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4T 3R 7 7 AL R K PH 6 R b B O AR SO B RO A R A B B TR ALK R
HAF ST AR R . AR SCRI MR BB R i ma R VE B A R R, R
FAPHRE b A e RN SIER, S B IR LBk R fr LK M %
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%2 EHAT EHARKERERREEF LR 2-{2-[4-NN-“RZEFFH)K
B HEY-1,3,3-= F R 3H-BI MR £ (Cyl), 2-(2-[4-(NN-ZHRZBE )X E]| 2
E}-1,1- 3T E-SH-B BB (Cy2) M1 2-(2-[4-(NN-Z R ZEEE)KE ) L%
F-1,1-Z P 3E-3- 3 5 3H-BIMEBE AR (Cy3)BUL K PR RE f it R FR AL E MR RS, RIL=FP
BB RN Cyl MBI BB, 7 100mW/em’ TATHIRF, FmE. Ml
M BARETFRERYES DR 430mV. 1.31mA/cm® + 0.52. 029 %. WF5TEY, B
EAF YRR BB, BB BT R,

B3 BUSAFRAOFLRR 2-[(1-TH-3, 3-THE-S-RE- S8 RGE]-[1-T
H-33-THE-7-(1-2.%-1,2,3-= M ]- K FHBIRM (Cyd). 2-[(1-T %-3,3-Z FE-5-RE-
TEIV R ]-{1-T #-3,3- = B 3E-7-[(4-WRHE -N- 2. 3E-1,8- 25 BE WU fi6)-1,2,3- = &)} - &
FHWGEME (CyS)s 2-[(1-T %-3,3- I E-5-BE- Al A HE]-(1- T H-33-“FE
-7-[(4-WRBE-N-T H-1,8 -EBF T IE)-1,2,3- =M} -FFFBIVEIE (Cy6) RBALFIFIA T 11
MG RS AHMX R, BRIFE TiO, R ERREOEE, 5EI#ERSEF R
WA L, BRI RAEBEBMIE. Cys M Cy6 BT SHEMUMRER, FEMNE
Cy4 EEEBRERMRM, £RERYE, ©NEFEFR R RER. LLS00W FITH



R TKFHLEMIBL W

K, 7 75SmW em? IR T, Cy6 KIEHEBRBRR TR 4.80% (Ji = 14.5mA cm?, Vo,
=500 mV, FF=0.49).

5 4 FEIR T WAER RGXRBOEE R E EAMERREEF LR 2-[(1-T#-3,3-=
RE-S-RE- ZABI)ABE]-{(1-TH-33-Z FE-7[4-RIE-N-Z. 5-1,8- BB T
F2)-1,2,3-= W]} —FFHFBIRI(CyS)FI 1-T Z-2-[(1-T #-3,3-“ FE-“EmI)(1,3-Z 1%
#i)]-3,3-— HIBE-6-FR 25| R B Cy7) Al T BURHMBUL K PR B FRLIB A SE 4k . 3 RILL Cys,
Cy7 MEMMREDIENKE TiO, KFHEERKIBIA . FFRKE C31 (BE/RE:
Cy5:Cy7=3:1Y8AL K A PR B L HBZE 100 mW cm™ F1 20 mW em? B E LIRS T4 37
ETEREFEHNE 3.84% M 6.10%, XRIFFLEAIL R LR BUL KB B RitL
BHMENAUFR.

55 B ABRMARMNEFR. R AR B-BERUESY (PACB)S 1-FH-3-
REXKMBMPIDGI& T —MEFHESEER, FATF—AIEERE 7-(1-[2-4-3
HRCOH-18-FBBWIL) Z K- 1,2,3- = M-4-3-2-[3-(5- 3 HE-3,3- I H-1-T H- —E05|0k-
2-W7 B B)- A B - 1,1- R BE-3- T - RIS MR Cy 8) UL B S eH Ak K PR R ri it 3t
7T B RE IR . 76 20 mW/em? L3RI CHEST T, B30 S KL R EHME R
0.7%, % B FLI (o)« T B (V) A TS F ()2 5128 0.44 mA/em®s 550mV F1 0.58,
JGIEAR S00W [UUT. ZEARBRMREKASANER, A58, BT DSSCs A5 #
#,

2 6 ELUSAREGIK S10, % B Fi AT T T EA, FFE i SR @RI RS,
Fl & A FMHERABRBT. RIEH T —MEERE BRI E LA (Cy9) FINTL9
FURME A e [ A L R BA B8 F b U BULT o MR T 2 Fhve [ A AR SR Kk Ak 22 5
PEIEXT Cy9 Bk B Bt e r A SR B B AR A R AT T 40 . BB NT19 Bk s
B4 DSSCs 7 100mW cm*JE3RM AR T, [BEIMBRSIEBEHMENR 5. 66%, ik
B (o) TFREIE (Vo) FHEERT () 4514 14. 33 mA cm™. 676mV H 0. 58,
7E 1000h P, HUR T Cy9 BALHIP KSR RE iR e 1, SRR, ZABREgs
SEHRIBIREF R E .
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Photoelectrochemical study of new sensitizers and solidifying electrolytes

for dye-sensitized solar cells

Abstract

Solar cells are one of the most promising devices in the search for sustainable renewable
sources of energy. One of them is the dye-sensitized nanocrystalline solar cell (Griitzel
DSSCs), which convert light to electricity by means of harvesting of solar irradiation by the
sensitizer, have attracted considerable attention in scientific research and for practical
applications. In order to improve the photovoltaic performance and stability of DSSCs,
extensive efforts have been focused on the synthesis of new highly efficient sensitizers and
the search for stable electrolytes. In this thesis, we developed several new DSSC sensitizers
for increasing spectral response by utilizing multi-chromophoreic assembly, and investigated
the relationship of sensitizer’s chemical structures and IPCE systematically. In addition, we
used quasi-solid electrolyte as hole-transporting materials to solve the critical seal problem of
DSSCs, which improved the electrochemical and photostability of the Gritzel solar cells

under high photocurrent density,
The main contents and results are generalized as follows:
In Chapter 1, the basic definition on the structure and principle for dye-sensitized solar

cells, nanoporous semiconductor electrode, dye-sensitizers and electrolytes are introduced and
recent progress of high-efficiency sensitizers for dye-sensitized solar cells is reviewed. Then
the research strategy of the thesis is presented.

In Chapter 2, the photoelectrochemical properties of three new hemicyanine dyes with
different carbon chain, 2-{2-[4-(N,N-dicarboxyethyl)amino]phenylethenyl}-1,3,3-trimethyl-
3H-indolium iodide (Cyl), 2-{2-[4-(N,N-dicarboxyethyl)amino]phenylethenyl}-1,1-dimeth-
yl-3-butyl-3H-indolium iodide(Cy2), 2-{2-[4-(N,N-dicarboxyethyl)amino]phenylethenyl}-
1,1-dimethyl-3-octyl-3H-indolium iodide (Cy3), have been studied. It is found that Cy1 is the
best candidate with conversion yield of 0.29%, short-circuit photocurrent of l.31mA/cm2,
open-circuit voltage of 430mV and fill factor of 0.52 under illumination with 100 mW/cm®
white light from a xenon lamp. The longer carbon chain the hemicyanine holds, the less
charge recombination will occur from TiO, to oxidation state dye or electrolye. The
conversion efficiency # also decreases along with the extension of carbon chain,

In Chapter 3, three carboxylated cyanine dyes, 2-[(1-butyl-3,3-dimethyl-5-carboxyl indo-
line-2-ylidene)propenyl}-[1-butyl-3,3-dimethyl-7-(1-ethyl-1H-1,2,3-triazole-4-yl]-1 H-benz[e]
indolium iodide (Cy4), 2-[(1-butyl-3,3-dimethyl-5-carboxyl-indoline-2-ylidene)-propenyl]-
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{1-butyl-3,3-dimethyl-7-[(4-piperidine-N-ethyl-1,8-naphthalimide)-1H-1,2,3-triazole-4-yl]} -1
H-benz[e]indolium iodide (CyS) and 2-[{(1-butyl-3,3-dimethyl-5-carboxyl-indoline-2-
ylidene)propenyl)-{1-butyl-3,3-dime-thyl-7-[(4-piperidine-N-butyl-1,8-naphthalimide)-1H-1,
2,3-triazole-4-yl]}-1H-benz[e]indolium iodide (Cy6), have been synthesized and identified

with regard to their structures and electrochemical properties. Upon adsorption on a TiO,
‘electrode, the absorption spectra of the three cyanine dyes are all broadened forward to both
red and blue sides compared with their respective spectra in acetonitrile and ethanol mixture
solution. Cy5 and Cy6 containing naphthalimide group have stronger absorption intensities
and broader absorption spectra than that of Cy4, which consequently leads to a better
light-to-electricity conversion property. Among the three cyanine dyes, Cy6 generated the
highest photoelectric conversion yield of 4.80 % (J;c = 14.5 mA cm?, Voo = 500 mV, FF =
0.49) under the illumination with 75SmW cm white light from a Xe lamp.

In Chapter 4, two carboxylated cyanine dyes, 2-[(1-butyl-3,3-dimethyl-5-carboxyl-indol-
ine-2-ylidene)propenyl]-{ 1-butyl-3,3-dimethyl-7-[(4-piperidine-N-ethyl-1,8-naphthalimide)-
1H-1,2,3-triazole-4-yl] }-1H-benz[e]indolium iodide (CyS5), 1-butyl-2-[(1-butyl-3,3-dimethyl
-indoline-2-ylidene)(penta-1,3-dienyl)]-3,3-dimethyl-6-carboxyl-indolium iodide (Cy7), have
been synthesized and identified with regard to their structures and electrochemical properties.
Cy5, Cy7 and their mixtures were used as sensitizers in nanocrystalline TiO; solar cells to
improve photoelectric conversion efficiency. It was found that C31 (Molar ratio:
Cy5:Cy7=3:1)-sensitized solar cell generated the highest photoelectric conversion yield of
3.84% and 6.10% under irradiation intensity of 100 mW cm™ and 20 mW cm™? white light
from a xenon lamp, respectively, indicating that co-sensitization would be a promising
method for improving the photoelectrical properties of dye-sensitized solar cells.

In Chapter 5, a new cyanine dye 7-{1-[2-(4-morpholine-1,8-naphthalimide)ethyl]
-1H-1,2,3-triazol-4-}-2-[3-(5-carboxyl-1,3-dihydro-3,3-dimethyl-1-butyl-indolin-2-methylene
)-propenyl}-1,1-dimethyl-3-buty-1H-benzo[e]indolium iodide (Cy8) has been synthesized
and identified with regard to its structure and photoelectrochemical properties used as a
sensitizer on dye-sensitized solar cells. A novel solid-state electrolyte with polyaniline-loaded
carbon black (PACB)-1-methyl-3-propylimidazolium iodide (MPII) composite was
investigated on these dye-sensitized solar cells (DSSCs). The short-circuit photocurrent
density(Jsc), open-circuit photovoltage (V,), fill factor (ff) under 200W/m? white light from a
xenon lamp are 0.44 mA/cm?, 550mV, 0.58, respectively, yielding an overall conversion
efficiency(n7) of 0.7 %. The most merit of the solid-sate electrolyte was free of volatile and

flammable fluid components and easy of encapsulation for DSSCs.
In Chapter 6, ionic liquid 1-butyl-3-propylimidazolium iodide is solidified with fumed

silica and by means of variation the component of the electrolyte several quasi-solid
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electrolytes are prepared. Choose a cyanine dye (Cy9) which has steady photoelectrochemical

properties and standard dye N719 as sensitizers for quasi-solid state DSSCs. Analyze the
photoelectrochemical data for every electrolyte used in DSSCs and the reason which lead to
the lower conversion efficient for Cy9-sensitized solar cells. The N719-sensitized DSSCs
yield the optimum over conversion efficiency of 5.66%, with short-circuit photocurrent
density (Ji), open-circuit photovoltage (V,.), fill factor (ff) under 1000 W/m® white light from
a xenon lamp are 14.33 mA/cm?, 676mV, 0.58, respectively. The stability of Cy9-sensitized
nanostructure solar cells were tested in 1000h and these cells exhibit very stable behaviors.

Abstract: Dye-sensitized solar cells; Photoelectrochemistry; sensitizer; solidification
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BACAERRE, S5 R FIBEIRFENURER ST o AR R P E 0. 20 4D 70 4
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v HKEE. MBEMEEL, KPHEEFIFARIMRASIR, i EASZHERA4RIBRE.

ARFHEGE R IRER AR KA R 5.4x10%0, 2t RERESETENRLRETEM
BT 8x10°t FRAEst, R 1.09x10%°] BIEEE (1t FRAEREAT LU= 4 2.931x10') fIRE R,
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X HE A B e 3 e B YR AR 0N AT LB 8 150 £ERT. 1839 4, Becquerel % AN
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K8, KRB E—FMRZTE, BELHUBFEN™4. L TEALK,
DIEEARRIESEMEERIRERE. 1954 &, HEHBEN 6%H p-n 45 KFHAEREM
FETURSERERA™, XRE—LAMKCREREME. Ak, ¥ SE— KRR
BIEHKE, HETENATIER. SR, EFUURMTHX K@ BB HEEN. |
FRRFEEREREERE, FHRAMBLOROLERHBAE, 70 £/, TUERXRRER
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BHRE. Hil, RENE. BERAUKLERESRE TR REKHREBH = FE
R .

HtEer, ABERR T RE AR BOC RSB M. SR KFHRE BN
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Fig. 1.1  Criteria values for cost and conversion efficient of different solar cellst!!!
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St— AR TS, KX IREE MEH IR THRREKHENAE S8
. KBRS REFURSEESE (. B, ) 5. BEEKE—-ANRICBRAL,
FEEHENFBAER EOEREE GREAKSERN) I—¥%, RZAKHEESR. H
{84 1338~1.418 kW-m?, ZEXKMHARMATHETEEN 1.353 kWm?,

LRFEURRAK AR BB, A TFHEERARMN. BHERAXSEEAIr
Mass, AM)K £ URPHYEHIE R &1 . HERK S ESMORPHEESHE B € X AHAM 0. KFH
KREFTRSENTBEPEE TR . £REEFEMTE, AMHGEHRYEEFE
(2=90° ) , & THREMNKSIES, WEFE L KHrEREREXAHAMIL, K
E51.07kW/m?, T, WRKFAMAS AT , KNG ERLEKHRES.
AP KRS M IEEE X HAM=1/sina, a BIEAFHNESKFEEIEA.
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Fig. 1.1 The spectrum of the sun under Am 1.5 condition
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A5t B8 56 F - B F 4L R % (monochromatic incident photon-to-electron conversion
efficiency, R4S IPCE RoR), X A BALES (8] b BE P 7= AL 9 H8 T 5 N 55 AL R
A RAS BEXTEN, 2, HEFERERXDAR(.1):

IPCE = N, / Npx100% =1240 I/ (A Pir) (1.1)
K Lo AF Py BT R SAL A 00 pAem? o nm A1 W m,

MELFF=ERTFEER, IPCE 5X/3k % (light harvesting efficiency) LHE(A)s H
FHEABRTRR by RIEABFEKBIRS T/ FIEH G B E (back contact) b AKX
EHRg =HMK. RAK(.2):

IPCE(4) = LHE(A) x ¢ x ¢= LHE(A) x ¢(4) (1.2)
HA goixd TUUEERTHES (). BFOSLHEW) <1, BT FR—&R, IPCE(1) <
¢ (D). SRTHEM, IPCE(W)RETE iR it KPEHIF HRER, BAsDR
ERR T HBBBOCR AL, T IPCE(A) BEB R T BBt R E R T HH%R
AR, B, HEXEEREEHIRBEN 1%, MERMBETHE ¢(1) Hh 90%, H
H IPCE(A) RE 0.9%. fE A KPABERM, % EBITAE NG KT, BTLAH IPCE(A)
FRHABBEURERESE; /64 LB R 8 A BB R R APTA EER R
R TAREECHRYE, FTUHER g (DRTERELRR . LRSI R
F, IPCE(A) BASHEEKZIEII KR #EAR A A b e A .
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He IR A R T Bl SRR AR R KR LB R, BERBRT
AR L RE 7. ORI etk KPR R it R B A A AT R B H B TR R E
A S A R AR Bl T - v k. A -V iR TE 129, TEMN
PAHXKPHRERHM RS . 4588 Hf(Current of Short Circuit, Ic): FE& AL T 51 2%
(B EFE A ) B HOGH IR A MR YE ;T % X B Fi(Voltage of Open Circuit, Vo): HL
BT IFEE (BFEALHK) B HEHEERABOEEE; A E F(Fill Factor, FF): Hith
BEEBKBHINE (Po) FETHER () FHEE (Vo) HIFIR S MEHE GBI
B R ML ER A EAEF .

FF=Poy ! (I X Vo) = (opt % Vopr) / (Isc % Vec) (1.3)

HBFEN R BB IR 5 AT (P B L ERR A e LR,
Ny g R HRER.

1= Popt/ Pin = (FF x Iso x Vo) / Pig (14)
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Fig. 1.2 Typical I-V curve of dye-sensitized nanocrystalline
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HERTF, HAETAMOEREWSCERRE. IBLE, B EE T Ha R MERR A
e B LR,

1.2 ZuRMBUEAOK SOKPIRE A (DSSCs) HIGH#I B TAE IR B

1.2.1 HhEs
Yokl b g K S s AL K PHBE L (Dye-sensitized Solar Cells) & #% 4 DSSCs,

HeREEME 1.3, DSSCs EEH =4 Aak. JEPHREZ S RHELI Z LK &
A SRR AR, B RIXMERIIZOER S . A SRR E R GK & TiO,,
HAbEEALY, 1 ZnOl'> 31, SnO,!™ 151 NbyOs!'® 1), SrTio,! 45t 2 9. Xt
HAR R R0 S BB, HIAME R E L ra AR I RS Bl 2 FLIBZ 3 hn e R ¥, T
FLBEHE AL LR R P B AR SR R R, A AR 2 TR SE 7 3 A R R F X ) PR AR
B, BERANENERAE /L, By, BERERE. BESREE =M.

X o iR

1.3 ZepHEb K e S s B

Fig. 1.3  Sketch map of the structure for dye-sensitized solar cells
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Bl 1.4 R 3optgith — SR K & i it b i S P AE ML R RS, 7E A SRR RS
T, mAERERRAENERE, XIS A
OREHD)Z UK B EESKIT BIBURAD*):

D + hv — D* (1.5)
QBREB YK TR TFIEANERESEA FH P (R TFIENERZEHCN kin):
D* — D' +e(CB) (1.6)

OF I T HEASTE 0] E & (BT EHEERE LN k):
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D' +¢(CB) -~ D (1.7)
@K FEFERMARETFEHRABEYN LEFIEEEEEYA b RR):
Iy + 2¢(CB) — 3T (1.8)

®FH(CB) ¥ HL T ZEZUK & P 45 o A& 4 B /5 HE A THI (back contact, ] BC Ron)JE Mt
AZEI5h B

e(CB) = ¢(BC) " - - (1.9)
® LBETY #HEXBEHKCE) LARBTHAE:

Iy + 2¢(CE) — 3I (1.10)
@ I'BETFEREMEFR ] DU ek B4

3r+2D" — I’+D (1.11)

Gritzel NANZN ¥ A FEERT DSSCs Bt A F R EEBRBMENERE. SROE—
MR FENTRE, EEREHHD 101°%10'%", BFERERT 100%. XEETHE
&, PEOMSBORFBNMERRBHITRE, SBRONERELN 10%!, SBROF4E
HIBE T SR TE %, K244 10"~10°A/cm?. JeAE BT REBRDRER, £
BOR—NEBHER, BEEHH 10~10%". MR ENSHEREE, SEBON
107~10" A/em®. Bl THOEEORE R EH R 1057,

LSk g EMm dER

< e

A
1.4 BURHgotb A P 6E i M i BB 22 2046 R T4 [ 22
Fig. 1.4 Schematic representation of the principle of the dye-sensitized photovoltaic cell to indicate the
electron energy level in the different phases.
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AT RSO R K B TEARLFER R P AR W R R TEEFH
AR R RE, T LA BlA R 5 T R BB 5 BT (back contact) Tl HEA S LB .
BT BB, ERANEEIRRERTHIRENLS. BidE, BibKERE
Ja Y FRET TiO, (KHE 3 K BE LR 55 o AR P LA S e 3 ) BB R L 2 2121,

1.3 k¥

1.3.1 GKE¥ SR BRARER

DSSCs it K% L3R R ANK G £ FLRE - SRR, TEAK R AL SRR
B> NATTIEHE KA R FARE SR AR PR SEEB R BEERRERARKN— BN,
E T T 8L AR R R AR . R IR AR AR R T R, BRI
BEIMXT NS ERRYL, BRESCERFNERBERESH, MAREBEEFEHEK
o FEL, HEBRMREREEARRERERB RN EEER. 1985 ©F, Gritzel H
RASE FE R B SR N AR R IR B AR AR AR, 1991 4F, Gritzel BB ZEREHEREE,
BEENRKRERAT YK Tio, B S BARAMMR T L BRe. gk R HE
XS EERAHUT JLMEED),

O KKLRERAMEREETF, 3T 8um MR, HABEEF 7 LUEE 1000,

@ ZKBHRZBHAHLERE, MBERREERSH, FHKAZRF RIS
Hefb o

® AW FE BT LB B BN PGS S RER, FHRENNER ST
REERHIBAE.

@ K &2 T AR FNILR BR ) Gkl 21 2 18] 6 571 P T A8 ARG AU

® XHRMEMmARE, EHARKEGNRORBEARER (BEEELAKIILTH
K)o WFREFEBREFERE, EEREMERT, FRERERE (BEEE
100~1000nm).
132 TiO, K@M, & KRR

“EMHRRMREEE. T2LE. WEHARENEIAME ., HERFGEA
B BT IREKE =F. SL4RRIBEHRAEQG.0eV), HBEMERE, BT KIZEH
BEG2eV), FILEHRELRLF, BAAERELELEEY, &4 TR xm
REmB S AME. EXRT, MR THBREST, RNENT LBREI
HTHRTFEEFEANES, BSSRT ERRERN 3.2eV, RAERIEHK /T 380 nm



HREIT KFHE SR £8 W
RIS, Bk SRR, VI —EURREGERERL, AN KX
BN, MRS EEERYE., KPP —NEEHFEREELEME (FANFIER
THALEY) SR M eI f7E A b R T 1 — ALk B L E BRI — 8k
RESBRAMBIL. 2BUEN —EHKAEFNTHR: —HEMUZANKHERRE
B E BT F, HE4IR A B AR P 3 1 R TR B 3 £ BRI 4 F, R KRR
HEMBRARNZ KRS, ATHBLH?FRERE, RET KBECHFHE. 5—F
HBAEF R INEB R BN E, TREREKZETIAXE, ERBRELEER
MEMBE . ERBBKMFERmT, BREFEEGIFEREK, EREREE
SHETFIER, ZEFERETLEESEFBNEHLTINE. Fril Z8k2 R il
KPEgEER R — AN EE S E R FEME .

HIBRGK B EHABREFEMAE, mEESASEAY. BE TicL, 8,
& BN KA R, (S HTRPI R R REP, P - 2 B
R —F . BRI e RS AT LR IR UL R 4, R
B &AM TR AL A &M, TRENSEW. A, BFRERFRSF—K7E 1 3 100
K, R DA R H B AR R ER . - RTE S & ARG T B,
SR E AR RS KRE, BT KA. KL EE N SRR TE
AT A& S ALERE F AR . BT DA — R BB e 72 B B BB (AT BRI iy AR B
HLE AR ) b R ¥R (spreading) ek, BiE B H A HIEE AT ¥Rk (spin coating). 4R
KR IF RIS T R B, BT R PRGN RIE. BRI EERR
F R R B ERE . 3118 L FIFRE K F (roughness factor, RS REMREH
JUAERZ )RR EREBRB K. HEEFBRK, RFESK, XHREESS.
FIHRABRBEERITRSE, BEH1T, #&MPKEEER REFREEERE.

ARG K AR B T 45 M ot e FRUE A SR A B T UM LR =AM R 18
B0, ¥k, MNTAHFHRARARMBR, LEKDEEEWEEELER, 1$H2%E
BT . FEREIRT W 110 BERUKFE), 455l /12235 2 LUk 2 Rl B A, Fitk
ERRT, BRI EEMERAIERAK. FERET—MERLKMH), R
N E AT ELRE D FREE, FTLBRET, JLARK/IIEEERZ
WK, LK S FFRM 4 nm #NF] 20 nm, +452 —EMKAXREHT, &
M 4.72% #INE] 4.9%, TE—MERKHEXRHE T, MEM 3.38% #HME| 5%. &
RERERMEERALZ, MUEHMERE, K THTRBMLER/NT, XERXKFKE
JRRAEFLF Y BOEE, BRFEEREREL KBS TR, K, KEERBAIT LR S
W5 ZEAK AR TR M BB o FRCE B A, BTUA—RRCRF, REBEK, AR
WK, ZHEHKFERRKRKAET PRERMOEERE. LR, BIKRHGENB#
FHIRE SR 1%, £=, FLBRE (porosity, FLEERE BB RAERZ
t) sttt RMERER. N TFAGHAEERMRTRME, LR, HE
BREA, RZIFR, XRENILREBRK, BAmA SRR &H N 8RR




£ERIKFHELEMBT B

B/, BAEREATRE HREmB BN, REBREAD, IR EEES FHRBRR
Ny RERFRE SRS EFRIL TR,

MARYE, —EHKERTEEERERNREES, ROSREMTHEFZD, £/
B, XS, RET B FEERPRES), #4808 FAEEREP AR
K. BFEZAEEPEHRNESK, NERREEHBERBX, FBRHER
10, AT PR T ZebhBib gk B KRR it i AR RS B R PY, 25 T 1R B AR R IR
RRRCHEERRE, TTRBES. BREFENEFHRBITEM.

H #7 M F FDSSCsHIAKTIO M A — N EE K B I M ZF A MEE FRHKEN
TiOE HI & DSSCsHI LR . BRI, FHFHIIN R B TR & A b B
FREERT. F BRI E AR FRARGR T MK & = 4 B L4 £ DSSCsH,
i, FFEECEBEXE0.9 V. KimZEPUR A TiCLK S B R ALO; HEBARAR b 14 TiO, 4
KEHAKE, K10wt%MTIOFKEB NETP2SHAKTION:, BERET2%.
AdachiZ IR AR T TIO K, #ILFIEDSSCsHRM R, BB TS% MEHUE,
B 1% /N X AES0C HIKIR T HI/E T HTIO KR M K L ik, BRI T /&
9.33% KL EL, ZukalovaP IV 2 BEHBE R (1ayer-by-layer deposition)7E
Pluronic PI23##R Ll & A FE M B LMW KTION, EE T ImEN=E BN
(superposition) 5 A FH e 7t 35 28 bb 22T [7) 4 5 B ) 558 B ATLEIX 1) R BE 2K 49 K THO I
KBHHEEES0% . FIFESHE SR RATIO N NbyOs. ZnO. SnO; FMALOF)4%ER
A3 BB R RS L BERAN—AEE S AP,

133 F3ERBETFHR
1.33.1 W#iafrg

B 152 JURpEAE ¥ 3 AP R EpH=1 L IR B i SR P i BRI AL B .
AR UNE, BRITTUHE — M ERNAERSZ EREARFRE. i, R
BT RN E RSB FFRER, B4, #0% LERESARK S HULHE
SFALIE R s Xf AL _E T
1332 ZFR Bk ENHE

LA ESEME S EF TR K R AR, R 548 5K (Feimi)
R HSEME IR BRBAAFR, BTFRIEFIENEEBEMRAERERS), B
HAAE T . BEESEEATEERERANS B EEFREN S HERAR, ¥
ARIRHAERBRESH, XNMXERL AT EBFX . HxTR, BER—0 =X E
B: %% E(HelmholtzZ)1¥ #Z(Gouy-Chapman/Z). T Un-B B4k 46, HBEZ
E AR, Tp-B¥FAEMBREFHRK. MRESERHFKERSELEFER
IR AL, ERERRORAERTEBRE, EFFERIRET R K2 6 B
B, ¥ REEE AR AL . an SRR AR K BB LU EAAE R X ¥ FE AR B A7 fh IE (4
X FARHEE R, BFRSNBEBREBIIEIAREA, HE¥IFHREM KRS
SEAGE RS R BALPE, B “FRETH. FEBFEBMELSAREMARHEH



AT KPR ®10
SFRERTEH, BR “BRE”. RZ, WRESHAFKAEH LA MIE FXTH
WHEARA, ERERHBHEERT (BF) RENREES I EMBE, B TIEMESR
7, KBARAREHEEFHETTAER LSt BR “BRE”. £ “BRE” &
L, BTHENES AR EBRES, SR TELSERAEEBRRFRRENTFIOH

BRMTHRE. LRHENR, En-BYSHHRALp-EEK, HIRERKR “‘REE".
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B 1.5 HH¥ESHHHE pli=1 AEALEIE B P W R L A B
Fig. 1.5 Band edge position of several semiconductors in contact with aqueous electrolyte at pH
TR FAKEFHBRL, MAFEU LIRS . XLE A T2
BRI PR, AIRL (r=0) FIBEBERL AL AL AT LA T H R 5 72198 H:

_KT(r=(-W) 2(1+2(70_W)) (1.12)
< 6o LD r '

s, Lp=(6ekT/26°N,)" pawsric | & B BAMEHINBRRIE o BE, W

18l

AD

RAEHATRIER; ACc Rk G HRBURR LR AR W SIATTR M O
BIMRE (r=ro) HIHEAIFER:

2
ro, =K N5 2 (1.13)
6e\ L, 1,

Bl1.6 BB UARBRAGRKBR K2 E TR (UARREAGD M. X
TR, BHTFr>>W, WITLIZEEART, A SRR AR T LR A6 .

2
AD,, AW (1.14)
2e\ L,

T X TR KA FABRRE, reW, FRA PR

2
ao, =K( %o (1.15)
6e\ L,



AT RFHLFA B11 R

M LB AR UE H, W FHRATFRE, XAEKNERHRB/MY. filn, XF6énm
MITIO,, BAKBOMVIERY, ELFESX10°m HBEKE. TN TFREBH
MTIO,, HFHAMERFHIRERAD, Eilt, HAMK ARG UZBEART. BRA
FAER S M.

A tow

L,

E)I
f

R L S e N A {’---'---l

EF EF
L nat
A

P

1.6 n-REPEXBRAE () MGOKBR O0) ZHHAE GERE) MK, X8M E- R
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Fig. 1.6 Space charge layer formation in a large and small semiconductor particle in equilibrium with a

solution redox system for which the Fermi level is E, 18]

1333 FIEEEBHBEGS,E

PAE A SRR G B AT 4 B E B R A 1E 3L b v A VR Ak B BT T A ) 2% (8] R
B. ZE A RN BRG] UG EREBRTHEI Mn-B ¥ AR RHFERE RG],
ZRIEAE A BB M2 R REE A, ZEAREHT, ZiEBEFEAREE
BF TS SRR MR, REZFREEFRRE A AHETS, #
MBS, ¥ FEEHEES (REZEBERHE) KRR L
REF—EHTR. XRAFAEBRF-ZRMMFGLBK, ECNEEZH, BF
ey HEFEREMEBILFHRE.

Tt T8 A HE RI9KE SRR B R 4 B HIVE? [ak ¥ 43
HRBOLLUE £ B T-2 700, BTHKEBRNZILNE, BB LR HENBR
MSP0K B, 4R UMREEB B BER T SENER BN RENER
RZ, M THRERFEERWES. KEBTFET HIERT, Fd/LA 9K EBRE
BERARKER L. Bk, EHKREERTS, BEFNSEAREZEBHE, MEHY
SA/RBR AR RN FERER. B 1.7 240K A% FABRE PR EE
",



SEBEITKFHLEMBT B 2R

(b)
(a)

¢y (B)

L7 FKkEESAas s mfi) BAAEE (A) Atk (o) SR ) 8, X
ERTIEGOK R RB P R ERE (B) ™
Fig. 1.7 Model of the charge carrier separation and charge transport in a nanocrystalline film(A) and
electron concentration profile in a nanoporous semiconductor electrode during illumination (a) short circuit
condition), (b) the loaded cell.
i 5E A U EGIK R A IO B & AT B AT B Y (random walk model), M4
K P BT BB R 7 P8 ) U

t, =1y /x’D (1.16)

DA R fiDebye . 40K EF¥ PR TR HRBHEN LA EY, filn, X¥F¥e
A6nmif TIOR3, BFH D =2x107em’ /s, BT R FHEBI [ H3ps. RAEHIE

TR A R T A RIER & Z AT AR ARE B B F A G0K B M R T T AT
HIN RIS R N, MTTREBRARME TR, FroOeE RS BRES BUERRE
Ko
1.3.4 TiO, BEMIYI BB

KM SRR P ETEE KMRER, RKERRSTRERE S
F, BETAHLAKERR; FNFKE SR NGRS FENRETERE R ER
. B EBRMERARIOREE M T BRRIOBEEE S, NITFRFE T ARG
FHRERNER, I T HFERMARIER, AMTHFRT ZHYELEBHEARRSEN
KTIO AR, REHAAETICL. RALHE. XESE. BRAE,
1341 TiCl, RELHE

Griitzel "SR A TIC1 /K AL AR TIO PR, AT LAESEEEAR R M TIO S B R
—BERAKITIO) MMBEFHEARE, FEXFH/ARRATEAEEE: RNFBITR
—FE, TEGUKTIONRL 2 1B T B I A K TIO, BUkL, 3858 T QUK TiO, Uk (8] f) HR B
Gritzel IR R, TICLAEZE, REMHKTIOMEMLREMR T, HALIAR
NTIOM BN, AT K T TiO, 7 i 9 2% T AR st Ay Y6 B . Sommling ™R TiC 14
REER AT BERIHLERHEAT T B9, IAATICLAE IR R T TiO M AL E, KT B TFH



S ERBELKFHLFABT %13 R
EANRE,
1342 XEEE

REOERHKTIOMRRIBHN —NEE k. HTHXKTIOZ AL HE AR
HHEKLRER, TIOHFRIRXHED, SHLEEAROSHEA BRI
BE, FHTO,FHHTHENARMSABATHBTFAREE™E. JRANESN
XTiO,REAE B B HIHALE N F S A K E T T 18 % -575 45 7 (9 P24 2 ke vk
HRE. TIORHEBEEZnO. NbOs. SrO. SITiO:E & BENY G EIb AR E HER
B, REAEZ0ORINDOs 2 J5, MUATLAREERR, Tl T&-F2 KL
BANTHFEE, BMATTIO W R TERE, N T HEEE, BlNREER
KigF. MTO,RERESTIONG, HHMEARFEARE, BEFBKHEEHISVA
0.708V, BL&fFHNERE T15% . DiamantZWIA M EESITIONZ 5, TiORE B
., BETTIOMPKAES, MMIRE T HittrEHE.
1343 B

LRRE, B—MKSHELEMEREHARBEMR, TiE LB 200 LRI
e thaE. BFURINY, X8R ERE RTIOMHT & & B B T 247 LI b B F—22 R
SEE, EKBEHHN, AR LRA. Ho%X P HRAERETHTIONKIT
BHATBR, FHFEEFBENTIOMN KA FHIEDSSCs MK, EREXGTHEITERR
BB R . Lee K BLTIONM K KL T8 22 ALFIW b 2 6 i itk A 9 B RO S
BIAIKTION] ISR B IR, ARMSELMHRERAER: BRAWUMER, WKBHE
MY B ETIOMR M A TR AP NG SEE, THABSERTHERS.
BIKTIONE BB AT E BB Z0, S EDSSCsH thH 1B . TennakoneZl"
HIE T ZnO/SiO B2 ik, TEEHBERFHARS TSR EXT T8%, HEFHEA
LENHRTFIEAMERIRE. YoshikawaZ PV Zr0,B44Ti0,, MR T IFRRHIE, HoH
REERCRERBE. FEHANETIONR & RE itk R F A S YWH Z0,.
CdS. ZnO. PbS%. RATHMIER T HETIOMF B T4, MHRRTFEEITET
MEE, REBTFHAERNE. BEHETEEAGSEDSSCSHAM N —NE M.
1.3.5 A3k

FiF DSSCs JtFHR 122 S M ELER TiO2 48, AMITZERA T ZnO. NbyOs. SnO,. Fe;05+
WO; FREN MR . XEMEH, RERREENERE RN, BRINERKB R
1, RN EERESET TiO, KK RS AR X  RE ZnO MR ER TiO,
FE, BT N3 fIN719 $RHBUL ) ZnO R E R TET Tio, KA &
MU0, B, ek ERE ZnO HRZE KRR, 4B R TR K PR s K R A
WFUH TR KR . Hagfeldt 5% SIERT ZnO 2 SRR KA B BB L83 2%
MR E (AMLS, 100 mW/em? ). Lee ZVHBEA-Y BLE ZnO AFH M, 3
BT 24% K6 HBAE . Fujihara FIRACE Zn(CH3CO0) -3H,0 1 BEH iR 14T
WEBTIR, BB EIFLAEN 120m 19 ZnO FK M, St BN RIEET) 4.1%(AM




