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Polymer electrolytes or gel polymer electrolytes are interesting alternatives to substitute liquid

electrolytes in dye-sensitized solar cells (DSSC). The interest in this research field is growing

continuously, reflected in the increase in the number of papers published each year concerning these

materials. This feature article presents a brief review of the history and development of polymer

electrolytes aiming at applications in DSSC. Recent improvements achieved by modifications of the

composition and by introduction of additives such as inorganic nanofillers, organic molecules and ionic

liquids are described. The stabilities of DSSC assembled with these materials are also discussed and

further improvements that can be introduced to maximize performance of the solar cell, such as

photoelectrode modification, will also be presented.
1. Introduction

Dye-sensitized solar cells (DSSC) have been under intensive

investigation as a low cost alternative to exploit solar energy

since the report by Gr€atzel and O’Regan1 in 1991. Usually these

cells consist of a transparent electrode coated with a dye-sensi-

tized mesoporous film of nanocrystalline particles of TiO2, an

electrolyte containing a suitable redox couple and a Pt-coated

counter-electrode. Since the nanocrystalline DSSC consist of

combinations of several materials, the properties of each

component directly influence the kinetics and reactions, and

consequently the performance of the solar cell. Thus, device
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performance depends on the structure, morphology, optical and

electrical properties of the porous semiconductor film; the

chemical, electrochemical, photophysical and photochemical

properties of the dye; the electrochemical and optical properties

of the redox couple and solvent in the electrolyte; and the elec-

trochemical properties of the counter-electrode.2 DSSC based on

Ru bipyridyl complexes and liquid electrolytes can have effi-

ciencies as high as 11%.2,3 Nevertheless, there are still some

questions about the presence of the liquid component, which

requires perfect sealing in order to prevent leakage, and also

limits the shape and stability of the cells. Many groups have

focused on the substitution of the liquid electrolyte by solid or gel

electrolytes, which could aid in reducing costs and make

assembly of dye-sensitized solar cells easier. The main alterna-

tives are inorganic or organic hole conductors, gel electrolytes

prepared with ionic liquids or by the solidification of liquids, and

polymer electrolytes. In this feature article, we present an over-

view of some recent developments in dye-sensitized solar

cells assembled with polymer and gel electrolytes, especially
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concerning the modifications introduced to improve the ionic

conductivity and mechanical stability of such materials, and how

such modifications affect the performance of polymer-based

DSSC.
2. Polymer electrolytes

Polymer electrolytes are solid ionic conductors prepared by the

dissolution of salts in a suitable high molar mass polymer con-

taining polyether units. It is important to distinguish these

materials from polyelectrolytes and gel electrolytes. In poly-

electrolytes, charged cationic or anionic groups are chemically

bonded to a polymer chain, while their counterions are solvated

by a high dielectric constant solvent and are free to move. In

a classical gel electrolyte, polymer and salts are mixed with

a solvent, usually having a concentration above 50 wt%, and the

role of the polymer is to act as a stiffener for the solvent, creating

a three-dimensional network, where cations and anions move

freely in the liquid phase.4

The investigation of polymer electrolytes began in the 1970s,

after the pioneering measurements of ionic conductivity in

polymer–salt mixtures done by Wright and coworkers5 and the

proposal of Armand and coworkers6 that these systems could be

used in secondary batteries. After Wright’s work,5 the polyethers,

such as poly(ethyelene oxide) (PEO), coordinated with a range of

inorganic salts, such as LiI, NaI, LiClO4, LiCF3SO3, LiSCN,

NaSCN, NaClO4 or LiPF6, became the classical systems.4 In

PEO, the repeating unit (–CH2–CH2–O–) presents a favorable

arrangement for effective interaction of the free electron pair on

the oxygen with the alkali metal cations. This occurs because the

PEO chains are arranged in a helical conformation with a cavity

that presents ideal distances for oxygen–cation interactions. PEO

presents a low glass transition temperature (Tg ¼ �50 �C), but

the regular structure favors a high degree of crystallinity (80%),

with a melting point Tm � 65 �C. For polymer electrolytes, ionic

mobility is closely associated with local structural relaxations

which occur in the amorphous phase. Thus solvent-free PEO–
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salt complexes usually exhibit conductivity in the range from 10�8

to 10�4 S cm�1 at temperatures between 40 and 100 �C, limiting

practical applications at room temperature. The solid-state

nature of polymer electrolytes is an advantage; however, the

ionic conductivity which occurs in the amorphous phase for the

majority of polymer electrolytes is too low for application in

photoelectrochemical cells or batteries.

To decrease the degree of crystallinity of the polymer at

ambient temperature, and thus increase the ionic mobility, it is

necessary to introduce a certain degree of disorder in the struc-

ture. This can be achieved by using blends of different polymers,

copolymers or cross-linked networks, which can either reduce the

crystallinity of the polymer or lower the glass transition

temperature. Also, it is possible to introduce a third component

in the system, which can act as a plasticizer, increasing the ionic

conductivity, as will be discussed in the next sections.
2.1. Copolymers of PEO

The use of copolymers of PEO in electrolytes for solar cells began

in 1999. Although PEO polymer electrolytes and their derivatives

had been used before in combination with conducting polymers

for the assembly of photoelectrochemical cells,7,8 the first DSSC

assembled with a polymer electrolyte was reported by De Paoli

and coworkers.9 The device was assembled using poly

(o-methoxyaniline) as sensitizer and a copolymer of poly(epi-

chlorohydrin-co-ethylene oxide) containing NaI/I2 as electrolyte.

The monochromatic photon-to-current conversion efficiency

was 1.3% with 410 nm and 0.1% with 600 nm irradiation.9 One

year later, the same electrolyte was applied in a device using

a ruthenium complex as sensitizer, leading to an open circuit

voltage (Voc) of 0.71 V, a short-circuit current (Jsc) of 0.46 mA

cm�2 and overall conversion efficiency (h) of 0.22% under 120

mW cm�2 of white-light illumination.10 But it was only in 2001,

10 years after Gr€atzel’s first announcement of an efficient liquid-

electrolyte based DSSC, that devices assembled with polymer

electrolytes with efficiencies superior to 1% were reported.11,12

Since then, many efforts have concentrated on the search for new

polymer electrolytes that could increase the efficiency of the

device.

The use of PEO copolymers was initiated with the work of De

Paoli and coworkers,13 which showed a systematic investigation

of the ionic conductivity and thermal properties of three copoly-

mers of ethylene oxide (EO) and epichlorohydrin (EPI) with

different monomer ratios. The ethylene oxide/epichlorohydrin

ratios in the copolymers were 84/16, 60/40 and 50/50, and they

were designated as P(EO–EPI)84–16, P(EO–EPI)60–40 and

P(EO–EPI)50–50, respectively. Measurements of the ionic

conductivity of copolymers containing LiClO4 showed that this

parameter was dependent both on the concentration of salt and

on the molar ratio between the comonomers. For example, the

higher the content of ethylene oxide units in the copolymer, the

higher was the ionic conductivity of the electrolyte, for the same

salt concentration. The best ionic conductivity was obtained for

P(EO–EPI)84–16 copolymer mixed with �5.5 wt% of LiClO4

(4.1 � 10�5 S cm�1 at 30 �C). Cyclic voltammetry studies showed

an electrochemical stability window in the range of 4.0 V.

The temperature dependence of the ionic conductivity for

all copolymer/salt complexes was studied by the empirical
This journal is ª The Royal Society of Chemistry 2009
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Vogel–Tamman–Fulcher relationship and it was found that the

ionic conductivity in these complexes was strongly coupled to the

flow behavior of the matrix, as also observed by other groups.14

The strong decrease of crystallinity observed for the copolymer

P(EO–EPI)84–16 after addition of a small amount of salt,

together with the conductivity data, indicated that Li+ cations

interact more strongly with the oxygen atoms from the ethylene

oxide units than those from the epichlorohydrin units. The ionic

conductivity attained in this work was considered sufficient to

motivate the use of the P(EO–EPI)84–16 complexes as polymer

electrolytes.13

Aiming at applications in solar cells, the thermal and ionic

conductivity properties of the elastomer P(EO–EPI)84–16 filled

with NaI or LiI and I2 were explored.10,15 Fig. 1 shows plots of

the ionic conductivity of the polymer electrolyte as a function of

salt concentration, at 26 �C. The ionic conductivity initially

increases with the increase in salt concentration, due to the

increasing number of charge carriers. However, after reaching

a maximum value, the conductivity decreases because larger

amounts of salt lead to the formation of ion pairing and cross-

linking sites that hinder the segmental motion of the polymer

chains and, as a consequence, decrease ionic mobility.16 For this

system, the highest conductivity was 1.5 � 10�5 S cm�1, for the

sample containing 9 wt% of NaI.15 The Na+ ions interact with the

ethylene oxide repeating units of the polymer chains by means of

Lewis type acid–base interactions. The empirical Vogel–Tam-

man–Fulcher equation was used to model the conductivity and

temperature relationships, indicating that conduction occurs in

the amorphous phase of the copolymer.15 Surprisingly, the ionic

conductivity was higher for the electrolyte prepared with NaI,

when compared to the electrolytes prepared with LiI. At first, it

was expected that Li+ cations would lead to a better conductivity,

since they are smaller than Na+ cations. This behavior was

attributed to the high energy that is necessary to dissolve LiI in

the polymer matrix, in comparison to the energy necessary to

dissolve NaI.17

DSSC were assembled using the polymer electrolyte consisting

of P(EO–EPI)84–16, 9 wt% NaI and 0.9 wt% I2. The film of the

polymer electrolyte was deposited onto the sensitized TiO2
Fig. 1 Effect of salt concentration on conductivity for polymer elec-

trolytes based on P(EO–EPI), I2 and: (---) LiI and (-C-) NaI. The

structure of the P(EO–EPI) copolymer is also shown, where n and m are

equal to 84 and 16, respectively.

This journal is ª The Royal Society of Chemistry 2009
electrodes by casting, using a solution of P(EO–EPI)84–16 with

NaI and I2 in acetone. The assembly of the cells was completed

by pressing the Pt counter-electrode against the sensitized elec-

trode coated with the polymer electrolyte. The electrolyte was

also used as a kind of adhesive between the working and counter-

electrodes, and no sealing step was necessary. The active area of

the cells was typically 1 cm2. Unsealed devices employing this

polymer electrolyte achieved solar to electrical energy conversion

efficiencies of 1.6% under 100 mW cm�2, and 2.6% under 10 mW

cm�2.11 This was the first report of a dye-sensitized solar cell

assembled with a pure polymer electrolyte with efficiency supe-

rior to 1%. Nevertheless, the efficiency of such ‘‘solid’’ solar cells

was much lower than the �10% obtained for solar cells prepared

with liquid electrolytes. The main drawback was attributed to the

ionic conductivity of the polymer electrolyte, which was found to

be about 2 orders of magnitude lower than the conductivity

usually observed with liquid electrolytes. The open circuit

voltage of these cells was surprisingly high (0.82 V). Analyses of

liquid electrolyte cells have indicated that this voltage is primarily

limited by recombination losses from injected electrons inter-

acting with oxidized redox carriers in solution. These recombi-

nation losses accelerate as a function of cell voltage due to an

increase in the electron density in the titania film. The high Voc

value was assigned to the basic character of the polymer in the

electrolyte.18 Protons have been shown to increase the density of

electrons in titania films at a fixed applied potential,19,20 most

probably associated with the ability of these ions to intercalate

into titania. The basic nature of the polymer used in the elec-

trolyte is likely to shift the voltage dependence of the electron

density in titania to more negative voltages, and therefore

minimize the voltage dependence of the recombination losses

within the cell. Comparable shifts in the voltage dependence of

the recombination dynamics of dye-sensitized TiO2 films have

been observed following the addition of a base to a liquid elec-

trolyte.21

Pure PEO has also been used in an electrolyte for DSSC, by

combining this polymer with different amounts of KI and I2.22

Using Raman spectroscopy the authors showed the formation of

polyiodide species in the electrolyte upon addition of different salt

and iodine concentrations. The highest ionic conductivity ach-

ieved at room temperature was 8.4 � 10�5 S cm�1 for the elec-

trolyte composition PEO:KI:I2 12:1:0.1. Fourier transform

infrared spectroscopy was carried out to show that the K+ ions

can coordinate to the ether oxygens in PEO chains and a linear

Arrhenius type behavior was observed. DSSC assembled with this

electrolyte presented Jsc¼ 6.1 mA cm�2, Voc¼ 0.59 V, fill factor,

FF ¼ 0.56 and h ¼ 2.0% under irradiation of 100 mW cm�2.

The major problems associated with the use of polymer elec-

trolytes in DSSC arise from the low ionic diffusion in a more

viscous medium, low penetration of the polymer inside the

nanostructured TiO2 electrode, and an increase in the interfacial

charge-transfer resistance between the electrodes and the elec-

trolyte.23 In order to enhance the overall conversion efficiency

and the transport properties, the nature/composition of the

polymer systems must be improved. Further improvements in

device performance are readily achievable through optimization

of the ionic conductivity. In this context, the addition of inor-

ganic nanofillers, ionic liquids, oligomers based on ethylene

oxide, plasticizers and other additives has become a common
J. Mater. Chem., 2009, 19, 5279–5294 | 5281
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route to elaborate polymer (or gel) electrolytes with improved

ionic conductivity properties.
Fig. 2 Nyquist diagrams of the impedance spectra obtained for polymer

electrolyte films sandwiched between planar Pt electrodes. Experimental

data are represented by symbols and solid lines correspond to the fitting

using the equivalent circuit shown in the inset. The polymer electrolytes

are based on P(EO–EPI), NaI/I2 (B) with plasticizer (50 wt% GBL) and

(,) without plasticizer.
3. Plasticized and gel polymer electrolytes

Adding small molecules or oligomers with coordinating/

solvating ability to the polymer is an interesting alternative to

overcome the limitations inherent in a mixture of only polymer

and salt. Such compounds are known as plasticizers, they possess

low molar mass, high boiling points and are routinely added to

highly crystalline polymer matrixes to increase the flexibility of

the polymer chains. For polymer electrolytes, this additive

contributes to increasing the ionic conductivity by several orders

of magnitude.24 In fact, DSSC assembled with polymer electro-

lytes containing plasticizers exhibit much higher efficiencies.

However, an increase in the plasticizer content can also be fol-

lowed by a loss in mechanical properties. One should note that

the term ‘‘plasticizer’’ is routinely used for several additives,

although it is not necessarily true that these additives will act as

a real plasticizer, i.e., by definition, a plasticizer must change the

glass transition temperature and reduce the crystallinity degree of

the polymer.

It is also important to note that there is a tenuous line between

plasticized polymer electrolytes and gel electrolytes. Actually

there is not a clear definition or classification system, and

misunderstandings in this field are quite common. Classical

plasticized polymers are routinely used in industry, when the

plasticizers are added (in amounts up to 40 wt%) to a polymer,

usually aiming at changing the mechanical properties, but always

maintaining the solid-state characteristics (phthalic acid esters

added to PVC, for example). In a classical gel electrolyte, a three-

dimensional polymer network (not necessarily a coordinating

polymer, in fact most gel electrolytes are made of ‘‘inert’’

matrixes) holds an organic solution of a salt. For an ‘‘inert’’ gel

electrolyte (polyacrylonitrile, poly(methyl methacrylate) or poly

(vinylidene fluoride) derivatives), the ionic transport occurs in

the solution phase. However, if the polymer employed possesses

the ability to strongly solvate the cation, then both phases can

be responsible for ionic transport. As gel electrolytes usually

contain a high fraction of liquid components, their mechanical

properties are poorer than those observed for pure polymer

electrolyte systems, or plasticized polymer electrolytes. The

following section contains a brief review about significant

improvements made in DSSC assembled with both plasticized

and gel electrolytes, without distinguishing between them.

In 2001, a dye-sensitized solar cell assembled with a gel

network polymer electrolyte based on polysiloxane and PEO,

containing 20 wt% of LiI, 5 wt% of I2 and 150 wt% of the mixture

ethylene carbonate (EC)/propylene carbonate (PC) (3:1 v/v) was

reported.12 EC is a high viscosity solvent with a high dielectric

constant, which is favorable for salt dissociation. However, this

material has a tendency to crystallize at low temperature, causing

phase separation between the plasticizer and the polymer matrix.

Thus, organic solvents such as PC are used to form binary

organic solvents with EC and homogeneous gel polymer elec-

trolytes can be obtained. The fully crosslinked electrolyte pre-

sented ambient conductivity of 1.1 � 10�3 S cm�1 and the solar

cells showed an open circuit voltage of 0.69 V and a short-circuit
5282 | J. Mater. Chem., 2009, 19, 5279–5294
current density of 1.7 mA cm�2 under white light irradiation (28

mW cm�2), yielding an efficiency of 2.9%.12

The addition of 50 wt% of the plasticizer poly(ethylene gly-

col)methyl ether, P(EGME), with molar mass of�350 g mol�1 to

the polymer electrolyte based on P(EO–EPI)84–16, NaI and I2

increased the ionic conductivity without compromising the

electrochemical, thermal and dimensional stabilities. This mate-

rial was chosen as plasticizer for P(EO–EPI) due to the similarity

of its chemical structure with the copolymer matrix. In the

P(EPI–EO)/NaI/I2 system the ionic conductivity of the sample

containing 11 wt% of NaI reached a maximum value of 1.9 �
10�5 S cm�1. After addition of P(EGME), an overall increase in

the ionic conductivity was observed for the system at all salt

concentrations, reaching a maximum value of 1.7 � 10�4 S cm�1

at 13 wt% of NaI. The addition of the plasticizer to the polymer

electrolyte even allowed the dissolution of larger amounts of salt

without significantly changing the conductivity of the system,

which remained on the plateau of 10�4 S cm�1.25

Interesting results have also been obtained using g-butyr-

olactone (GBL) as plasticizer for P(EO–EPI) copolymer. For the

electrolyte prepared with GBL, P(EO–EPI)87–13, 15 wt% of NaI

and I2 for example, the maximum ionic conductivity changed

from 3� 10�5 S cm�1 to 1� 10�4 S cm�1 after addition of 50 wt%

of GBL.26 The apparent diffusion coefficient of ionic species in

the electrolyte with and without plasticizer was estimated using

complex impedance spectroscopy and the equivalent circuit

Rs[Q1(R1O)] (Fig. 2) was used to fit the data according to the

method proposed by De Paoli and coworkers.27 The Nyquist

diagrams are shown in Fig. 2. The response at high frequencies

can be attributed to the counter-electrode/electrolyte interface,

while the response at low frequencies can be associated with the

diffusion processes in the electrolyte.27 From the parameters

obtained by fitting the experimental data, the apparent diffusion

coefficient can be estimated using Eq. 1,28 where le is the thickness

of the electrolyte film and B is a parameter related to the element

O in the equivalent circuit proposed, which accounts for a finite-

length Warburg diffusion (ZD).

D ¼ le
2/B2 (1)

Fig. 2 shows that the overall impedance of the system

decreases after addition of plasticizer. These data are in
This journal is ª The Royal Society of Chemistry 2009
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agreement with the increase observed in ionic conductivity.26 The

apparent diffusion coefficient of ionic species in the electrolyte

containing GBL was estimated to be 3 � 10�6 cm2 s�1, one order

of magnitude higher than the diffusion coefficient estimated for

the polymer electrolyte without plasticizer (4 � 10�7 cm2 s�1).

This value is very close to the diffusion coefficient for I3
� species

in highly viscous solvents, such as N-methyl oxazolidinone (2.8

� 10�6 cm2 s�1),29 in gels (3� 10�6 cm2 s�1),30 gellified ionic liquids

(1.4 � 10�6 cm2 s�1)31 and in a TiO2 membrane soaked in

acetonitrile (3.4 � 10�6 cm2 s�1),32 but is still one order of

magnitude lower than the diffusion in acetonitrile (�2 � 10�5

cm2 s�1).33

GBL has been used as plasticizer for electrolytes for applica-

tion in batteries, and it is well known to be able to coordinate Li+

ions, contributing to the dissolution of lithium salts in polymer

systems.34,35 Therefore, GBL also made possible the substitution

of NaI for LiI in the polymer electrolyte, as shown in the plots of

ionic conductivity in Fig. 3. As opposed to what was observed for

the non-plasticized polymer electrolyte (Fig. 1), in the presence of

GBL, electrolytes prepared with LiI present higher conductivities

in comparison to the ones prepared with NaI. The addition of

GBL leads to an increase in conductivity of two orders of

magnitude, when compared to the non-plasticized polymer

electrolyte. Also, the ionic conductivity dependence on salt

concentration changes remarkably when 50 wt% of GBL is

incorporated in the polymer electrolyte. As discussed before,

GBL has an ion solvating ability, which allows the dissolution of

larger amounts of salt. Thus, increasing the salt concentration

leads to a further increase in the conductivity, reaching 5 � 10�4

S cm�1 for the sample prepared with 20 wt% of LiI. Such

behavior is the opposite of that usually observed for polymer

electrolytes at high salt concentration.13,15 This conductivity

value approaches the value for a liquid electrolyte based on

organic solvents. The conductivity for the sample containing 30

wt% of LiI was estimated as 6 � 10�4 S cm�4, which is very close

to that exhibited by the sample containing 20 wt%, indicating

saturation in salt dissolution. Solar cells assembled with P(EO–

EPI)87–13 containing 50 wt% of GBL, 20 wt% of LiI and I2

presented efficiencies of 3.3 and 3.5% at 100 and 10 mW cm�2 of
Fig. 3 Effect of salt concentration on conductivity for plasticized

polymer electrolytes based on P(EO–EPI), 50% of GBL, I2 and: (---) LiI

and (-C-) NaI. The structures of the P(EO–EPI) copolymer (n ¼ 87 and

m ¼ 13)and GBL plasticizer are shown in the inset.

This journal is ª The Royal Society of Chemistry 2009
irradiation, respectively.36 Other authors also reported recently

that the conductivities and diffusion coefficients of ionic species

in gel electrolytes can be changed and improved by varying the

composition of the salt, i.e., using different cations.37,38

Other changes can be introduced to further increase the ionic

conductivity of such electrolytes. For example, the GBL

concentration in relation to the polymer matrix can be increased

up to 70% without losses in the mechanical properties, reaching

a conductivity of 2 � 10�3 S cm�1 (20 wt% LiI).39 In this case, the

system presents the conductivity characteristics of a liquid while

keeping the mechanical properties of a solid. The high values of

ionic conductivity measured were rationalized to originate from

a contribution of both ionic transport and a Grothuss-type

mechanism introduced by the formation of polyiodides in the

electrolytes with high salt concentration. The conversion of

iodine to polyiodide species when the LiI salt concentration in

the electrolyte exceeds 7.5 wt% was confirmed by Raman spec-

troscopy measurements,36 and a similar effect was also reported

by Yanagida and coworkers40 for gel electrolytes.

Recently Nogueira and coworkers39 obtained a very inter-

esting result using the copolymer poly(ethylene oxide/2-

(2-methoxyethoxy)ethyl glycidyl ether) containing 78% of EO

units P(EO–EM). This material was mixed with LiI, I2 and the

plasticizer GBL. The amount of GBL incorporated into the

electrolyte was changed from 30 to 90% and solar cells were

assembled with this kind of electrolyte, containing different

plasticizer/polymer ratios. The Jsc increases when the amount of

GBL is increased from 30 to 70%, and this effect was related to

the increase of ionic conductivity of the electrolyte. On the other

hand, Voc increases in the opposite direction, i.e., with the

increase in polymer content. The loss in Voc values observed for

PEO-based copolymers as the amount of GBL is increased is

shown in Fig. 4. This effect can be attributed to the loss in the

basic character of the electrolyte as more GBL is added. It is

believed that the polyether units have more donor capability and

thus interact more effectively with the Ti(IV) acid sites, inhibiting

charge recombination. The electron lifetime in DSSC assembled

with electrolytes containing different amounts of GBL was esti-

mated from the voltage decay transients of the solar cells. A

decrease in electron lifetime from the electrolyte containing 30%
Fig. 4 Effect of GBL concentration on the open circuit voltage of DSSC

assembled with polymer electrolyte containing poly(ethylene oxide)

copolymers and MI/I2 (M ¼ Li or Na).

J. Mater. Chem., 2009, 19, 5279–5294 | 5283
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of GBL to the electrolyte containing 70 wt% of GBL was

observed, in agreement with the trend observed in Voc values.

These results support the role of the polymer passivating layer in

minimizing the charge recombination at the TiO2/electrolyte

interface. It seems that the recombination losses (photoinjected

electrons return to the dye cation and/or electrolyte) are accel-

erated when replacing a very basic polymer by the addition of

such additives with lower basicity.

Another important feature of the system poly(ethylene oxide)

copolymer/GBL is that the ionic conductivity of the electro-

lyte is still significantly dependent on the composition of the

copolymer.26 It was known from previous works that, for pure

polymer electrolytes (without plasticizer), although the crystal-

linity degree increased with the increase in EO unit content in the

copolymer P(EO–EPI), the conductivity also increased due to

having more sites available for cation coordination, once the EPI

units do not contribute to ionic transport.13 The same trend was

observed for electrolytes prepared with NaI and P(EO–EPI) even

after addition of 50 wt% of GBL to the electrolyte, indicating

that the oxygen atoms from the polymer chains are probably

still contributing to ionic transport, even in the presence of

plasticizer.26

Transient absorption spectroscopy was employed to study

electron-transfer dynamics in solar cells incorporating the poly-

mer electrolyte based on ethylene oxide copolymers with and

without plasticizer. Electron-transfer kinetics were collected as

a function of electrolyte composition, white light illumination,

and device voltage. The results were further correlated with the

current/voltage characteristics of the solar cells. There are two

main recombination pathways which can cause loss in DSSC

efficiency: electrons injected into the TiO2 conduction band can

recombine with either dye cations or with the redox electrolyte

(Eqs. 2 and 3, respectively).

TiO2(e�) + dye+ / dye (2)

TiO2(e�) + ½I2 / I� (3)

dye+ + 2I� / dye + I2
� (4)

In a liquid electrolyte DSSC, rapid re-reduction of dye cations

by the redox electrolyte (Eq. 4) competes effectively with Eq. 2,

and therefore charge recombination to the redox electrolyte,

Eq. 3, is the primary recombination loss pathway limiting device

efficiency.21,41 In polymer electrolyte-based DSSC, however, the

low ionic conductivity of the polymer electrolyte introduces the

possibility that dye cation re-reduction by the electrolyte may no

longer compete effectively with the recombination pathway

described in Eq. 2. As a consequence, charge recombination with

dye cations may become critical in limiting device efficiency.

For the electrolyte containing P(EO–EPI)84–16, NaI and I2,

without plasticizer, regeneration of the dye ground state by

electron transfer from I� ions (Eq. 4) exhibited half times (t1/2) of

4–200 ms, depending upon the concentration of NaI in the

polymer electrolyte.18 At low NaI concentrations, kinetic

competition was observed between Eq. 4 and Eq. 2. The decay

kinetics of the dye cation, and the yield of I2
�, were found to be

unchanged by illumination of the cell. From these observations,

it was concluded that the charge recombination dynamics in this
5284 | J. Mater. Chem., 2009, 19, 5279–5294
cell are not strongly dependent upon the TiO2 Fermi level over

the investigated voltage range and this observation is probably

related to the Lewis base nature of the polymer employed, as

discussed previously.18

Plasticized polymer electrolytes of P(EO–EPI)87–13 with 50

wt% of GBL and different amounts of LiI/I2 were also investi-

gated using this technique.36 For a sample with a moderate

concentration of iodide (7.5 wt% LiI), the dye cation signal

exhibited a decay with t1/2 ¼ 20 ms, which was only marginally

faster than charge recombination of the oxidized dye with elec-

trons injected into the semiconductor, suggesting that kinetic

competition between Eq. 2 and Eq. 4 might also be significant for

this electrolyte composition. Increasing the amount of LiI to 20

and 30 wt%, regeneration (Eq. 4) became clearly predominant

with t1/2 �1ms in both cases,36 similar to the value reported for

acetonitrile based electrolytes.42 For 20 and 30 wt% LiI plasti-

cized polymer electrolytes, the transients were less dependent

upon white light illumination. The transient data for the plasti-

cized electrolyte containing 7.5 and 20 wt% of LiI are shown in

Fig. 5. The data obtained for a non-plasticized polymer elec-

trolyte are also shown for comparison. The results obtained

indicate that for polymer electrolytes with high iodide concen-

tration and high ionic conductivity, Eq. 4 competes more effec-

tively with Eq. 2, indicating a more efficient regeneration.

Although the high concentration of iodide/iodine in the elec-

trolyte contributed to accelerate dye cation regeneration, it also

increased the dark current of the cell by one order of magnitude.

In these cells, different from what was observed previously for

a DSSC assembled with a polymer electrolyte (polymer and salt

only), it is not the competition between Eq. 2 and Eq. 4 that

limits the efficiency; instead, Eq. 3 or dark current, together with

the low Voc caused by the excess Li+ cations on the TiO2 surface,

seems to play the main role in determination of efficiency.36

Further support for the kinetic competition between Eq. 2 and

Eq. 4, and Eq. 3 contribution can be obtained by fitting the J–V

curves using a two-diode model (Eq. 5),18,43 where IL is the light

intensity dependent short-circuit current, kB is the Boltzmann’s

constant, T is the temperature and I0, k, m1 and m2 are fitting

constants related to the dark current and the ideality factor.

I ¼ IL � I0[exp(qVj/m1kBT) � 1] � kIL[exp(qVj/m2kBT) � 1] (5)

The bias drop across the internal junction, Vj can be related to

the externally applied bias, V, through Eq. 6, where Rs is the

series resistance of the system. I0, m and Rs are assumed to be

light intensity independent.

Vj ¼ V + IRs (6)

Deviations from this model can be interpreted in terms of

a voltage dependent loss of charge separation yield due to either

lower electron injection yields or kinetic competition between

charge recombination (Eqs. 2, 3) and Eq. 4.18,42 The first two

terms on the right of Eq. 5 compose the usual non-ideal one

diode current–voltage characteristic of a solar cell. The final term

in Eq. 5 is a light dependent recombination current, and is

required to describe adequately the observed behavior for the

cells assembled with the polymer electrolyte with and without

plasticizer.11,18
This journal is ª The Royal Society of Chemistry 2009
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Fig. 5 Transient absorption spectra for dye-sensitized TiO2 films

covered with polymer electrolytes based on P(EO–EPI), MI/I2 (M¼ Li or

Na): (a) without plasticizer, (b) with GBL and 7.5 wt% of LiI and (c) with

GBL and 20 wt% of LiI (O.D. ¼ optical density).
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For the non-plasticized polymer electrolyte, the light depen-

dent recombination term was introduced because of the high rate

observed for Eq. 2, due to the low ionic conductivity of the

electrolyte.18 For the electrolytes plasticized with GBL, however,

it would be expected that the J–V curves could be fitted using the

simple one diode model, at least for samples containing larger

amounts of salt, due to the high ionic conductivity of these

electrolytes, and the data from transient absorption spectroscopy

presented earlier.

In Fig. 6 typical J–V curves for DSSC containing polymer

electrolytes with and without plasticizer are presented. Fits using

the two-diode model are also shown. For the plasticized elec-

trolyte, the need for the second term could be a consequence of

the increase in dark current values, due to higher concentrations

of iodine/iodide employed, different from the previous case, for

the system based on the polymer electrolyte without plasticizer.

In other words, the performance at high concentrations of

iodide/iodine is no longer expected to be dominated by the

conductivity of the medium or by the low rate of dye cation

regeneration. These results are in agreement with a report by

Kang and coworkers,44 which shows that, up to a certain limit,
Fig. 6 J–V characteristics (symbols) for the DSSC assembled with the

polymer electrolyte containing P(EO–EPI), MI/I2 (M ¼ Li or Na), (B)

with and (,) without GBL as plasticizer, under 100 mW cm�2. The fits

using the two-diode model are also shown as solid lines.

This journal is ª The Royal Society of Chemistry 2009
further improvements in the ionic conductivity of the electrolyte

do not guarantee any improvements in DSSC performance.

Here, the efficiency of this polymer electrolyte DSSC might be

dominated by the recombination reactions at the interfaces

(mainly Eq. 3 or dark current). Thus, it is expected that the

efficiency of these devices can be enhanced even more by

improving Voc of the cells containing large amounts of plasti-

cizer and salt. This can be achieved by the incorporation of

different additives in the electrolyte, as will be discussed in the

following section.
4. Additives in the polymer electrolytes

Besides the plasticizers, other additives can be explored to

improve the characteristics of polymer or gel electrolytes. These

materials can be incorporated for different purposes, such as the

improvement of mechanical and thermal stability, enhancement

of the charge transport, open circuit voltage, etc.
4.1. Inorganic nanofillers

An interesting approach consists of the addition of nanoscale

inorganic fillers, to improve the mechanical, interfacial, and

conductivity properties of the (gel) polymer electrolytes.

Since the pioneering work by Scrosati and coworkers,45 addi-

tion of TiO2 and other nanoparticles has been extensively

employed to improve the ionic conductivity of polymer electro-

lytes. It is well known that the presence of such nanoparticles

changes the conduction mechanisms assigned to the ions intro-

duced in the polymer, however, how these nanoparticles actually

act is still unknown. These materials can also improve the

mechanical properties of gel electrolytes and ionic liquid-based

electrolytes. However, their effect on the mechanical stability can

result in a loss in electrolyte penetration.

The most used approach is the addition of TiO2 nanoparticles

to the polymer matrix.46–51 Falaras and coworkers46,47 investi-

gated the addition of commercially available TiO2 nanoparticles

(P25, Degussa) to the polymer electrolytes of PEO, LiI and I2.

The filler particles, because of their large surface area, prevented

recrystallization, decreasing the crystallinity degree of PEO. The

increase in the glass transition temperature of the polymer indi-

cated that the polymer electrolyte incorporated a significant

quantity of the available inorganic oxide filler. Besides, the large

quantity of the filler increased the dissolution of the LiI salt and

the system remained mainly amorphous, as confirmed by AFM

measurements. The polymer sub-units are held together in

a parallel orientation, forming long straight chains of about 500

nm in width, along with TiO2 spherical particles of about 20–25

nm in diameter. The polymer chains separated by the titania

particles are arranged in a three-dimensional, mechanically

stable network that creates free space and voids into which the

iodide/triiodide anions can easily migrate.46 Dye-sensitized solar

cells prepared with this nanocomposite polymer electrolyte

exhibited Jsc ¼ 7.2 mA cm�2, Voc ¼ 0.664 V, FF ¼ 0.58 and h ¼
4.2% (65.6 mW cm�2).47 Other reports also describe the effects of

TiO2 nanoparticles on gel polymer electrolytes.51 Kang and

coworkers51 showed that these nanoparticles additionally lead to

a light-scattering effect. The DSSC with the ternary component
J. Mater. Chem., 2009, 19, 5279–5294 | 5285
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Fig. 7 Thermomechanical analysis (compression mode) for electrolytes

based on P(EO–EPI), GBL and LiI/I2: (dashed line) without clay and

(solid line) with 5 wt % of MMT clay. The inset shows a photograph of

spherically shaped samples of the polymer electrolyte prepared with

(CPE) and without the clay (PE), after some period of time at ambient

conditions. The plot of ionic conductivity as a function of clay content is

also shown.
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polymer-gel electrolyte exhibited an energy conversion efficiency

of 7.2% (100 mW cm�2).

Yang and coworkers52 investigated the use of TiO2 nanotubes

as nanofillers. Electrolytes containing polyethylene glycol and

10% of nanotubes showed high penetration and complete filling

of the pores of the TiO2 film. Using the XPS technique the

authors showed that there is an interaction between the titanium

atoms of the nanotubes and the polymer network. The ionic

conductivity was found to be 2.4 � 10�3 S cm�1, which was

achieved due to the decrease in the crystallinity degree of the

polymer after introduction of the nanotubes. DSSC fabricated

with this composite electrolyte showed the maximum overall

conversion efficiency of 4.4%, Jsc ¼ 9.4 mA cm�2, Voc ¼ 0.73 V

and FF ¼ 0.65 under 100 mW cm�2 of irradiation.52

Nanoparticles with different compositions, such as ZnO, SiO2

and Al2O3, have also been used as nanofillers in polymer elec-

trolytes.53–56 Caruso and coworkers53 investigated solar cells

assembled with a composite polymer electrolyte based on PEO,

poly(vinylidene fluoride) (PVDF) and SiO2 nanoparticles. To

fabricate the solid-state DSSC, the composite polymer electrolyte

solution was injected into the dye-sensitized TiO2 electrode using

a vacuum technique. For a given TiO2 film thickness, devices

prepared employing the vacuum method exhibited a better

performance than those prepared via the conventional drop-

casting method. Besides, the differences became more

pronounced with increasing TiO2 film thickness. These results

are remarkable since they show that not only is the optimization

of the composition of the electrolyte an important issue, but it is

also important to guarantee the full filling of the photoelectrode

with the solid-state or gel electrolyte.

Zhao and coworkers54 prepared an electrolyte based on PEO,

poly(vinylidenefluoride-co-hexafluoropropylene), SiO2 and

conductive carbon nanoparticles. The conductivity mechanism

was analyzed by AC impedance and DC voltage-current

measurements. A change in the conduction mechanism was

obtained by adding different amounts of carbon nanoparticles.

Small amounts of carbon nanoparticles improved the ionic

conductivity and a DSSC with 5 wt% of carbon nanoparticles in

the electrolyte presented h ¼ 4.3% compared with the original

DSSC performance of 3.9%. When the content of nanoparticles

was increased to 15 wt%, the efficiency decreased to 3.6%, as

a consequence of a decrease in the ionic conductivity and an

increase in interface recombination with the electrolyte, because

of the electronic conductive path formed by the aggregated

carbon nanoparticles.

Xia and coworkers55 used an interesting approach to make

a composite polymeric electrolyte. First, poly(ethylene glycol

methyl ether) with a molar mass of 350 g mol�1 was grafted onto

the surface of ZnO nanoparticles through covalent bond

formation. The electrolyte was composed of KI and I2 dissolved

in a low molar mass poly(ethylene glycol methyl ether), and 24

wt% of the polymer-grafted ZnO nanoparticles were used to

solidify the electrolyte. For this system, the ionic conductivity

increased as the salt concentration increased, reaching

a maximum value of 3.3 � 10�4 S cm�1, and then decreased,

behaving like a classical polymer electrolyte system. The authors

showed that the Voc increased by 0.13 V after the polymer-

grafted nanoparticles were added to the electrolyte, but the Jsc

decreased, probably due to the high viscosity of the gel formed.
5286 | J. Mater. Chem., 2009, 19, 5279–5294
As a result, the efficiency of the solar cell decreased to 3.1% after

addition of the polymer-grafted nanoparticles, when compared

with the efficiency of 4.0% observed for the device with a liquid

electrolyte.

Al2O3 particles with different sizes were incorporated into

electrolytes based on mixtures of ionic liquids, a PVDF deriva-

tive and polyacrylonitrile.56 It was observed that the added

nanoparticles influenced the diffusion coefficient of I3
� ions and

also the charge transfer rate, and this effect depended on the

Al2O3 particle size. The authors suggested that the imidazolium

cations might adsorb on the nanoparticle surface, and then the

counter-anions I�/I3
� gather around them.

A few papers have recently reported the addition of clay-like

nanoparticles in polymer electrolytes.57,58 Nogueira and

coworkers57 investigated the incorporation of a montmorillonite

(MMT) derivative into a polymer electrolyte based on a poly-

(ethylene oxide) copolymer, the plasticizer GBL and LiI/I2. The

initial increase of ionic conductivity after addition of MMT was

attributed to the large number of charge carriers introduced into

the complex as the clay concentration increased (see inset in

Fig. 7). The XRD data suggested that the clay was not exfoliated

in the nanocomposite electrolyte, but rather kept its lamellar

structure. Fig. 7 presents the thermomechanical characterization

of the polymer electrolytes prepared with and without the
This journal is ª The Royal Society of Chemistry 2009
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addition of 5 wt% of clay. According to these data, the presence

of the MMT promotes an increase in the mechanical stability of

the entire system. This can be viewed considering the force

applied to the nanocomposite polymer electrolyte film, which

promotes a lower deformation comparing to the film without any

clay. The difference in the mechanical properties is also illus-

trated as an inset in Fig. 7, where a picture of spherical shaped

samples of both the composite and the plasticized polymer

electrolyte prepared without clay is shown. In the case of the

system without clay, there is a flow with time due to the action of

gravity, leading to the disruption of the spherical shape. For the

electrolyte with clay, the spherical shape remains unchanged.

These results showed that the addition of MMT clay to the

plasticized polymer electrolyte led not only to an increase in the

ionic conductivity, but also to the solidification of the electrolyte,

reflected as an improvement in the mechanical stability of the

films. The solar cell devices containing the nanocomposite

polymer electrolyte presented efficiencies of 1.6% and 3.2% at

100 mW cm�2 and 10 mW cm�2, respectively. The FF values were

very poor, only 40% under 100 mW cm�2, which was attributed

to the low penetration of the composite electrolyte inside the

pores of the TiO2 film.57

Lin and coworkers58 prepared a nanocomposite of poly(n-

isopropylacrylamide) with MMT clay and applied it to a liquid

electrolyte system as gelator. The DSSC assembled with the

polymer nanocomposite electrolyte presented Jsc ¼ 12.6 mA

cm�2, Voc ¼ 0.73 V, FF ¼ 0.59 and h ¼ 5.4% while the DSSC

prepared with the electrolyte gelled with the pure polymer pre-

sented Jsc ¼ 7.28 mA cm�2, Voc ¼ 0.72 V, FF ¼ 0.60, and h ¼
3.2% (100 mW cm�2). Electrochemical impedance spectroscopy

of the DSSC revealed that the nanocomposite-gelled electrolyte

presented a significant decrease in impedance values. The resis-

tance due to the electrolyte and electric contacts, the impedance

across the electrolyte/dye-coated TiO2 interface, and the Nerns-

tian diffusion within the electrolytes were reduced. An increase in

the molar conductivity of the nanocomposite-gelled electrolytes

was also reported.58
4.2. Organic molecules

Pyridine derivatives, such as 4-tert-butylpyridine (TBP), are

frequently added to the electrolytes as additives to enhance the

open-circuit photovoltage, and thus the efficiency of DSSC. The

open-circuit voltage and FF of the DSSC are affected by TBP

due to the suppression of dark current at the semiconductor/

electrolyte junction, since TBP blocks the surface states that are

active in the charge transfer.59 Wu and coworkers60 investigated

DSSC with a polymer electrolyte based on a blend of poly

(acrylamide) and poly(ethylene glycol). Using poly(ethylene

glycol) as both reactant and plasticizer, TBP as additive and the

mixture EC/PC or GBL as solvent, a gel polymer electrolyte with

quasi-solid state was prepared. The ionic conductivity of the

electrolyte was enhanced because of the complexation of the

carbonyl, amine and hydroxyl groups on poly(acrylamide) and

poly(ethylene glycol) chains to the K+ ions present in the elec-

trolyte. The maximum ionic conductivity (at 30 �C) was�2.0 mS

cm�1. DSSC were fabricated using the gel polymer electrolyte

with different amounts of TBP. On the other hand, Jsc decreased

with the increase in the TBP concentration. Considering the
This journal is ª The Royal Society of Chemistry 2009
influence of the amount of TBP on both Jsc and Voc, the opti-

mized quantity of TBP was determined to be �2 wt%. Under

irradiation of 60 mWcm�2, the optimized DSSC presented Voc¼
0.69 V and Jsc ¼ 4.6 mA cm�2 while the overall energy conver-

sion efficiency was �3%.

Xia and coworkers55 added TBP to the electrolyte composed of

poly(ethylene glycol methyl ether), KI, I2 and 24 wt% of poly-

mer-grafted ZnO nanoparticles. The addition of TBP into the

electrolyte resulted in a dramatic improvement in Jsc and overall

efficiency, from 3.1% to 5.0%. However, the open circuit voltage

and fill factor remained insensitive to the presence of this addi-

tive. The same phenomenon was also observed in a solar cell

based on a room temperature molten salt reported by Kloo and

coworkers.61 Although the detailed mechanism was not given,

the improvement was attributed to a lower viscosity and better

interfacial contact of the electrolyte after addition of TBP. The

authors suggested that the effect of TBP on the electrode surface

is less significant than the effect on the viscosity, for solar cells

that utilize highly viscous electrolytes.55 These reports suggest

that the TBP effect on DSSC with polymer electrolytes is still

under debate and that the results depend strongly on the type and

composition of the electrolyte.

Recently it was shown that the incorporation of the additive

2,6-bis(N-pyrazolyl)pyridine to the electrolyte of PEO, KI and I2

improved both the interfacial contact and the ionic conductivity

in DSSC. X-Ray diffraction and impedance spectroscopy results

have shown that this additive forms a stable complex with the

polymer matrix and decreases the crystallinity of PEO. Due to

the coordinating and plasticizing effect of this additive, the ionic

conductivity of the polymer electrolyte was enhanced. The DSSC

assembled presented Jsc ¼ 21 mA cm�2, Voc ¼ 0.70 V and h ¼
8.8% under direct solar irradiation of 80 mW cm�2.62

A few reports are found describing the use of pyridine poly-

mers. Polyvinylpyridine (PVP) and its derivatives are the only

pyridine polymers which have been used so far to treat the dye-

sensitized TiO2 electrode surface.63–66 For PVP, a 150 mV

enhancement in Voc was observed.63 Lin and coworkers66

investigated the addition of poly(vinylpyridine-co-acrylonitrile)

to an electrolyte containing EC/PC, KI and I2. The copolymer

was used instead of pure PVP because of the incompatibility of

PVP with electrolytes containing alkali iodides. The authors

observed that Voc increased by �100 mV, and the efficiency for

the quasi-solid DSSC achieved 6.7%, which is higher than the

6.0% obtained for the initial EC/PC/KI/I2 liquid electrolyte.

Different additives containing functional end-groups can be

used to chemically modify the electrolyte and its interface with

the photoelectrode and counter-electrode. Zhao and coworkers67

employed a NH2-terminated functional silane (3-amino-

propyltriethoxysilane) to functionalize the electrolyte composed

of PEO and poly(vinylidene fluoride-co-hexafluoropropylene)

(P(VDF-HFP)). The newly formed Si–O–Si network and inter-

actions influenced the ionic conductivity of the modified polymer

electrolyte and also enhanced the connection of the polymer

electrolyte with the electrodes. The additive deprotonated the

TiO2 photoelectrode surface, causing a change in the Fermi level

energy that effectively reduced the interface recombination in

the DSSC and improved the open circuit voltage. With

a moderate concentration of the additive, they achieved an

efficiency of 5.1% compared with 3.7% of the original DSSC. The
J. Mater. Chem., 2009, 19, 5279–5294 | 5287
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end-group-functionalized silicone coupling agent dodecyl-tri-

methoxysilane was also used to modify the PEO/P(VDF-HFP)/

SiO2 nanocomposite polymer electrolytes. The introduction of

optimized contents of this additive improved the ionic conduc-

tivity and the connections with the photoanode and counter

electrode. Optimal efficiencies of 6.4% and 4.9% under 30 mW

cm�2 and 100 mW cm�2, respectively, were obtained.68

Another possibility to improve DSSC performance is the

addition of crown ethers (CE) to the electrolyte. Polymer elec-

trolytes containing crown ethers are usually employed in

secondary lithium batteries, but some papers have shown the use

of this material in electrolytes for DSSC. For example, Dai and

coworkers69 added 18-crown-6 ether to an electrolyte containing

the ionic liquid 1,2-dimethyl-3-propylimidazolium iodide. The

devices containing crown ethers exhibited a small enhancement

in the short-circuit current. On the other hand, the addition of

crown ethers to polymer electrolytes has been shown to decrease

the overall ionic conductivity.70 Nogueira and coworkers39

investigated the influence of the addition of 12-crown-4 ether to

a polymer electrolyte consisting of P(EO-EM), GBL, LiI and I2,

and its application in dye-sensitized solar cells. The copolymer/

plasticizer weight ratio was 3:7. The 12-crown-4 ether molecules

exhibit high size selectivity for Li+ ions, resulting in a very

strongly coordinating system, as reported previously.71 As

expected, trapping Li+ ions had a positive effect, increasing Voc.

Even more remarkable was the increase in the photocurrent

values after crown ether addition, since the overall conductivity

of the electrolyte decreased from 3.0 to 1.0 � 10�3 S cm�1 after

addition of CE. On the other hand, the addition of crown ether to

the electrolyte increased the steady-state current associated with

the diffusion of the iodide/triiodide species. The steady-state

voltammograms for the redox reaction of triiodide/iodide in the

polymer electrolyte were obtained using Pt disk microelectrodes,

and are depicted representatively in Fig. 8. The apparent diffu-

sion coefficients of the iodide species increased when compared

to the system without the crown ether. This suggests that the

incorporation of 12-crown-4 ether to P(EOEM) copolymer

makes possible Li+ trapping and contributes to increasing the

transport number associated with the iodide species, despite

a decrease in the overall conductivity of the system. DSSC
Fig. 8 J–V steady-state voltammograms for a gel polymer electrolyte

with and without the addition of 12-crown-4 ether, using a Pt microdisk

electrode with 30 mm diameter (scan rate ¼ 10 mV s�1). The structures of

the crown ether and the copolymer are shown in the inset.
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assembled with the polymer electrolyte containing CE:Li+ in the

proportion 1:1 presented Jsc ¼ 11.4 mA cm�2, Voc ¼ 0.78 V and

h ¼ 3.7% under 100 mW cm�2. The same devices presented Jsc ¼
10.2, Voc ¼ 0.66 and h ¼ 3.4% when prepared without crown

ether.39

Room temperature ionic liquids have also been used as addi-

tives for gel or polymer electrolytes. A complete review about the

general application of ionic liquids in dye-sensitized solar cells

has been published recently by Gorlov and Kloo.72 Thus, this

important topic will not be further discussed in this feature

article.
5. Stability of polymer electrolyte-based DSSC

The stability of DSSC with polymer electrolytes is very impor-

tant, although few studies involving this issue can be found. One

of the motivations for the substitution of the liquid electrolyte is

that the use of a solid electrolyte can minimize leakage and

solvent evaporation problems and provide long-term stability,

thus extending the life of the devices. At the same time, many

questions concerning the stability of such organic materials when

used in the conditions of device operation have already been

raised.

De Paoli and coworkers73 investigated solar cells assembled

with the polymer electrolyte of P(EO–EPI)84–16, NaI and I2,

using flexible and rigid glass substrates. These cells were irradi-

ated under a Xe lamp with UV and IR filters for long periods,

alternating with dark periods. An initial decay in the perfor-

mance was observed in the first 15 days, followed by a plateau of

stability during at least 30 days. In another study, Nogueira17

investigated solid-state solar cells assembled with a similar

polymer electrolyte, continuously irradiated using the same light

source. A similar decay profile was observed in the first 600 h of

irradiation, followed by 1080 h of stability. De Paoli and

coworkers74 also investigated DSSC with a plasticized polymer

electrolyte, based on the copolymer P(EO–EPI)87–13, NaI, I2

and the plasticizer GBL. The devices were irradiated under direct

sunlight, and present a similar decay profile during the first 40

days after device assembly, reaching a constant performance

after this period. Durrant and coworkers75 also investigated the

stability of unsealed DSSC containing plasticized polymer elec-

trolytes based on P(EO–EPI), EC/PC NaI and I2. With contin-

uous illumination for 80 h at 20 mW cm�2 the devices lost only

15% of the initial performance. All these results suggest that the

initial decay in performance followed by a plateau of stability

might be an intrinsic property of DSSC assembled with polymer

electrolytes and appears to be independent of the cell size, type of

substrate employed and exposure time. Fig. 9 presents a typical

behavior of the variation of DSSC parameters with time, under

direct sunlight exposure. De Paoli and coworkers25 demonstrated

that no degradation of the plasticized polymer electrolyte occurs

with time or during the operation of the solar cell under ambient

conditions. Deposition of the polymer electrolyte under heating

leaves almost no residual solvent in the electrolyte. Therefore, the

loss of performance observed can not be attributed to residual

solvent evaporation.25

Some controversy in the literature concerning the ruthenium

dye still persists. The cis-bis(isothiocyanato) bis(2,20-bipyridyl-

4,40-dicarboxylato)-ruthenium(II) dye (N3, Solaronix) usually
This journal is ª The Royal Society of Chemistry 2009
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Fig. 9 Variation of Isc, Voc and h as a function of time for a DSSC

assembled with a polymer electrolyte, exposed to direct sunlight for 1 h

each day (at noon).
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employed is believed to be able to sustain 108 redox cycles

without noticeable loss of performance, corresponding to 20

years of operation under sunlight.2 However, when this dye is

maintained in the oxidized state for long periods, it degrades

through loss of the –NCS ligand. Therefore, regeneration of the

dye in the photovoltaic cell should occur rapidly to avoid this

unwanted side reaction, as the lack of adequate conditions for

regeneration of the dye may lead to dye degradation.76 This is

especially true for devices comprising polymer electrolytes, due

to several factors, such as low ionic mobility that can lead to slow

regeneration or the incomplete filling of the TiO2 sensitized

electrode by the electrolyte. Also, upon exposure for prolonged

periods of time at higher temperatures, such as 80–85 �C,

degradation of performance in DSSC is frequently observed.

Considering this, a few years ago Gr€atzel and coworkers77

synthesized a new amphiphilic ruthenium dye (Z-907), which was

applied in a DSSC in combination with a heat resistant quasi-

solid state electrolyte based on a mixture of imidazolium iodide,

methoxypropionitrile and a fluorinated polymer. This device

showed stability for 1000 h at 80 �C for the first time.

Some authors reported the stability of DSSC assembled with

polymer electrolytes with different compositions and related this

behavior to the properties of the electrolyte. For example, solar

cells were assembled with electrolytes combining the ionic liquid

1-methyl-3-propylimidazolium iodine and PEO, poly(propylene

oxide) or the copolymer poly(ethylene oxide)-block-poly-

(propylene oxide)-block-poly(ethylene oxide).78 After

introducing less than 10 wt% of the polyether into the liquid
This journal is ª The Royal Society of Chemistry 2009
electrolyte, the parameters of these quasi-solid state solar cells

were still comparable to those of the liquid photochemical cells.

It was believed that the polymer can contribute to the mainte-

nance of the efficiency of the solar cells by holding the organic

solvent. All devices were sealed with paraffin wax. The cell

assembled with liquid electrolyte lost half of the conversion

efficiency after five days, while the cells fabricated with the pol-

yether electrolytes had only 10–15% losses of efficiency. AFM

images were obtained after one week, showing that for the liquid

electrolytes the morphology presented holes, indicating

a possible evaporation of the solvent, while the morphology for

polymer electrolyte films showed more homogenous surfaces.

Using poly(methyl methacrylate) as polymer host, EC, 1,2-

propanediol carbonate and dimethyl carbonate as organic

solvents and NaI/I2, Wu and coworkers79 prepared a gel elec-

trolyte with high conductivity (6.9� 10�3 S cm�1). The long-term

stability of DSSC with the polymer gel electrolyte was compared

to that of a device prepared with liquid electrolyte, where both

cells were fabricated using the same methods, employing a

cyanoacrylate adhesive and epoxy resin as sealants. After 5 days,

the efficiency of the DSSC with the polymer gel electrolyte

decreased by 8%, while the DSSC with liquid electrolyte lost 40%

of the initial efficiency. After 40 days, the DSSC with the polymer

gel electrolyte had maintained 83% of the original energy

conversion efficiency, and the DSSC with liquid electrolyte had

only 27% of the initial conversion efficiency. Recently, Xia and

coworkers80 also observed that a polymer gel electrolyte-based

DSSC using a PVDF-HFP membrane maintained 77% of its

initial efficiency in the same period, indicating that the liquid

retaining ability of the porous polymer framework is extremely

high.

Addition of TiO2 nanoparticles can also extend the thermo-

stability of the composite electrolyte in comparison to regular gel

electrolyte and liquid electrolyte devices. The results of acceler-

ated aging tests showed that the composite electrolyte-based

devices containing PVDF-HFP and TiO2 could maintain 90% of

their initial value after heating at 60 �C for 1000 h.81 Two

different kinds of composite electrolyte, solidified with pure ZnO

nanoparticles or with polymer-grafted ZnO nanoparticles, were

applied to DSSC. These cells were sealed with thermal plastic

tape for long-term testing. The devices were stored at 55 �C and

their efficiencies were measured once a weak. The solar cell

containing the nanocomposite electrolyte with polymer-grafted

nanoparticles kept 93% of its initial efficiency value, even under

heating at 55 �C for 34 days, while the efficiency of a solar cell

solidified with pure ZnO nanoparticles decreased to 60% of its

initial value, which was attributed to a phase separation that

occurs when the non-modified particles are used.55

The stability of DSSC assembled with thermosetting gel elec-

trolytes (TSGE) was also investigated. Wu and coworkers82

reported a TSGE based on poly(acrylic acid)-(ethylene glycol).

In this copolymer, the liquid electrolyte absorbed is kept in the

networks of the copolymer through chemical reactions, mini-

mizing leakage or volatilization over an extended time. The solar

cells assembled with this material presented an initial increase of

performance during the first 18 days of measurement, which was

attributed to a better penetration of the electrolyte into the pores

of the TiO2 photoelectrode. The DSSC did not lose performance

significantly for 50 days. Wu and coworkers83 also investigated
J. Mater. Chem., 2009, 19, 5279–5294 | 5289
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a thermoplastic electrolyte prepared by heating a mixture of

PEG, PC, KI and I2. This electrolyte was applied to a DSSC and

presented similar stability behavior as that observed for the

TSGE electrolyte.

So far, all studies involving the stability of polymer electrolyte-

based DSSC show the benefit of the replacement of the liquid

component. The positive effect after long-term operation is more

evident in the Jsc parameter. Besides, the use of the polymer

electrolyte allows for easier assembly while different types of

materials can be used as sealants.
6. New anode structures

In the previous sections the properties and optimizations of

polymer electrolytes were presented. However, optimizing the

electrolyte composition is not the only critical issue in the matter

of highly efficient solid-state DSSC. Other parameters must be

controlled and optimized, in order to allow better usage of a solid

electrolyte.

In DSSC, the TiO2 film deposited on the conductive glass

substrate comprises a three-dimensional highly porous network

of spherical interconnected nanoparticles. This structure is

obtained using viscous colloidal dispersions of the oxide

prepared by a combination of sol–gel chemistry under hydro-

thermal conditions and a suitable deposition technique.

However, there are several drawbacks related to this kind of

structure, especially considering the use of polymer electrolytes.

These materials are usually highly viscous, having difficulty in

penetrating the porous titania electrode. This can lead to solar

cells with poor fill factors and efficiencies. The nanoporous film

electrode must be completely penetrated by the polymer
Fig. 10 SEM and TEM images of different anodes structures: (a) aligned TiO

after calcination at 450 �C,94 (d) TiO2 electrode with textural channels96 and

5290 | J. Mater. Chem., 2009, 19, 5279–5294
electrolyte, and deep penetration is not a simple task, being

directly related to the polymer molar mass.84 New deposition

methods, such as the use of vacuum techniques, have been shown

to minimize this effect, leading to a better filling of the porous

electrode.53 Another elegant alternative is the modification of the

porous electrode, so that its porosity can be enhanced, facili-

tating the penetration of highly viscous polymer electrolytes.

Several reports in the literature concerning the fabrication of

ordered titania nanotubes grown by controlled Ti anodic

oxidation and their application in solar cells have been pub-

lished.85–88 However, few of them explore the use of these elec-

trodes in combination with solid-state electrolytes.89,90 Falaras

and coworkers89 recently reported the use of a self-organized

TiO2 nanotube layer as photoelectrode in a DSSC using a poly-

meric electrolyte based on PEO, LiI and I2 with TiO2 nano-

particles as nanofillers. The as-grown tubes presented a high

aspect ratio, diameter of 80–100 nm and thickness of 20 mm

(Fig. 10a). The amount of the dye adsorbed on the surface and

inside the pores was estimated by adsorption–desorption

measurements. It was found that the amount of adsorbed dye

molecules was 8.42 � 10�8 moles or 5.07 � 1015 molecules, very

similar to other titania tubes91 and nanoparticulate TiO2 films

(5.68� 10�8 moles cm�2 for a�14 mm mesoporous film92). Under

100 mW cm�2, the DSSC using polymer electrolyte presented Jsc

¼ 3.34 mA cm�2, Voc ¼ 0.53V, FF ¼ 0.49 and h ¼ 0.85%. This

efficiency was further increased to 1.65% using a commercial

liquid electrolyte.89 Sung and coworkers90 prepared similar

titania nanotube substrates. The tubes presented an average

length of 3 mm. Under reverse illumination the DSSC presented

Voc ¼ 0.64 V, a Jsc ¼ 2.38 mA cm�2, FF ¼ 0.38 and h ¼ 0.58%.

The efficiency was further improved by the post-treatment of the
2 nanotube electrode,86 (b) TiO2 nanotubes, (c) electrospun TiO2 electrode

(e) core–shell SrTiO3–TiO2 nanoparticles.

This journal is ª The Royal Society of Chemistry 2009
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tubes with H2O2 and a ZnO coating on top of the nanotubes.

This treatment was found to improve both the fill factor (FF �
0.37–0.49) and the conversion efficiency (h � 0.70–0.91%).90

Nogueira and coworkers93 employed randomly oriented

titania nanotube electrodes in combination with a plasticized

polymer electrolyte, based on a PEO copolymer and 50 wt% of

poly(ethyleneglycol)dibenzoate, NaI and I2. The TiO2 nanotubes

were prepared by a simple sol–gel route and the resulting

suspension was deposited by the doctor blade technique. The

nanotubes had diameters of �3 nm, with transversal and longi-

tudinal lengths of up to �100 nm and 1mm, respectively

(Fig. 10b). The performance of this photoelectrode in solar cells

was compared to that of electrodes prepared with standard TiO2

nanoparticles (Degussa P-25). For the same film thickness, the

DSSC assembled with the titania nanotubes showed higher effi-

ciency in comparison with the device using nanoparticles. Under

irradiation of 100 mW cm�2, the DSSC assembled with TiO2

nanotubes had Jsc ¼ 9.6 mA cm�2, Voc ¼ 0.85 V, FF ¼ 0.49 and

h ¼ 4.0%, while the solar cell assembled with standard TiO2

nanoparticles had Jsc ¼ 7.7 mA cm�2, Voc ¼ 0.78 V, FF ¼ 0.47

and h ¼ 2.8%. The increases in the current density and in open

circuit voltage observed when using the nanotubes were assigned

as a consequence of two effects: the much higher surface area of

this material, which allows more sensitizer dye to be chemically

anchored in the electrode, improving light harvesting and the

better penetration of the plasticized polymer electrolyte through

the film, as a consequence of the open structure of the nano-

tubes.93

A TiO2 fibre electrode was electrospun directly onto a con-

ducting glass substrate from a mixture of titanium(IV) isoprop-

oxide and poly(vinyl acetate) in DMF.94 SEM images of the

electrodes showed that the TiO2 fibres had diameters of 200–600

nm and are composed of one-dimensionally aligned nanofibrils

with �20 nm thickness (Fig. 10c). These electrodes were used in

a DSSC with an electrolyte based on poly(vinylidene fluoride-co-

hexafluoropropylene), 1-hexyl-2,3-dimethylimidazolium iodide

and I2 in a mixture of EC/PC. The porous structure of the elec-

trospun electrode was found to favor an efficient penetration of

the viscous polymer gel electrolyte. The performance of the

devices was improved after deposition of TiO2 nanocrystals

onto the electrospun electrodes from TiCl4 treatment, which is

known to improve the light scattering properties.95 The diameter

of the fibres increased after TiCl4 treatment, but the macroscopic

porous morphology was maintained. This increase resulted in

an increase in the total volume fraction of TiO2 and, conse-

quently, in the amount of sensitizer molecules adsorbed in the

electrode. The optimized DSSC presented Jsc ¼ 10.52 mA cm�2,

Voc ¼ 0.78 V, FF ¼ 0.56 and h ¼ 4.6%.94

The design of nanoparticulate TiO2 films with more suitable

meso- and macro-pores is another alternative to improve the

interfacial contact and reaction between the dye-sensitized TiO2

film and the electrolyte. Huang and coworkers96 reported

a simple approach to prepare TiO2 electrodes with textural

channels, i.e. micro-sized cracks on the surface and about 41 nm

nanopores in the bulk. This novel material was prepared via

packaging ZnO nanowires with diameters of 30–50 nm into TiO2

films and subsequently etching the nanowires with HCl

(Fig. 10d). DSSC were assembled using a hybrid polymer elec-

trolyte composed of two types of ionic liquids and a copolymer of
This journal is ª The Royal Society of Chemistry 2009
PVDF, PEO and TiO2 nanofillers. These textural channels in the

TiO2 film enhanced the penetration of the electrolyte and

therefore led to an improvement in efficiency of 20–30%

compared to that from the non-modified TiO2 films.

An interesting approach consists of the assembly of flexible,

solid-state DSSC. Flexible plastic electrodes like polyethylene

terephthalate sheets coated with tin-doped indium oxide (ITO)

possess many technological advantages in comparison to F:SnO2

conductive glass (TCO) usually employed in DSSC, such as low

weight, reduced production cost and fewer size and shape limi-

tations. On the other hand, the use of such plastic substrates

requires that all processes during the fabrication of the device are

performed at temperatures lower than 150 �C. This limits the

formation of the TiO2 nanocrystalline film, since a calcination

step with temperatures above 400 �C is necessary for making

films with good characteristics. Several different approaches

have been proposed to overcome the lack of high temperature

annealing of the photoelectrode.97–100 However, few reports have

concentrated on the combination of such flexible photoelectrodes

with solid or quasi-solid electrolytes.

De Paoli and coworkers27,73 investigated solar cells assembled

with the electrolyte based on P(EO–EPI)84–16, NaI and I2 using

flexible ITO–PET substrates. The efficiency obtained by simply

depositing the TiO2 film from a colloidal commercial suspension

(Ti-nanoxide T, Solaronix) by doctor blading and annealing at

130 �C for 4 h was only 0.1%, 10 times lower than the efficiency

obtained when using a glass TCO substrate and an annealing

temperature of 450 �C.27 In another work, UV radiation was used

to remove the organic residues from the TiO2 film spread onto

the flexible substrate.73 This was possible due to the well-known

activity of TiO2 to degrade organic compounds upon UV

exposure.101 The best results were obtained for films exposed for

15 min to UV radiation, followed by heating at 140 �C for 2 h in

a dry box, leading to DSSC with an efficiency of 0.3%.73 Similar

approaches using UV radiation for the low-temperature fabri-

cation of TiO2 electrodes have been reported by other

authors.102–104 Recently, Stathatos and coworkers105 synthesized

nanocrystalline TiO2 films without using any surfactant to

prepare films on plastic substrates at low temperature. The films

were formed by dip coating and the highest temperature used was

100 �C to remove humidity. The DSSC prepared with a quasi-

solid gel electrolyte based on a mixture of a polymer and an ionic

liquid presented overall solar to electric energy conversion effi-

ciency of 3.2% (under 100 mW cm�2).

Another important feature that can limit the performance in

DSSC assembled with polymer electrolytes is the reduced

mobility of I3
�, which may lead to the build-up of triiodide in the

TiO2 pores relative to the bulk of the electrolyte, increasing the

probability of electron recombination (the so-called ‘‘dark

current’’). This reaction drastically affects the Voc values.106

One possibility, therefore, is the use of an oxide blocking layer

in the TiO2 electrodes (core–shell structures), which can change

the Fermi level energy in the photoelectrode, thus reducing

the probability of recombination of injected electrons. This

approach has been successfully used in DSSC with liquid elec-

trolytes,107–110 and is also an elegant way to improve the efficiency

of devices using polymer electrolytes.

Durrant and coworkers75 showed the application of a shell of

Al2O3 to the photoelectrode of TiO2 on ITO–PET flexible
J. Mater. Chem., 2009, 19, 5279–5294 | 5291
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substrates, prepared by a compression route. These electrodes

were combined with a plasticized polymer electrolyte of P(EO–

EPI), EC/PC and NaI/I2 to make flexible DSSC with efficiencies

higher than 5% (10 mW cm�2) and 2.5% (100 mW cm�2). The

addition of the Al2O3 coating was shown to improve all cell

parameters, including a �20% enhancement in the efficiency.

Using transient absorption spectroscopy the authors showed that

the use of the core–shell structure resulted in a 10-fold retarda-

tion in the recombination dynamics of injected electrons with dye

cations, in comparison to the uncoated films. Nogueira and

coworkers111 investigated for the first time a series of different

core–shell electrodes based on TiO2 covered with different oxides

and their application in gel-electrolyte based dye-sensitized solar

cells. The TiO2 electrodes were prepared from TiO2 powder (P25

Degussa) and coated with thin films of Al2O3, MgO, Nb2O5, or

SrTiO3 prepared by a sol–gel route, giving core–shell type elec-

trodes. The electrolyte was composed of P(EO–EM), 70% of

GBL, LiI and I2. Optimum performances were achieved with

solar cells based on TiO2/MgO core–shell electrodes: Jsc ¼ 11

mA cm�2, Voc ¼ 0.78 V, FF ¼ 0.57 and h ¼ 4.9%. Devices

prepared with pure TiO2 electrodes presented the same photo-

current, but reduced Voc and h values. Fig. 10e presents TEM

images obtained for SrTiO3-coated TiO2 nanoparticles. Photo-

voltage decay measurements under open-circuit conditions were

carried out to evaluate the influence of the oxide layer on the

charge recombination dynamics of the DSSC. The results

showed that the core–shell electrodes provide longer electron

lifetime values compared to uncoated TiO2 electrodes, corrobo-

rating the minimization in the recombination losses at the

nanoparticle surface/electrolyte interface. These results prove the

effectiveness of this approach to improve solar cells containing

gel or polymer electrolytes.
7. Conclusions and perspectives

The effective application of polymer electrolytes in dye-sensitized

solar cells began only 10 years after the first announcement of

efficient devices containing liquid electrolytes. Since then,

interest in this kind of technology has increased considerably,

which is evident through the increasing number of papers pub-

lished every year describing the assembly of dye-sensitized solar

cells with polymer or gel electrolytes. A direct comparison

between results reported by different groups, however, is not

straightforward, since many parameters other than the electro-

lyte composition and conductivity can affect device performance,

such as the TiO2 film thickness. Also, as is the case for DSSC with

liquid electrolytes, the active area of the device still has a major

role in the overall efficiency.

Many techniques have already been used to understand and

explain the charge transport mechanisms and reactions occurring

inside the solid or gel electrolyte, such as transient absorption

spectroscopy, complex electrochemical impedance spectroscopy,

microelectrode voltammetry, Raman spectroscopy and NMR,

providing powerful tools for the improvement of the so-called

‘‘solid-state’’ DSSC. Efficiencies can be further improved,

although, considering the solid-state nature of the materials and

the diffusion limited photocurrent, they are unlikely to reach the

11% efficiencies obtained for liquid solar cells. Nevertheless, the

7–8% efficiencies reached so far can be considered very promising
5292 | J. Mater. Chem., 2009, 19, 5279–5294
and, along with the stability results, might motivate the research

in this field to bring these devices to the market. Efforts should

now be directed to up-scaling such devices and also to the

assembly of ‘‘all-flexible’’ devices, combining the application of

polymer electrolytes with flexible conductive substrates instead

of the glass TCO routinely employed.
Acknowledgements

The authors thank Daiso Co. Ltd., from Osaka, Japan, for

supplying the copolymers used in this work, LNLS for the TEM

images, and CNPq, Renami and Fapesp (fellowship 05/56924-0)

for financial support. We also thank Prof. Carol Collins for

English revision.
References

1 B. O’Regan and M. Gr€atzel, Nature, 1991, 353, 737.
2 M. Gr€atzel, J. Photochem. Photobiol. A, 2004, 164, 3.
3 M. Gr€atzel, C.R. Chim., 2006, 9, 578.
4 C. A. Vincent, Prog. Solid. State Chem., 1987, 17, 167.
5 D. E. Fenton, J. M. Parker and P. V. Wright, Polymer, 1973, 14, 589.
6 M. B. Armand, J. M. Chabagno and M. J. Duclot, in Fast Ion

Transport in Solids: Solid State Batteries and Devices, ed.
P. Vashisha, J. N. Mundy and G. K. Shenoy, North Holland,
New York, 1979.

7 T. Yohannes, T. Solomon and O. Ingan€as, Synth. Met., 1996, 82,
215.

8 T. Yohannes and O. Ingan€as, Sol. Energy Mater. Sol. Cells, 1998, 51,
193.

9 A. F. Nogueira, N. Alonso-Vante and M. A. De Paoli, Synth. Met.,
1999, 105, 23.

10 A. F. Nogueira and M. A. De Paoli, Sol. Energy Mater. Sol. Cells,
2000, 61, 135.

11 A. F. Nogueira, J. R. Durrant and M. A. De Paoli, Adv. Mater.,
2001, 13, 826.

12 Y. Ren, Z. Zhang, E. Gao, S. Fang and S. Cai, J. Appl. Electrochem.,
2001, 31, 445.

13 W. A. Gazotti, M. A. S. Spinac�e, E. M. Girotto and M. A. De Paoli,
Solid State Ionics, 2000, 130, 281.

14 M. A. Ratner, in Polymer Electrolyte Reviews, ed. J. R. MacCallum
and C. A. Vincent, Elsevier Applied Science, London, 1987, vol. 1,
(ch. 7), p. 173.

15 A. F. Nogueira, M. A. S. Spinace, W. A. Gazotti, E. M. Girotto and
M. A. De Paoli, Solid State Ionics, 2001, 140, 327.

16 G. G. Silva, N. H. T. Lemes, C. N. P. Fonseca and M. A. De Paoli,
Solid State Ionics, 1997, 93, 105.

17 A. F. Nogueira, Ph.D. Thesis, Universidade Estadual de Campinas,
2001.

18 A. F. Nogueira, M. A. De Paoli, I. Montanari, R. Monkhouse,
J. Nelson and J. R. Durrant, J. Phys. Chem. B, 2001, 105, 7517.

19 G. Rothenberger, D. Fitzmaurice and M. Gr€atzel, J. Phys. Chem.,
1992, 96, 5983.

20 B. Enright, G. Redmond and D. Fitzmaurice, J. Phys. Chem., 1994,
98, 6195.

21 S. A. Haque, Y. Tachibana, R. L. Willis, J. E. Moser, M. Gr€atzel,
D. R. Klug and J. R. Durrant, J. Phys. Chem. B, 2000, 104, 538.

22 G. P. Kalaignan, M. S. Kang and Y. S. Kang, Solid State Ionics,
2006, 177, 1091.

23 T. Kato, A. Okazaki and S. Hayase, Chem. Commun., 2002, 363.
24 F. M. Gray, in Polymer Electrolyte Reviews, ed. J. R. MacCallum

and C. A. Vincent, Elsevier Applied Science, London, 1987, vol. 1,
(ch. 6), pp. 139.

25 V. C. Nogueira, C. Longo, A. F. Nogueira, M. A. Soto-Oviedo and
M.-A. De Paoli, J. Photochem. Photobiol. A, 2006, 181, 226.

26 J. N. de Freitas, V. C. Nogueira, B. I. Ito, M. A. Soto-Oviedo,
C. Longo, M. A. De Paoli and A. F. Nogueira, Int. J.
Photoenergy, 2006, 75483.

27 C. Longo, A. F. Nogueira, M. A. De Paoli and H. Cachet, J Phys.
Chem. B, 2002, 106, 5925.
This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b900928k


Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
00

9.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 E

ST
A

D
U

A
L

 D
E

 C
A

M
PI

N
A

S 
on

 1
8/

06
/2

01
5 

14
:1

3:
46

. 
View Article Online
28 J. R. Macdonald, Impedance Spectroscopy: Emphasizing Solid
Materials and Systems, Wiley, New York, 1987.

29 N. Papageorgiou, M. Gr€atzel and P. P. Infelta, Sol. Energy Mater.
Sol. Cells, 1996, 44, 405.

30 M. D€urr, G. Kron, U. Rau, J. H. Werner, A. Yasuda and G. Nelles,
J. Chem. Phys., 2004, 121, 11374.

31 P. Wang, S. M. Zakeeruddin, P. Comte, I. Exnar and M. Gr€atzel, J.
Am. Chem. Soc., 2003, 125, 1166.

32 Z. Zebede and S. E. Lindquist, Sol. Energy Mater. Sol. Cells, 1998,
51, 291.

33 G. Oskam, B. V. Bergeron, G. J. Meyer and P. C. Searson, J. Phys.
Chem. B, 2001, 105, 6867.

34 K. Hayamizu, Y. Aihara, S. Araia and W. S. Price, Electrochim.
Acta, 2000, 45, 1313.

35 K. Hayamizu, Y. Auharam, S. Arai and W. S. Price, Solid State
Ionics, 1998, 107, 1.
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