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C O N S P E C T U S

Dye-sensitized solar cells (DSSCs) are built from nanocrystalline ana-
tase TiO2 with a 101 crystal face (nc-TiO2) onto which a dye is

absorbed, ruthenium complex sensitizers, fluid I-/I3- redox couples with
electrolytes, and a Pt-coated counter electrode. DSSCs have now reached
efficiencies as high as 11%, and G24 Innovation (Cardiff, U.K.) is currently
manufacturing them for commercial use. These devices offer several dis-
tinct advantages. On the basis of the electron lifetime and diffusion coef-
ficient in the nc-TiO2 layer, DSSCs maintain a diffusion length on the order
of several micrometers when the dyed-nc-TiO2 porous layer is covered by
redox electrolytes of lithium and/or imidazolium iodide and their polyio-
dide salts. The fluid iodide/iodine (I-/I3-) redox electrolytes can infiltrate
deep inside the intertwined nc-TiO2 layers, promoting the mobility of the
nc-TiO2 layers and serving as a hole-transport material of DSSCs. As a
result, these materials eventually give a respectable photovoltaic
performance.

On the other hand, fluid I-/I3- redox shuttles have certain disadvantages: reduced performance control and long-term
stability and incompatibility with some metallic component materials. The I-/I3- redox shuttle shows a significant loss in
short circuit current density and a slight loss in open circuit voltage, particularly in highly viscous electrolyte-based DSSC
systems. Iodine can also act as an oxidizing agent, corroding metals, such as the grid metal Ag and the Pt mediator on the
cathode, especially in the presence of water and oxygen. In addition, the electrolytes (I-/I3-) can absorb visible light (λ )
∼430 nm), leading to photocurrent loss in the DSSC. Therefore, the introduction of iodide/iodine-free electrolytes or hole-
transport materials (HTMs) could lead to cost-effective alternatives to TiO2 DSSCs.

In this Account, we discuss the iodide/iodine-free redox couple as a substitute for the fluid I-/I3-redox shuttle. We also
review the adaptation of solid-state HTMs to the iodide/iodine-free solid-state DSSCs with an emphasis on their pore fill-
ing and charge mobility in devices and the relationship of those values to the performance of the resulting iodide/iodine-
free DSSCs. We demonstrate how the structures of the sensitizing dye molecules and additives of lithium or imidazolium
salts influence device performance. In addition, the self-organizing molecular interaction for electronic contact of HTMs to
dye molecules plays an important role in unidirectional charge diffusion at interfaces. The poly(3,4-ethylenedioxythio-
phene) (PEDOT)-based DSSCs, which we obtain through photoelectrochemical polymerization (PEP) using 3-alkylthiophen-
bearing ruthenium dye, HRS-1, and bis-EDOT, demonstrates the importance of nonbonding interface contact (e.g., π-π-
stacking) for the successful inclusion of HTMs.

1. Introduction

Dye-sensitized solar cells (DSSCs) are constructed

with dye-absorbed nanocrystalline anatase TiO2

with a 101 crystal face (nc-TiO2), ruthenium com-

plex sensitizers, electrolyte containing fluid I-/I3-

redox couples, and Pt-coated counter electrode.1

They have excellent performance with respectable

up to 11% conversion efficiency, which can be

rationalized by the following five factors as

reviewed in our recent review article.2 (1) The

energetics of the conduction band of nc-TiO2

matches the potential of photoformed electrons

from both singlet and triplet states of Ru complex-

es,3 leading to respectable incident photocurrent
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efficiency (IPCE) in the wide light energy region. (2) Effective

electron diffusion coefficients reported for nc-TiO2 are in the

order of 10-6 cm2 s-1 that is consistent with the high mobil-

ity of nc-TiO2 in the order of 2.4-3 × 10-4 cm2 V-1 s-1.4 (3)

The lifetime of electrons in nc-TiO2 layers gives a subsecond

order of electron lifetime, leading to large diffusion length

(∼20 µm) of nc-TiO2 layers when coupled with respectable dif-

fusion coefficients. (4) The conductivity of fluid iodide/iodine

electrolytes is high enough owing to ion exchange mecha-

nism (so-called Grotthuss mechanism).5 (5) Infiltration of the

fluid electrolyte into porous nc-TiO2 layer anodes is due to the

fluidity of the electrolyte itself. In fact, remarkable conversion

efficiencies (more than 10%)6 have been reported, where the

adsorption of sensitizing dye molecules is controlled on nc-

TiO2 and their optical and photophysical properties are opti-

mized from viewpoints of collection of wide-range solar light

energy.

In order to make DSSCs fit to practical outdoor use as a

next generation photovoltaic, we must take into account long-

term durability of DSSC modules as well as their optimized

conversion efficiency and cost-effectiveness using environ-

mentally friendly materials. The standardized packing dura-

bility test for solar cell modules itemizes the damp heat

stability at 85 °C under 85% humidity as the most severe

durability evaluation. It is known that iodine is corrosive to

metallic grids such as silver in the presence of break-in water

and oxygen. However, the Fujikura Ltd. Japan group con-

firmed that their DSSC modules (conversion efficiency of 5%)

are durable at 85 °C under 85% humidity when they

employed robust films for covering grid metals on anodes flu-

orine-doped tin oxide (FTO) and a double sealing (chemical

adhesion and physical pressure) of the modules.7 Their suc-

cess may suggest that, when iodine-free nonvolatile and non-

corrosive electrolytes are replaced as a substitute of fluid I-/I3-

electrolytes, the long-term stability and reliability of a DSSC

module could be accomplished much favorably and cost-ef-

fectively by direct usage of silver metal as grid and alumi-

num foil as cathode substrates.

In this Account, iodide/iodine-free redox electrolytes and

hole-transport materials (HTMs) applied to DSSCs are

reviewed, and iodide/iodine-free DSSCs using poly(3,4-ethyl-

enedioxythiophene) (PEDOT) as HTM layers will also be the

focus in view of nanopore filling by in situ photoelectrochemi-

cal polymerization (PEP), charge diffusion in the devices, and

nonbonding molecular organization at interfaces of dye mol-

ecules and PEDOT on nc-TiO2.

2. Iodide/Iodine-Free Redox Couple Shuttle
as Electrolytes of DSSCs
The key function of I-/I3- electrolytes in DSSCs is to transfer

electrons to the oxidized ruthenium dye molecules that are

formed photochemically via electron injection into nc-TiO2,

completing the internal electrochemical circuit between the

photoanode and the counter cathode (Figure 1). In the sta-

tionary state, the electron-deficient and larger-size polyiodide

FIGURE 1. Mechanistic drawing of iodide/iodine redox (I-/I3-) shuttle in DSSC.
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species exemplified by triiodide ions (I3-) may have a concen-

tration gradient near interfaces of dyed nc-TiO2 layers, espe-

cially in high-boiling-point-solvent-based and ionic-liquid-

based DSSCs, and unfavorable charge recombination should

occur between them with high probability in such electrolyte

solvents.8 Such intrinsic nonbonding interaction can be

explained as being due to weak interaction through electron-

rich parts in the ruthenium dyes designated as the highest

occupied molecular orbital (HOMO) located on the SCN group

and electron-poor sites designated as the lowest occupied

molecular orbital (LUMO) of triiodide. Thus, the I-/I3- redox

couple shuttle of DSSCs is depicted in Figure 1 using the

molecular orbital of the ruthenium N3 dye molecule in part.9

The I-/I3- redox couple should play an essential role in the

dye molecules on nc-TiO2 when the dye molecules are pho-

toexcited on nc-TiO2 and the iodide ion (I-) is oxidized in the

vicinity, and the resulting triiodide (I3-) ions are reduced to I-

ions at the cathode as depicted in Figure 1.

Grätzel’s group first reported charge-transfer dynamics of a

new one-electron redox couple, cobalt(II)-bis[2,6-bis(1′-butyl-

benzimidazol-2′-yl)pyridine] (Co-bbp in Figure 2) in N-719-

sensitized DSSC, revealing that it works as a redox couple in

DSSC systems.10 It was interesting to note that the photovol-

taic cells fabricated using an acetonitrile/ethylene carbonate

solution of this redox couple yielded the conversion efficien-

cies of 2.2% at 94% sun irradiation and 5.2% at 9.4% sun

irradiation when the oleophilic ruthenium dye, Z316, was

employed as a sensitizer (Figure 2). Bignozzi and his co-work-

ers also introduced non-iodine DSSCs using a series of Co(II)

and Co(III) complexes with substituted bipyridine ligands.11

The best device was fabricated using the ruthenium N3 dye

as a sensitizer and tris(4,4′-di-tert-butyl-2,2′-dipyridyl)-cobalt(II/

III) perchlorate (Co-dtb-bpy in Figure 2) as a redox couple in

γ-butyrolactone, giving only 1.3% conversion efficiency under

one-sun conditions. Interestingly, the effect of lithium triflate

(LiCF3SO3) on the performance was discussed in detail.

Three copper complexes shown in Figure 2 were exam-

ined as a substitute of the I-/I3- redox couple.12 They were

successfully applied to iodide/iodine-free DSSCs that were sen-

sitized with the ruthenium N-719 dye. The Voc values of cop-

per complexes increase in the order: [Cu(phen)2]2+/+ (0.57 V),

[Cu(SP)(mmt)]0/- (0.66 V), and [Cu(dmp)2]2+/+ (0.79 V), in agree-

ment with the order of the redox potentials of the copper com-

plexes. The η values of DSSCs using [Cu(phen)2]2+/+,

[Cu(dmp)2]2+/+, and [Cu(SP)(mmt)]0/- were determined as 1%,

1.4%, and 1.3%, respectively. Interestingly, the copper redox

couples Cu(dmp)22+/+ and Cu(SP)(mmt)]0/- gave 2.2 and 1.9%,

respectively, under the weak solar light irradiation of 20

mW/cm2 intensity. The decrease of the conversion efficiency

under high light irradiation suggests that the charge-transport-

ing ability of the redox shuttle is a crucial condition as well as

the matching of the redox potential with dye energetics.

Two pseudohalogen redox couples, (SeCN)2/SeCN- and

(SCN)2/SCN-, which have redox potentials of, respectively, 190

FIGURE 2. Metal complexes of redox shuttles and an effective sensitizer.
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and 430 mV more positive than the I-/I3- couple, were inves-

tigated as redox shuttles in DSSCs.13 With the ruthenium N3

sensitizer, the maximum IPCE was 80%, 20%, and 4% for the

I3-/I-, (SeCN)2/SeCN-, and (SCN)2/SCN- couples, respectively.

Transient absorption spectroscopy demonstrated that the

lower efficiencies were related to a slower dye regeneration

rate when SCN- or SeCN- was used instead of I-.

3. Introduction of p-Type Semiconducting
Materials
Careful investigation on limiting currents of the I-/I3- redox

couple using microelectrodes revealed that the charge diffu-

sion coefficient is dependent on increasing concentrations of

I- and I3-. At the conventional concentration of the I-/I3-

redox shuttle in DSSC (I- ) 0.60 M, I2 ) 0.03 M), the charge

diffusion in the I-/I3- redox shuttle takes the course of charge

diffusion mechanism; that is, migration of I-/I3- is not domi-

nant. The fact that gelled-electrolyte-based DSSC systems

using low molecular gelling agents gave the same conver-

sion efficiency of those without the gelling agents8 may well

explain this charge diffusion interpretation as well as the

determination of exchange charge transport of the I-/I3- redox

couple using a microelectrode technique.6 On the other hand,

the electron diffusion in the nc-TiO2 electrodes is identified

as the minority carriers and the ionic mobility is unimpor-

tant.14 The value of the electron diffusion coefficient (∼10-4

cm2 s-1) depends on adsorbed cationic species such Li+ and

imidazolium cation from electrolytes15 and further on the elec-

tron density in nc-TiO2 anodes. Accordingly, the mesoporous

nc-TiO2 layer and the I-/I3- redox shuttle can be regarded as

electron-transporting and hole-transporting layers, respectively,

and then the I-/I3- redox shuttle as the electrolyte can be

replaced by a p-type semiconducting material as a hole-trans-

porting mediator.

3.1. Inorganic Hole-Transport Materials (HTMs). CuI is

soluble in acetonitrile, and the solution was applied as a HTM

to the solidification of DSSCs and works as a substitute of the

liquid I-/I3- redox couple. The efficiency of the fully solid-

state CuI-based DSSC was improved from initial 1% to about

6% by Tennakone et al.16 However, Sirimanne et al.17 found

that the deterioration of CuI-based solid-state DSSCs was rapid

because the interface of TiO2/CuI degrades due to the forma-

tion of a trace amount of Cu2O and/or CuO with the release

of iodine on standing. The authors had observed gradual

growth of the nanosized CuI in the porous space of the DSSC,

leading to the decrease of the performance of the fully solid-

state CuI-based DSSC. Kumara et al. recently reported the use

of crystal growth inhibitors for CuI-based DSSCs.18

CuSCN is an alternative to replace CuI with a more stable

performance. O’Regan et al. developed an electrodeposition

techique and achieved an overall energy conversion efficiency

of 1.5%.19 Kumara et al.20 found that CuSCN can be depos-

ited on Ru-dye-coated nc-TiO2 layers by using n-propylsul-

fide as a solvent of CuSCN. Later, O’Regan et al.21 improved

the efficiency up to ca. 2% at one sun irradiation. On the other

hand, recent attempts to apply p-type NiO particles to a hole-

transporting layer resulted in very poor performance of an

iodide/iodine-free DSSC.22

3.2. Organic Hole-Transport Materials. Since most of

organic hole-transporting materials, either molecules or poly-

mers (Figure 3), are soluble or dispersible in organic solvent,

simple methods such as spin-coating or in situ electrochemi-

cal methods that may rely on electrophoresis, were attempted

for pore filling of nanoporous nc-TiO2 layers to fabricate

iodide/iodine-free DSSCs.

3.2.1. Molecular Hole-Transport Materials (HTM). In

1998, Grätzel et al. reported the first efficient solid-state DSSC

using 2,2′,7,7′-tetranis(N,N-di-p-methoxyphenyl-amine)9,9′-
spirobifluorene (OMeTAD) as a low molecular organic HTM

with N3 dye as a sensitizer.23 The Spiro-OMeTAD-based DSSC

(thickness ∼ 2 µm) has been reviewed as a solid-state DSSC,

and the respectable performance (ca. 4%) has been rational-

ized in view of electron transport through nc-TiO2 layers and

electron-hopping mechanism of the hole-transporting Spiro-

OMeTAD. The unidirectional electron flow without charge

recombination between electrons in the nc-TiO2 and dye mol-

ecules was attributed to the additives, lithium bis-(trifluorom-

ethylsulfone)amide (LiTFSI) and a Lewis salt N(PhBr)3SbCl6 as

dopants that facilitate charge compensation and improve

charge mobility of the OMeTAD-based DSSC.

Iodide/iodine-free DSSC was extended to conventional aryl

amine derivatives as HTM. Although N,N′-diphenyl-N,N′-(m-

tolyl)-benzidine (TPD) was previously reported to give poor

results, the Grätzel group recently succeeded in applying tris-

[4-(2-methoxy-ethoxy)-phenyl]-amine (TMEPA) as a HTM cou-

pled with oleophilic K51 ruthenium dye as sensitizer and

NaBF4 and LiTFSI as dopants, obtaining power conversion effi-

ciencies of up to 2.4% under simulated AM1.5 irradiation

(100 mW cm-2).24

3.2.2. Polymeric Hole-Transport Materials (HTM).
Iodide/iodine-free DSSCs using conductive polymers such as

polythiophene derivatives and polyaniline (PANI) derivatives

were attempted to construct using a spin-coating technique

and related dip-coating methods. At first, poly(3-butylth-

Iodine/Iodide-Free DSSCs Yanagida et al.
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iophene)25 and poly(octylthiophene)26 were examined using

some organic dyes with no carboxyl groups or N3 dye as sen-

sitizer, giving very poor results. Employment of poly(4-undecy-

2,2′-bithiophene)27 and poly(3-undecy-2,2′-bithiophene)28

also resulted in giving poor performance with fill factor (ff )
∼0.4) and short circuit current density (Jsc ∼70 µA cm-2) under

comparable conditions. Recent attempts using regioregular

poly(3-hexylthiophene) (P3HT) for hole-transport layers of N3

or N-719-sensitized DSSC led to slightly improved perfor-

mances (η ) ∼0.8%).29-31

The authors recently succeeded in fabricating P3HT-based

DSSCs with η ) 2.70% under illumination with AM1.5 solar

light irradiation.32 Employment of very thin nc-TiO2 layers

(thickness ∼ 400 nm) prepared using the spin-coating tech-

nique, oleophilic dye molecules such as HRS-1, and ionic liq-

uid containing t-BP and LiTFSI as additives led to the success.

Almost the same result has been reported using the organic

dye D102 by Ramakrishna et al.33

With regards to polyaniline (PANI), the spin-coating tech-

nique using a PANI dispersion with high conductivity or elec-

trochemical deposition of polyaniline gave very poor

performance.34

3.3. Fabrication of PEDOT-Based DSSC. Poly(3,4-ethyl-

enedioxythiophene) poly(styrenesulfonate) (PEDOT/PSS) is

well-known to have a respectable wide range of conductivity

(10-3-500 S/cm), high level of transparency, and chemical

and thermal stability with safe handling. PEDOT/PSS is now

successfully applied to organic light emitting diodes and

organic thin film solar cells as charge-transporting layers.

Aqueous PEDOT/PSS dispersions have secondary and tertiary

structures as nanosize particles ranging from 10 to 90 nm,

and the conductivity seems to depend on the particle size and

structures. The nanometer-sized pores of nc-TiO2 layers (∼30

nm) could not be filled deep inside by simple methods that

normally rely on capillary force or gravity.

3.3.1. In Situ Photoelectrochemical Polymerization.

Although micrometer-thick porous nc-TiO2 electrodes that

work as electron acceptors with respectable electron-transport-

ing ability are the most important characteristics in DSSC

devices, such nanoporous structures are the most difficult

obstacle for polymeric HTM to infiltrate into the nanospace of

nc-TiO2 layers of DSSCs. In order to get perfect charge sepa-

ration between dye molecules and HTM phases, polymeric

HTM should be organized in the pores as hole conductors that

nicely contact with dye molecules adsorbed on the nc-TiO2

surface. A sophisticated route is to in situ synthesize HTM poly-

mers within the nanopore of the dyed nc-TiO2 electrode.

FIGURE 3. Organic HTMs investigated for non-iodine DSSCs.
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The authors’ group reported for the first time the construc-

tion of polypyrrole-based DSSC as a iodide/iodine-free DSSC.35

For pore filling of polypyrrole into the pores of the N3 dye-

adsorbed nc-TiO2 layer, in situ photoelectrochemical polym-

erization (PEP) of pyrrole was achieved but gave very poor

conversion efficiency (Table 1). The photovoltaic performance,

however, was improved by introduction of lithium perchlor-

ate (LiClO4) in device layers. Further, the cell characteristics

were slightly improved (Jsc ) 0.07 mΑ cm-2, Voc ) 630 mV

under reduced light intensity (22 mW/cm2) when N3 dye was

replaced by oleophilic dye, Ru(dcb)2(pmp)2 (pmp ) 3-(pyrrole-

1-ylmethyl)-pyridine) as a sensitizer (Ru-bpy-pmp) in Figure

4).35

The in situ PEP can be successfully applied to effective pore

filling of PEDOT in porous nc-TiO2 voids by employing the

more oxidizable bis-ethylenedioxythiophene (bis-EDOT, Eox )
0.5 V vs Ag/Ag+) instead of EDOT (Eox ) 1.0 V vs Ag/Ag+). The

preliminary experiments revealed, however, that the conver-

sion efficiency was very poor when our newly developed poly-

meric polythiophene molecules, P3TAA and P3TAA-PHT

(Figure 4), were employed as sensitizers for volatile solvent-

free solid-state PEDOT-based DSSC.36

Cyclic voltammetry analysis in the dark and under irradi-

ation elucidated that the excited Ru dye, Z-907 molecules

indeed play a key role in the in situ PEP processes.37 Figure 5

shows the corresponding cyclic voltammograms obtained for

TABLE 1. PEDOT-Based DSSCs: Configuration and Performancesa

device no. sensitizer/anion doped in PEDOT/metal on FTO cathode additive in DSSC Jsc (mA cm-2) Voc (V) FF η (%)

1 N-719/p-toluenesulfonate/Pt nothing 0.048 0.34 0.33 0.054b

2 N-719/p-toluenesulfonate/Pt EMIm-TFSI and LiTFSI with TBP 0.068 0.44 0.41 0.12b

3 N-719/ClO4/Au EMIm-TFSI and LiTFSI with TBP 1.8 0.46 0.38 0.31
4 Z-907/ClO4/Au EMIm-TFSI and LiTFSI with TBP 3.7 0.79 0.73 2.1
5 Z-907+DCA/ClO4/PEDOT BMIm-TFSI and LiTFSI with TBP 4.5 0.85 0.69 2.6
6 HRS-1/ClO4/Au EMIm-TFSI and LiTFSI with TBP 4.5 0.78 0.74 2.8

a Measured under one sun conditions. b Oxidative polymerization using Fe(III) tris-p-toluenesulfonate as a oxidation catalyst.

FIGURE 4. Sensitizers employed for HTM-based DSSCs.
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the monomer bis-EDOT and the Z-907-anchored nc-TiO2 using

a 1 cm2 area of the FTO/nc-TiO2/dye on FTO as the working

electrode in acetonitrile solution of LiClO4 as electrolyte. In the

dark, the onset of bis-EDOT oxidation potential (0.605 V vs

SCE) is observable around 600 mV, while the onset oxida-

tion potential for the Z-907 is around 500 mV. These rela-

tions indicate that the electrochemical polymerization of bis-

EDOT must be carried out at potentials above the oxidation

limit for the dye Z-907 to suppress oxidative degradation of

the dye. Under illumination conditions, however, the Z-907/

bis-EDOT shows an important current response in the range

between 0 and 500 mV. In order to analyze this effect, we

examined the cyclic voltammograms in the voltage range

between -100 and +500 mV (see the inset of Figure 5) and

observed respective increases in current from zero to 20-40

µA when shifting from the dark into illumination conditions.

Accordingly, PEP was carried out under potentiometric con-

ditions in a three-electrode one-compartment electrochemi-

cal cell using the dye-adsorbed nc-TiO2 electrode as the

working electrode, Pt wire as the counter electrode, and

Ag/AgCl as the reference electrode. The external potential, 0.2

V vs Ag/AgCl, gives the best performance for PEP of bis-EDOT.

Further investigation of the PEP technique revealed that the

dye excitation from the cathode side irradiation gave better

conversion efficiency than that from the anode side irradia-

tion. Figure 6 shows that the PEP process is triggered by the

photoexcitation of the ruthenium dye, leading to the forma-

tion of a PEDOT chain with close contact to the dye molecules.

Figure 7 shows an assembled cell structure, FTO/blocking

layer/nc-TiO2/dye-moleucles/PEDOT/catalytic cathode, and

chemical structures of the ruthenium dye molecules exam-

ined. In Table 1, the cell performance data of representative

PEDOT-based DSSCs are shown, where dye molecules, addi-

tives, and catalysts on cathode FTO are shown as exemplified.

Devices 1 and 2 were fabricated by the in situ thermal

polymerization of EDOT in the presence of a catalyst, Fe(III)

tris-p-toluenesulfonate and imidazole in n-butanol.38 The

formed PEDOT can be expressed as PEDOT/Tos, where the

doped PEDOT is shown as a delocalized structure (Figure 3).

They gave a very poor conversion efficiency even after treat-

ment with 1-ethyl-3-methylimidazolium bis(trifuluoromethyl-

sulfonyl)imide (EMIm-TFSI) containing tert-butylpyridine (TBP)

(0.2 M) and lithium bis(trifuluoromethylsulfonyl)imide (LiTFSI)

(0.2 M). The presence of imidazolium and lithium cation

should have contributed to enhancement of electron diffu-

sion of the nc-TiO2 electrode.

When the PEP method was introduced using bis-EDOT as

a stating monomer and the hydrophobic ruthenium dye

Z-907, the short circuit photocurrent Jsc is dramatically

increased.39 In addition, the respectable Voc of the PEP-based

DSSC was always obtainable, suggesting the effective suppres-

sion of electron recombination at the TiO2/Z-907/PEDOT inter-

faces. These facts imply that the PEP method contributes to

unidirectional electron flow especially at the PEDOT/hydro-

phobic dye interfaces.

Figure 8 shows comparison of diffusion coefficients and

lifetime between PEDOT-based and iodide/iodine-based DSSCs

using Z-907 as dye molecules. The diffusion coefficients in the

PEDOT-based DSSC are larger than those in the iodide/iodine-

base DSSC, being in agreement with the remarkable fill fac-

tor due to the conductivity of the PEDOT. The decreased

lifetime may be due to the recombination of the injected elec-

trons in nc-TiO2 to the dye molecules that are not covered

enough with PEDOT.

As for the distribution of PEDOT, the volume and the aver-

age chain length of the formed PEDOT can be roughly calcu-

lated from the degree of polymerization, the density of PEDOT

(1.34 g cm-3), and the porosity of the TiO2 layer (0.53 for the

films made of Nanoxide-T). For example, the ratio of the vol-

ume occupied by PEDOT in mesoporous nc-TiO2 layers was

given as ca. 20%, and the average chain length based on

homogeneous polymerization from each dye molecule was

ca. 6.8 EDOT units under the conditions of the polymeriza-

tion charge of 25 mC cm-2 and TiO2 thickness of 5 µm. These

calculations indicate that the PEDOT filling in devices should

be essential to increase Jsc as high as possible.

The coadsorption of Z-907 with deoxycholic acid (DCA)

(device 5) resulted in improvement of Jsc up to 4.5 mA cm-2,

suggesting that the well-organized Z-907 molecules on nc-

TiO2 layers should contribute to smooth infiltration of bis-

FIGURE 5. Cyclic voltammograms of bis-EDOT, Z-907, and Z-907/
bis-EDOT with or without irradiation. (The inset is the comparison
of the irradiation effect on the Z-907/bis-EDOT mixed system.
Supporting electrolyte: 0.1 M LiClO4 in acetonitrile.)
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EDOT into the oleophilic nanopore and the resulting favorable

nonbonding contact with the in situ formed PEDOT polymer

chains.40 It is worth mentioning that PEDOT/X (Figure 3, X )
ClO4) prepared on the cathode side FTO by chronoamperom-

etry of 0.8 V vs Ag/Ag+ in the presence of LiClO4 electrolyte

worked as well as the gold catalytic mediator on the cathode

FTO.

3.3.2. Performance Optimization. The crucial strategy

toward high performance of PEDOT-based DSSCs is the com-

plete coverage of PEDOT on the dye-anchored nc-TiO2 sur-

face and noncovalent bonding but electronic contact of the

PEDOT with dye molecules in nc-TiO2 electrodes. The authors’

group expected that the nonbonding electronic contact could

be achieved by employment of a new dye, cis-Ru[4,4′-di(hexy-

lthienylvinyl)-2,2′-bipyridyl] (4,4′-dicarboxylic acid-2,2′-bipy-

ridyl)(NCS)2 (HRS-1),41 because the thienyl groups in dye

molecule should self-organize bis-EDOT at interfaces through

π-π stacking bonding (Figure 4, device 6 in Table 1).

The optimization studies cleared the following facts.42 (1)

The total polymerization charge (∼15 mC cm-2) changes

within only a few percent by changing the TiO2 layer thick-

ness (d ) 3.2, 5.8, and 8.5 µm). (2) The short circuit current

density reaches the highest value (on average 4.5 mA cm-2)

when the TiO2 layer is 5.8 µm, and the fill factor increases sig-

nificantly by increasing the TiO2 thickness up to 5.8 µm while

the open circuit voltage varies only slightly with the TiO2 thick-

ness. Then the highest power conversion efficiency of 2.6% is

achieved with the 5.8 µm-thick nc-TiO2 layer. (3) The current

density-voltage (IV) curves for the device with a 5.8 µm thick

nc-TiO2 layer at various illumination intensities and the pho-

tovoltaic parameters plotted versus the light intensity (Figure

9) indicate a linear light intensity dependence of the short cir-

cuit current. The maximum efficiency of these devices is

reached at the highest measured light intensities. (4) The

power conversion efficiency depends on short circuit current

density (Jsc). Even though a larger fraction of the incoming

photon is absorbed when the thickness (d) is increased, Jsc

increases only slightly. These observations indicate insuffi-

cient PEDOT coverage of the HRS-1 molecules on the nc-TiO2

electrodes.

3.3.3. PEP-Derived PEDOT Infiltration and Their

Interface Buildup. PEDOT-based DSSCs using Z-907 as a

sensitizer were analyzed by sets of PEP experiments using

LiClO4, LiCF3SO3, LiBF4, and LiTFSI as dopant.37 The photo-

electrochemical polymerization charge (mC cm-2), conductiv-

FIGURE 6. Schematic of PEP of bis-EDOT at potentiometric conditions.

FIGURE 7. Cell configuration of effective PEDOT-based DSSC.
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ity (ó), series resistance (Rs), and shunt resistance (Rsh) were

compared with the corresponding conversion efficiency. The

PEDOT/LiTFSI system gave the highest conductivity and the

highest degree of polymerization charge, which was increased

by about 50% higher than those of other systems. Thus, the

conductivity observed for the PEDOT layer is directly depend-

ent on the doping anion species, decreasing in the order of

TFSI- > CF3SO3
- > ClO4

- > BF4
- (Table 2, Figure 3).

The high conductivity of the LiTFSI-doped PEDOT

(PEDOT/X, X ) TFSI in Figure 3) could be explained in terms

of charge delocalization of the TFSI anion; that is, the most

delocalized TFSI anion will induce preferred stacking of the

charge localized (soft) polaronic cluster of the transverse

PEDOT. Moreover, PEDOT/LiTFSI shows the lowest Rs and

highest Rsh, whereas PEDOT/LiBF4 shows the highest Rs with

the lowest Rsh (see Table 2). The increase of Rs arises from the

resistance of the cell material to current flow and from resis-

tive contacts, and the decrease of Rsh arises mainly from leak-

age of current at the oxidized dye molecules on nc-TiO2. Thus,

it is not surprising that the application of the PEDOT layer with

higher conductivity (i.e., the PEDOT/LiTFSI system) presents the

lowest series resistance (Rs) and the highest shunt resistance

(Rsh) of the DSSC.

3.3.4. Impedance Analysis of Interfaces in PEDOT-

Based DSSC.37 The above-mentioned PEDOT-based DSSCs

were analyzed by focusing on the interfaces via electrochem-

ical impedance spectroscopy. Figure 10 shows Cole-Cole

plots of the PEDOT-based DSSCs and a fitted Bode phase

angle (Figure 10b) of experiments carried out under dark con-

ditions at -700 mV. The results are based on the equivalent

circuit shown as the inset in Figure 10a. The equivalent cir-

cuits of DSSC can be represented by two RC circuits connected

in series. Two semicircles were observed in the measured fre-

quency range of 10-1-105 Hz for all PEDOT-based DSSC. The

semicircles in the frequency regions 103-105 and 1-103 Hz

correspond to charge-transfer processes occurring at the

Au/PEDOT interface and the FTO-TiO2/dye/PEDOT interface,

respectively. The first semicircle (R1) is larger than that

obtained from using organic or ionic liquid electrolytes, which

means that the charge transport at the Au/PEDOT interface is

TABLE 2. Effect of Doped Anions on PEP, Conductivity of PEDOT, and Performance of PEDOT-Based DSSC

device no. doped anion as lithium salt PEP charge (mC cm-2) conductivity (S cm-1) Jsc (mA cm-2) Voc (V) ff Rs (Ω) Rsh (kΩ) η (%)

7 ClO4 10.7 30 3.6 0.69 0.72 97.2 8.36 1.8
8 TFSI 15.8 130 5.3 0.75 0.73 48.3 25.6 2.9
9 LiCF3SO4 10.7 86 4.8 0.64 0.71 60.4 4.47 2.2
10 LiBF4 9.5 7.5 2.8 0.51 0.63 121 2.65 0.9

FIGURE 8. Electron diffusion coefficients and electron lifetimes: (a) Electron diffusion coefficients in TiO2 electrode of PEDOT-based DSSC
(triangles) or iodide-based DSSC (squares) as a function of Jsc. Inset shows the thickness of the TiO2 layer, the polymerization charge of
PEDOT, and the energy conversion efficiency at AM1.5 irradiation. All samples show the power law dependence on Jsc. (b) Electron lifetimes
in the TiO2 electrode of PEDOT-based DSSC (triangles) and iodide-based DSSC (squares) under open circuit conditions as a function of Jsc.

FIGURE 9. Current density vs voltage curves at various light
intensities of a PEP-derived PEDOT-based DSSC: TiO2 layer thickness
is 5.8 µm. Inset shows the light intensity dependence of the short
circuit current (Jsc), open circuit voltage (Voc), filling factor (ff), and
power conversion efficiency (η).
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more difficult in PEDOT-based DSSCs than that at the I-/I3-/Pt

interface in the iodine-based DSSC.

Table 3 reveals that the LiBF4-doped PEDOT system and

the LiTFSI -doped PEDOT system show similar R1 values, indi-

cating a good contact between PEDOT and the Au metal elec-

trode. Nevertheless, the LiBF4-doped PEDOT system shows the

worst conversion efficiency. The latter is reflected in the dif-

ferent values of R2 obtained; that is, the LiBF4-doped PEDOT

system gave the highest R2 value, while the LiTFSI-doped

PEDOT system shows the lowest one, which is in good agree-

ment with the reversed order observed for the conversion effi-

ciency. The latter results indicate that the TFSI-doped PEDOT

exhibits an excellent charge transfer between the PEDOT layer

and the Z-907 molecules on nc-TiO2, which will be under-

stood as being due to nonbonding oleophilic contact between

them, which leads to the lowered series resistance coupled

with the good hole-conducting property.

As suggested previously, the ratio of the volume occupied

by PEDOT in the LiClO4-doped PEDOT-based Z-907-sensitized

DSSC was given as ca. 20%, which means that the PEDOT-

vacant nanospace and the PEDOT-untouched dye molecules

would be electron leakage sites once the devices have higher

Jsc. It would be expected that the porosity of nc-TiO2 electrodes

should be optimized and the control of the nanospace would

be crucial for the PEDOT pore filling.

4. Conclusions

On the basis of understanding the liquid I-/I3- redox shuttle

in conventional DSSCs, research on iodide/iodine-free DSSCs

was reviewed, and we summarize as follows: (1) In the case

of liquid-type iodide/iodine-free DSSCs, that is, metal com-

plex redox shuttles, the redox couple medium must be in bal-

ance with the charge-transporting ability as well as match with

the energy structure of dye sensitizers as observed by the

light-intensity driven decrease in Jsc of the DSSC. (2) With

regard to solid-state iodide/iodine-free DSSCs using a poly-

meric HTM, not only energetic matching of the HTM with dye

molecules but also the mobility of the HTM and dyed nc-TiO2

layers must be balanced. Lithium and/or imidazolium ions are

indispensable as additives for keeping high electron diffusion

of nc-TiO2 layers. (3) As for the infiltration of solid HTM into

nanopores of the nc-TiO2 layers, the priority is optimization of

the thickness of nc-TiO2 layers, which may depend on the

porosity of the nc-TiO2 layer. The thinner the thickness is, the

better the infiltration is. (4) The key issue for successful iodide/

iodine-free DSSCs is the buildup of well-organized interfaces

that create nonbonding but electronic contact with one

another at nc-TiO2/sentizier/HTM and HTM/cathode. Over-

views of figures of structures of the sensitizers that are suc-

cessfully employed with the metal complex shuttles and HTM

indicate that oleophilic interactions between them play a

hopeful role in iodide/iodine-free DSSCs. (5) PEP is the best

method for fabrication of iodide/iodine-free PEDOT-based

DSSCs. The PEP technique is applicable to effective pore fill-

ing of the thicker porous layer (d ) ∼5 µm) than the spin-

coating technique (d ) ∼2 µm). The PEP-derived DSSCs are

characterized by increased conductivity of PEDOT layers and

FIGURE 10. Electrochemical impedance spectra of PEDOT-based
DSSC with different doping anions: TFSI- (square), CF3SO3

- (triangle),
ClO4

- (solid circle), and BF4
- (open square). (a) Nyquist plots; (b)

fitted Bode phase plots.

TABLE 3. Parameters Obtained by Fitting the Impedance Spectra of
PEDOT-Based DSSCs Shown in Figure 10a Using the Equivalent
Circuit

R0 (Ω cm2) R1 (Ω cm2) C1 (F cm-2) R2 (Ω cm2) C2 (F cm-2)

BF4
- 3.88 4.45 1.51 × 10-5 45.0 6.80 × 10-5

ClO4
- 5.61 11.1 1.64 × 10-5 25.8 1.31 × 10-4

TFSI- 5.72 4.02 2.10 × 10-5 19.7 2.23 × 10-4

CF3SO3
- 5.59 9.63 1.56 × 10-5 22.8 1.31 × 10-4
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by nonbonding contact of PEDOT chains and dye molecules

as depicted in the Conspectus graphic.
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