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m Dye-sensitized photocell

m Electrochemical reactions
m Interface engineering

m Double layered DSSC
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Energy and Environment
The Natural Solution
“Solar Energy”

* Only 10"minutes ot solar 1rradiation on the Earth’s ace 1s cqual'to'the
total yearly human consumption.
 Therefore, if we could accomplish harvesting merely a fraction of the
solar energy reaching the Earth, we would solve many problems
associated with the energy, and the global environment.
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- Gerischer and Tributsch H. (Phys. Chem. 1969, 73, 251.)

- Matsumura et. al. (Bull. Chem. Soc. Japan 1977, 50, 2533.)
Sintered ZnO porous disk, Rose Bengal

2.5% at 562 nm

- Alonso et. al. (Rev. Phys. Appl. 1981, 15, 5.)
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126,500 Rhodamine B Cresyl violet perchlorate
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- Pakinson et. al. (JACS 1990, 712, 2702.)
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AM = P/Pg = 0, Zenith
6, - zenith angle

= AM.20
F 60.1°
M. Gratzel et al., Nature, 1991, 353, 737 PN\ M Ls
X AM. 0
*Ru[porphyrin] complex to harvest light nglBe AN
*Nanocrystalline titania to carry away electrons ﬁ
*An iodine / triiodide couple in liquid solvent to transport away positive charges
Nanocrystalline dve I/l.based Platinised _H
TCO TiO; film Y elaé:mlyte TCO coated < Ao 1R
coated E ] V.= 826 mV mV
45 -10 _ J =170 mA/cm?
= FF =0.72
& Efficiency = 10.1%
0] \
10 e AsGaasanasssanasasnsssanassany
0.0 0.2 0.4 0.6 0.8
Potential (V)
External circuit
—— - Dye : N3

Electrons - Electrolyte : 0.6M butylmethyl imidazolium iodide

e . 0.1M GuSCN, 0.03M L,
N = 7.9% in simulated solar light (1.5 AM) - Additive : 0.5M t-butylpyridine(tBP)

n= 204 in diffuse dayhght - Solvent : acetonitrile/valeronitrile.
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v Polymer / solid electrolytes v' Tonic liquid / molten salts

( Poly(epichlorohydrin-co-ethylene oxide)

-}{éiwcagmﬁ}x—{mfcag»{}?; (No TBP)
2

ég n= 5.2%

\ Polarity & No crystalization

Control : PEG (100K) n =2.4%

Durrant et. al. Chem. Commun., 2006, 877.

J

[ Poly(acrylic acid)-(ethylene glycol) (PAAPEG)

n= 6.1%  r-butyrolactone (GBL)

H-bonding & stability (No TBP)

N-methyl pyrrolidone (NMP)

TSGE

Normalized efficiency
o
&

- T Liquit®

L\qu\d°

) ) @ ) o
Time (day)

=

Wu et. al. Adv. Mater. 2007, 19, 4006 /

N

Poly(ethylene glycol dimethyl ether) + MPII

N-methyl-benzimidazole (NMBI) (instead of TBP)

Oligomer electrolyte

Voc (V) Jse (mA cm™2) FF (%)

n (%N

250
500
1000

N250
N500
N1000

0.605 13.92 58.4
0.624 11.39 58.0
0.497 6.40 44.1
0.665 11.52 65.7
0.684 10.09 65.2
0.604 6.61 46.9

4.92
4.12
1.40

5.03
4.50
1.87

S.-S. Lee and Y. S. Kang, J. Power Source 2007, 173, 1029
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lodine-based
liquid junction
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Solid-state
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lodine-based
liquid junction
DSSC

HTM-based
Solid-state
DSSC
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v lTodine-free organic/polymeric hole conductors

/ Lil/3-hydroxypropionitrile
+ nano-SiO,

"I(ZA) e

/——OH
N==

¢, 00 c i é
K 3-D transporting paths for iodine. W 5% Chen et.al. JACS 2005, 127, 6394. /
(a) \
tharge
doping of PEP conduciivity R, Rl N
ons {mCicm?) Sicm () Q) (%)
S - -
ClO: 10.7 30 Q72 8.36 18£10.1
bis-EDOT PEDOT TFSI 158 130 483 256 2854102
(b) Li-salts . 7 CES0;~ 107 26 604 447 215401
? 9 /c/ BF; a3 15 121 265 09+01

Yanagida et.al. JACS 2008, 130, 1258. /
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TiO,
<& 1 Electron injection
Dye*/Dye*
.
Ep ——— i
cce i Excited state decay
T Hole transport
Charge \ Au
recombination HTM/HTM+
| Regeneration of dye
I A
Dye/Dye*

Minimum recombination reaction in the liquid junction DSSC !
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Understanding the basic electrochemical reactions at the interfaces of the devices is of importance to
design and syntheses of new solid-state redox materials (HTMs) !

* Electron injection into TiO,
Dye” — Dye* + TiO,(e)

» Regeneration of cationic dyes (Dye™)
Dye*+ HTM —» Dye + HTM*

» Reversible redox process
HTM* <2 HTM

 Charge transfer to counter electrode
HTM* + HTM —® HTM + HTM*

 Excited state decay

 Charge recombination
e (TiO,) +Dye* —»Dye

e (Ti0,) +tHTM* —> HTM
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[odine-free organic/polymeric hole conductors

H;CO

H H H
N N
Ya\WAY Q

N= 0.1 % = 0.2 % OCH; OCHj
Yanagida et. al., Chemistry letters 1997, 471 Haarer et. al., Syn. Met. 1997, 89, 215
n=0.1%
(a) 2=t Rcds AlE0l= DSSC (b) #2I= HTM= AlZdl= DSSC

m@ Vos

Recombinat
reacfjon I-fl5- TMHHTM
TiO, -
DyelDye™ [ 1= 129 n=~0.2%
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V" Todine-free organic/polymeric hole conductors

OCH; OCH;

= .

OCH; OCH;

Al/area

A

@

Ion 1 ‘[

Iph ‘1/
{a) -
B

Ideal solar ceil YLoad Solar cell Load
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n=0.1%

=tk

N(PhBr);SbClg & Li[(CF;S0,),N]
n=0.74 %

Gritzel et. al., Nature 1998, 395, 583|

I L

BP & N(PhBr),SbClg & Li[(CF;SO,),N]

n=2.56 %

Gritzel et. al., APL 2001, 79, 2085

Interface engineering
at the level of single molecules !
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TiO,
i

cCC
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— Electron injection ps
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Dye/Dye”

M. Gritzel et. al., JASC, 1993, 115, 6382.

F. Willig et. al., JASC, 1990, 112, 2702.

J. R. Durrant et. al., J. Phys. Chem. B., 2000, 104, 538.
M. Gritzel et. al., JASC, 1999, 121, 7445.
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Understanding the basic electrochemical reactions at the interfaces of the devices is of importance to
design and syntheses of new solid-state redox materials (HTMs) !

* Interfacial electrostatic interactions

interfacial dipoles & coulombic attractions
between the photogenerated charges.

* Redox reversibility of HTM

* High hole mobility and conductivity

* Fast reaction and high yield in
regeneration of dye

¥ VOC
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* Reversible oxidation / reduction process.
 Easy functionalization.

 Controllable ionization potentials.

 High hole mobility in amorphous glassy films.
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»Transient Absorption Spectrometry
59 59 é é
{00000} OO0y
CaHiy” CgHyz - " R R R#=R .
HTM1, 103 cm?/Vs, 5.27 eV HTM2,10* ¢cm?/Vs, 5.11 eV
D =54% D =72%
1.87 AG,FE,.— E
1.4 S % e \/
ey \ TiO,/Dye/HTM N
S )
A (1).3__ / |AG1|:Edye_EHTM1
@ 0'6- - Dye*
< 0'4_- ® \ _m—ug
. o . (]
0.2- ® /‘=‘.f‘ Se sy HTM2
0.07 e HTMI
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/O\\/\O/\\/O\//\O/ — </u?'1 ----- 0/ Solid/Film
| 5
Solution Solvent
Solution
HTM+Li*
: : Dye-sensitised porous TiO,
Spiro-OMe Spiro-TEG Compact TiO, layer
Conducting glass |

O/_\O O/_\O
C ?] E? )
[O/_\O— @ —O/_\Oj
OuOQ W, N@O\_/O
= s
[O\_/O— © © —O\_/O
| |
O O o O
[O\_/Oj [O\_/Oj
Charge Transfer Yield _ 4g¢/ > 80%
(TiO2/Dye/HTM:Li")

— Intorduction TEG groups in polymeric HTMs.
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Charge transfer quantum yields & Decay kinetics

Nitrogen
pulse laser

Primary excitation sourc¢

lamp

Probe-light source

Tungstan H

Excited area
Dye A PC
laser Light
600 nm pipe
Photo
Monochromator | | | > Monochromator diode
800 nm or
520 nm
Sample
!
HTM (Li")
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Dye-sensitised porous TiO,

Compact TiO, layer

Conducting glass |
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AQD at 520 nm
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® (LY

Ry =-CgHq7
Rq=-CgH47
R, = -TEG
R, = -TEG

Ry Ry R, R
e'(TiOZ) + HTM'® —>HTM
P2

P3

10° 107 10 1072
Time (second) In log scale
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RessC P51
R,=-TEG P2 4.96
R2=-CgHiz P3 4.96
R.=-TEG P4 4.90

Dve’/Dye*

Charge recombination

Li*

72 35
80 100
80 93
73 85
[Li* = 0.04]

Li*

Li*

Dye/Dye*

HTM/HTM*
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Dyes ﬁ £ HTM
COOH cho CCH,y
HOOC 'j P
l - T S HOOCAQ—?: :é—O—cooH Hooc@—ﬁ\::H N:é—O—coc \ P C>
Hnics ,}(——\
HOOC \\\ ’g\ L?Ocu
A CO0H COOH
B c
081V 060V 055V
HTM
Dye-sensitised porous TiO;
Compact TiO, layer
Conducting glass |
vacuum level A
TiO, P
i i Spontaneous
LDve/Dve* reaction
: e
]i'F
AGdye-HTM)
X
HTM
Dye/Dye+* * AG = Egye - Epu
25T O|Z 0 S8 K143 X 15 20082 rOosTeCH Certhychem, 2003, 89-93.
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Black : TPD series A
80| white: FTseries Izﬁh
Blue : FR series ° -
) @
X 60 L.
S
o oA
E 40 [ 4
> [ojm}
20
(

A 03 000 0 O 025 030
AG(dye-HTM)

AG = -k, T m[@]
[dye~]

AG = kT In K
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* The yield is controlled not by kinetic competition, but by the thermodynamic driving force for the reacti
on, AG gy yirm)-

* For a variation in AG over a range of 0.4 V, the yield of hole transfer varies from 34 - 90 %.

Vacuum Level
A

1P

)

in S

Dye< Dye" /,;////////////W

[ ] TM+

HOMO

m 2
Yield o Xe‘““: '29) 4R
AG

ChemPhyChem, 2003, 89-93.
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HTM+Li* HTM

Dye-sensitised porous TiO,

Compact TiO, layer

Conducting glass

co 2
. -(E?/ 262
Yield o Ke E204E
AG + Li*
o =0.04
Device : TiO,/dye/HTM Device: TiO,/dye/HTM/LI*
1004 1004
= R
— 80+ T 801
? % Ru+TT + Li*
g% "Ru+FR =016 £ ¢ Zn+TT+L"
§ 40- eZn+FR =030 3 401
5 sRU+FT,6=010 '8
3 207 vZn+FT ¢=018 @ 20
> > .\ o=0.04
0- o ———  -----=-
06 04 02 00 02 04 06 06 -04 02 00 02 04 06
A iyl €V I I—
-0.6 0.4 -0.2 OI.O 0.2 0.4 0.6
. . &EMIEV
Energetic  [hterfacial electrostatic interactions Energetic
heterogeneous » homogenous
interface Li* interface
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Gold contact Ti0,
Active layer —_ pe——
Dense TiO, -1t 0 00T g
v 11111
(a) TiO,/ dye / HTM, (b) TiO,/ dye / HTM, / HTM,
TiO, TiO,
e <__Dye*/DyeJr € 4__Dye"‘/Dye*
e Z ) e X
Eg A Ep m—
~ fast ~slow
\ \{:‘Mz/ HTM;&
T R
/ HTM/HTM* ﬂ—)TMI/HTMf
D}Te/Dye+ D}Te/Dye+
oI8l& 8t 0/|EH S& H 142 Al1=2 20085
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2.3

x104 cm?/Vs

10‘2—E

p (crir®/Vs)
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1000

2.0 x10°3 cm?/Vs

- Major hopping : Closer and lower ionisation potential sites

Interpretation
A
IP Conjugation part
5.8 eVP
< D —p
5.1eVp I -
Amine part R
. >
Distance
u a R2exp(-2R/R,)
R : Intersite distance
R, : Localisation distance
POSTECH
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R R
l\*-... l‘m.. _
W - R=-H
R=-p-F
{( Vg RS OSWe W s
R=-p-0CH;
Cat7” Cataz TEG TEG 1" o g 5.F,
Decay kinetics Formation of an energetic redox cascade
o 1UITIS—_. —
£ 1 o
E G- ‘_."‘1 -
@ -
I 5
= S " [Ll+] -
f._f_.'i = 3 " localised ionic s¢reening of |
E E . the interfacial electrostatic
'S : interactions
24 .
- ¥ o)
3 ¢
g D e @ .......
ms-{__ Y -
a0t 10t 108 D as a0 eo e
_ 4.7 48 49 50 5.1
Time / Seconds lonisation Potential [eV]
e (TiO0,) +HTM* — HTM
Adv. Funct. Mater., 2004, 14, 435. Chem. Commun., 2006, 535.
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Charge recombination Reactions

(1) e (TiOy) +Dye" —>»Dye
(2) e(TiOy) +HTM,* —» HTM,
3) e (TiOy) +HTM," —» HTM,

(a) Higher IP for the first HTM >> (b) Lower IP for the first HTM

TiO, TiO,

. -
e Dye"/Dye* € Dye*/Dye*

e T S | B e

E E
F —s\ s
\ slow
HTM,/HTM,* HTM,/HTM,*
fast

o HTM /HTM,* -
Dye/Dye* : ; Dye/Dye*

Minimizing the reaction (2) is of importance to improve device efficiency.
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Photocurrent / mAcm™

o
5
0
5
§
S

*Device efficiency

0.25

0.20 +
0.15 1

0.10 1

0.054 control

0.00

(a)

-0.05 —

0.3
Voltage / V

0.0 0.1 0.2

=S4 SEE M 142 X112 20085
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LIGHT
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| | Vos
0.8+
u [
0.6 1 Isc
1 ]
0.4 /
0.2 1 i=
1 (b)
00 T T T T T
0 5 10 15 20
[Li' ]/ [DFHTM]

Adv. Funct. Mater. 2004, 14, 435.
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Hsco%ﬁ ?@0% N(PhBr),SbClg & Li[(CF;SO,),N] Nature 1998, 395, 583
% e & =

CO0OH
HOCC | lﬂx I COOH
\[:L/ rLJ '? 'BP & N(PhBr),SbClg & Li[(CF;S0,),N] APL 2001, 79, 2085
,-::'-”"fl s
8 i K;L.:WH n=2.56 %
i
(6]
0} X Sol N
| h ‘ /N' 5 'BP & N(PhBr),SbClg & Li[(CF;S0,),N]
Ru
O 5 |N/ e | n = 4.02 % APL 2005, 86, 013504
bt N N
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OCH; OCH;

fo e ona oy

Dye" + HTM ——» Dye + HTM™
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AOQD at 520 nm
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mol % of HTM = 20, 35, 50, 100 %

sl be=oa ey

e(Ti0,) + HTM* —>HTM

0.0016 -
0.0012 4

0.0008

AQD at 520 nm

0.0004 -

107 10° 107 10"

Time (second) In log scale
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* TEG side groups were introduced, effectively chelating lithium
ions resulted to minimize Interfacial electrostatic interactions.

*The formation of an energetic redox cascade was demonstrated
at the double layer device.

A complete solid junction was realized with a double-layered
device.
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