T150-1, T200-1, T250-1)52 FeH= F& Ao 715,
Axte] A7]l= AR FUsHH, XRD dataclA-&ely nle}l o] A=}
S7/HEFE A AV ket e 8l 8 5 dnh B=E A

A7]%= TEM imagedl A o2 4] & A 3 ¥
XRD data® AlAb3F F7]9F 2F 1~4 nme] o]z} vi= A S B2135HS T Table 201
TEM imageol A =43+ 212+9] Tio, Y=d#ke] 97|12 el

kA8 Tio, thi= ) AH(T90-1, T150-1, T200-1, T250-1)5 2] 7| 854S Uoln 7|
18t BETE, 5733l th Figure 92 FALEe o2 Ti0, Yx=YAE9]
A7)dstel W& BEdd WstE dluste] Bt dAE vk
A717F 22 T90-17} T150-19 4=  HlEHA o Ao 7 Holx]  FA|nt
Uxgzte] 37|17 7SS v gaEA e gadte AS B o Ao E9
Aol 4E% Degussa P25 AlEel wlEWACl 56 migy B olE
Ho]Z=th ™ Figure 10~138 A3 Tio, Y=Y AtE<] ™3k Brunauer-Emmett-
Teller (BET) adsorption isotherm L]~ Z HojF=t} A3 Tio, Yx=YAELS
AnkA el V9] isotherm3 ElE F3 mesoporousy S HoAFH HATEL
olall A hysteresise] FEl= AubAQd AR AAvFPom HATLM wd

Figure 14~17+= pore size distributions X1 o] 5 T3] 7]F<9 A& &
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s

Table 301 “}EFH AT
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o
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Figure 4. St 2o w2 WFSAI7FS 244)7F0 2 1143198 uf XRD pattern.
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Figure 5. St 52 200C&E 1433 S W HEA] 7o whE XRD pattern.
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Figure 6. 200 C Al Al A A] REG AL w2 TiO, Y AF=27] <] W3}
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Count

500

450

400

350

300

250

2Theta

Figure 7. TiO, Y=Y AS 450C & 3087+ &223819 S w XRD pattern.

Table2. 7=

TiO, Y= #50l digh 4=k =7

Sample Size form XRD (nm) _ Size form TEM
After annealing (nm)
T90-1 4.58 6.84 5.88
T90-2 4.76 - -
T150-1 7.60 8.13 8.70
T150-2 7.86 - -
T200-1 9.67 9.46 13.52
T200-2 10.58 - -
T250-1 12.06 11.76 15.09
T250-2 14.60 - -
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©

1

images: (a) T90-1, (b) T150-

=9 TEMi

vhe 4}
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A the

oe] 7}

Figure 8-2.

1

 (¢) T200-1, (d) T250-

TEM images
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Figure 9. 2o WE TiQ, YU AS9 7|9} H|FHZA 9] W3l
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Figure 10. 343+ TiO, W= A T90-1¢] th3}t isotherm graph.
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Figure 12. $HAd 3t
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Figure 13. &4

Figure 14. &3t TiO,

300 +

250 +

N

o

o
1
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g <>I
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50 {}w QQ
ek
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Figure 16. &/d 3+ TiO, Y= A} T200-1] tj+ pore size distribution.
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Figure 17. &4 8+ TiO, =AU A} T250-11 8t pore size distribution.

Table 3. 43k TiO, Y= z=o] sk B|EHZ 9] F7)¢) 7159 7] ¢

531,

T T
400 600

T T T
800 1000 1200

Pore Diameter (nm)

T
1400

1
1600

=

T90-1 T150-1 T200-1 T250-1
Specific surface area (m’/g) 182.4 182.5 167.6 145.9
Pore size (nm) 65.6 38.2 194 21.6
Pore volume (cm®/g) 0.39 0.36 0.31 0.49
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Weight (%)

90

T
100

T
200

T T
300 400

Temperature ("C)

T T
500 600 700

Figure 18. T}2 2% olA A3 TiO,1 YEAAES TGAS E3F A9
FAENS
Table 4. TGA #2419 FalA & Tio, hePdA=9 A% #ad 2 e
=9 &
T90-1 T150-1 T200-1 T250-1
Weight loss 8.948 % 6.613 % 5.492 % 3.640 %
Formula Ti0,0.44H,0-| TiOz0.31H;0 | Ti0,0.26H,0 | Ti0,0.17H,0
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1.2. TiO, Y=} A4 gk AAl 2uje] g3

Tio, Y=gz FAA Aiks Hrtetd Jheds S5 S7HAE
AE= drel a719 AR mAE WstE A ESTh o] 9
A3E AvrEd di FulE AREES o, =59 rtile 2AHS B85k,
Axr Zu] S AFRA)o = =573 anatase B rutile ¥} anatase 7 EFH AAS
At dEA dem e, ask, AR 7t 2ol E AA S
stoll M= rutile A4S A strhar G4 el o8
Figure 19, 200Al~ &4l Fuj ShelA P Tio, Wx=#AE< XRD
patternES HojFo ZAb FuE #HUbekA| il FA g Tio, YedAES
XRD Z 3} Figure 3, 48} ¥ wdle] A Zwujslol 4] 3443k T90-1A9} T150-1A2)
A9 T90-1, T150-1Et} AAgo] tropx|aL Sj&}e] 7] FA| Zrolthe=
AL s 4= ATk EI T200-1A9F T250-1AE Aol = #as 4= giid
g Ag geld F AUTLE Ammo=m 00T o]
I EE GrbESde] digt J¥gor AAHE= AR LEA rutile AR ]
250C  olstollA AL 3t Jgoz AMH+E AL AU

HESA| 7+ 124 7boll A 24X Zke 2 Z718FlS w  T90-2AE T90-1A%}

T250-2A0 A= A4 AFo] anatase oA rutile 2 vl¥ W WESAJ7Fe] Z7lR 213
=g e &5 rtile AN FAEHE AL AR £ Ao
XRDE A4FgE 4216] A 7] Table 504 H.ofEt
Asb Fuf stell A Tio, Y=fdas 4T o b FHuje] dFo R st

FrAAoR uile Aol AFE = AL obyuh TheEEsd &9 1243
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&b BEEAI717] oAl $RAAAE o8kl 80TE 1AIF Bk A st
St Ao AAE TiO, U YPAES rutile 240 A TR &l =53+ anatase
A4S Yetdidth ol Ao xxdA AAHE Tio, W=7t w4
FElel anatased o= A Eo] AT 2mob hEA= ARGl WEA
i ©x Aol Frketel  fJA AV & &% anatase®  TiO,
Uwdatse] AR Ee som Azdn. §4e Tio, Y=g ES 22 T200-

S
1AP, T250-1APE &3t} Figure 218 ZA2F =1 dlol A AAg] A4S A
413k XRD 2ol

Figure 22-1, 201 A& A ¥ Tio, Y= ZH(T90-1A, T150-1A, T200-1A, T200-
2A)E° T3k TEM imageS R olFT} T90-1AE 4~5 nmz FA 3 dAE 5

Vg e T71E 7R AL 3kl 9lat, T200-1A04 AAE rutile A

rlo

—_

20 G ESS A= As Rl 5 qdal, ol o FHE anatase A Ao
 rutile 24 o] anatase ®.r} R Avke=
= ¢ 7 Aok T2002A%. EFs 2719 Y= dE e rutile 2
RoFErh TEM imageoll Al S ZH4F9] Tio, YU #ke] =71+ Table 59
HolFErh
Figure 23 A4l FHuf -sleA [P TiO, Ui=dxt=9 TGA curves
BolFEn Ak Zu ol FAI Tio, HePAEL 9 250ToA $HA 3
AL ALt AAE H7LeA Fe Tio, =P AEel nls] Aol Hado
A T250-1A= 238 H=Fe] frasde] T250-1 Kl &tk o= A%A4
3 A717F 2 TE rdtile Tio,ol A9 3t AY ¥ hydroxyl group©]
e Aoz AZrEr) Table 6 o= TGA 4 FajM 4 Ao A4
5% $3E BER 7MAEY AtE 23E noFE et

_

to
Ol
£
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Figure 19. FAF Zufslol A & &0 wE HESAIZHS 124110

uj] XRD pattern.
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u XRD pattern.
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Figure 21. A3 2] A S E3to] A3 TiO-1AP Y=Y Ake] theh XRD pattern.

Table 5. A4F Zujalel A4 G4 @ Tio, tefASol tist 24945 ke 7).
(W: width, L: length)

Sample crystalline Size from XRD (nm) Size from TEM (nm)
T90-1A Anatase 3.34 4.17
T90-2A Anatase 3.30 -
T150-1A Anatase 4.20 5.83
Anatase 4.86
T150-2A Rutile 14.22 -
Anatase 7.30 7.5
T200-1A Rutile 16.30 W: 15x L: 182.5
T200-2A Rutile 29.39 W: 28.78x L: 172.66
Anatase 12.66
T250-1A Rutile 26.91 )
T250-1A Rutile 34.80 -

35


http://endic.naver.com/search.nhn?query=crystalline

Figure 22-1. AAHS F7beh 7oA g2k &
U= 9] TEM images. (a)T90-1A, (b)T150-1A.
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()

Figure 22-2. AAHS F7heh 7oA &= W& TiOo, YAl ==
U= £ ¢ TEM images. (c)T200-1A, (d)T200-2A.
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Figure 23. t+2 X0 A3 TiO,1A Hi=UAE2 TGAS F3+ A9
FaES
Table 6. TGA 42 Eajr A& Ti0-1A U= A59 A oz @ 53}
o] &
T90-1A T150-1A T200-1A T250-1A
Weight loss 13.264 % 10.725 % 8.458 % 3.054 %
Formula Ti0,0.68H,0 | Ti0,0.53H,0 | Ti0,0.41H,0 | Ti0»0.14H,0
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Table 7. TiO, FH =29 54,

TiO, Size Thickness Dye loading | T | Porosity | Roughness | Weight
(XRD) (mol) (%) (%) factor (9)

190-1 | 5 nm 21 um 37¢10° |170| 475 2229 43510
T150-1 | 8 nm 3.5 um 30x10° |167| 788 180.7 20%x10
T200-1 | 10nm | 47 um 53x10 | 69 | 569 3193 | 79410"
T250-1 | 12nm | 5.0 gm 63x10 |167| 528 379.5 92x10
CA 16 nm 5.5 pm 30x10°  |27.2| 688 180.7 67x10
P25 | 26nm | 67 m 26x10  |110| 675 1566 | 90x 10"

2
Dye : N719 0.3 mM, Substrate : FTO glass, active area : 10X10 mm

A, 540 am , d= 3.9 g/mL (P25 d= 4.13 g/mL)
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Figure 27. A%k @ 5253 Bl EAA 9 AfF-H o =4l
Table 8. A 23+ A8 Bl FHA 9] [ a3t
Efficiency Jse : ..
Sample (%) (mA/em?) Vo (V) Fill-‘Factor Condition
90T 2.47 5.33 0.70 0.66
150C 2.75 5.27 0.75 0.69
- Electrolyte : BMII
200C 3.81 7.87 0.73 0.67 Substrate - FTO
250C 2.54 5.67 0.70 0.64 Active area : 5X5 mm2
CA 2.02 4.09 0.73 0.68
P25 1.18 2.49 0.71 0.66
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