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bstract

In this paper we present an attempt to substitute liquid electrolyte (LC) dye-sensitized solar cells (DSSCs) by quasi-solid-state constructions
SC) for semi-transparency application adopting organic/inorganic gels in combination with standard (Pt based) and alternative (PEDOT:PSS
ased) counter electrodes. Gel polymer electrolytes are prepared by incorporating a liquid electrolyte into a polymer matrix such as polymethyl-
ethacrylate (PMMA) using propylene carbonate (PC) as gelling solvent. SC employing gel electrolytes with a high content in PC have been

hown to exhibit increased lifetime up to 70 h under A.M. 1.5 irradiation. Counter electrodes were prepared by an airbrushing and tape casting

echnique of Pt salt solutions or by spin coating of commercial PEDOT:PSS solution. PEDOT:PSS counter electrodes were found to show similar
3
−/I− catalytic activities to Pt based counter electrodes and the best SC obtained gave a short circuit current of 2 mA cm−2 and a open circuit
oltage of 625 mV.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the original report of the dye-sensitized solar cell by
’Regan and Grätzel in 1991 [1], almost 15 years of research
as led to the development of efficient and low cost LCs at the
aboratory level [2]. Problems related to reliability, durability
nd engineering in construction of integrated products remain
rucial and have to be solved before commercialization can be
nvisaged.

In our previous work [3] we addressed long-term stabil-
ty problems due to electrolyte leakage in LCs by producing
C modules. These modules employed PMMA-based gel elec-

rolytes and aimed at increasing stability and transparency of
SSCs rather than the cell efficiency. In this paper, we intro-
uce new gel recipes with higher content in low boiling point
olvents to improve the SC lifetime and we address potential

ptimizations at the counter electrodes.

The most common approach to fabricate solid-state DSSCs
s by using p-type semiconductors as hole transport materials

∗ Corresponding author. Tel.: +45 46774718; fax: +45 46774791.
E-mail address: matteo.biancardo@risoe.dk (M. Biancardo).
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4–6], followed by the use of ionic liquids [7–9] and polymer
lectrolytes [10–23].

The use of polymers in DSSCs have been developing in three
irections: towards the production of flexible solar cells substi-
uting the glass substrates with plastic substrates [10]; to avoid
he presence of liquid electrolyte by employing gel [11–16] or
olymer electrolytes [17–19]; or to find a replacement for the
xpensive Pt based counter electrode, such as PEDOT [20–23].
n this paper we present a quasi-solid-state construction combin-
ng two of these approaches. The liquid electrolyte was replaced
y a gel electrolyte and the Pt counter electrode was replaced
y PEDOT:PSS, which was produced by spin coating a com-
ercial aqueous dispersion onto fluorine doped tin oxide (FTO)

ubstrates.
Quasi-solid-state DSSCs employs gel electrolytes consisting

f a polymer network swollen with a solvent to perform the
unction of shuttling the generated positive charge away from
he light absorbing sensitizer on the semiconductor surface to
he counter electrode [24]. The use of polymer gel electrolytes

an take advantage of the fact that gel electrolytes have been
idely studied as a conductive material for batteries and fuel

ells [25] and therefore present a solid reference for potential
ndustrial applications.

mailto:matteo.biancardo@risoe.dk
dx.doi.org/10.1016/j.jphotochem.2006.11.008
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Within the wide variety of polymers employed as electrolytes
wo are the most diffused: polyethylene oxide (PEO) and PMMA
26]. PEO based electrolytes are the earliest and most extensively
tudied system for Li-batteries [26] as well as for solid-
tate DSSCs [24]. These systems usually refer to solvent-free
EO/salt complexes in which the ionic conduction mecha-
ism is intimately associated with the local segmental motion
f the polymer (ionic conductivity increases with increasing
hain mobility). Typically solvent-free PEO–salt complexes
xhibit conductivity in the range from 10−8 to 10−4 S cm−1 at
emperature between 40 and 100 ◦C, which excludes practical
pplications at ambient temperature. To obtain better conduc-
ivities at room temperature is necessary to use, blends [27],
opolymers, or cross-linked networks [28]. PMMA-based elec-
rolytes were firstly used as gelatinization agent in 1985 with a
eported conductivity of 10−3 S cm−1 at 25 ◦C [29]. In combina-
ion with PC as plasticizer, PMMA produces homogeneous and
ransparent gels that have both the cohesive properties of solids
nd the diffusive transport properties of liquids. In particular,
he conductivities of these gels remains very close to that of a
iquid electrolyte since PMMA acts primarily as a “stiffener”
nd fasts ion transport through a continuous conduction path
f PC molecules [29]. For their characteristics of transparency
nd conductivity PMMA gel electrolytes were preferred to PEO
ure polymer electrolytes in this study.

The remarkable properties of PEDOT as a conductive poly-
er have been intensively studied since its discovery in 1988

30]. In DSSCs this polymer has been principally used as a hole
ransport material (HTM) [31–33] for solid-state solar cells,
espite the interesting new findings questioning the need of
TMs in DSSCs [34]. As a counter electrode PEDOT has been

tudied doped with toluene sulphonic acid (TOSH) [23] and
oped with polystyrenesulphonate (PSS) [21] in liquid and gel
lectrolyte assemblies. Yanagida and coworkers [21], reported a
tudy on the charge transfer resistance and cyclic voltamme-
ry in liquid environments and observed that PEDOT:TOSH
ave a higher I3

−/I− catalytic activity than the correspond-
ng PSS doped PEDOT. However, Hayase and coworkers [22]
iscovered that a combination of conductive polymers and
EDOT:PSS counter electrodes gave photoenergy conversions
igher than DSSCs equipped with conventional Pt counter
lectrodes.

The use of Pt counter electrodes in LCs or SCs is necessary
o reduce the overpotential for reduction of the redox species
3
− to I− and therefore returning the mediator to its reduced

tate closing the circuit initiated by the charge injection into
he semiconductor conduction band. Despite their high catalytic
ctivity, conventional Pt counter electrodes are not optimal due
o the high cost of the metal employed and to the airbrush-
ng technique that increases the number and the complexity
f the production steps. Several techniques have been used
o produce Pt counter electrodes, namely, e-beam evaporation,
puttering, thermal decomposition of H2PtCl6 [35] and elec-

rochemical deposition [36]. Few groups have used chemical
pproaches using colloidal preparation that provides electrodes
y self-assembly [37] or by producing screen printable paste
38,39].

i
(

s
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In this context, we firstly explored a tape casting technique
or the Pt deposition. Finally we substituted the Pt metal with
EDOT:PSS as counter electrode, which have been shown to
etain good catalytic activity in the regeneration process of the
3
−/I− redox couple [40] and finding that in a quasi-solid-state

onstruction its catalytic activity is comparable to that of Pt.

. Experimental

.1. DSSCs preparation

DSSCs were realized on F-doped tin oxide (FTO) glass sub-
trates (18 �/square, 3.0 mm thickness, supplied by Bley Glas
pS (DK)).
TiO2 compact (TiO2comp) anatase film (0.1 �m) were pro-

uced by spin coating 1 ml of a solution of Ti(IV)-isopropoxide
10 mL) and acetylacetone (7 mL) in ethanol (52 mL) at
100–2200 rpm for 200 s followed by a sintering step at 500 ◦C
or 30 min. A cleaning step employing sonication in acetone and
so-propanol of the FTO substrate was required before the spin
oating step to ensure good adherence onto the glass substrate.

PEDOT:PSS layers were realized by spin coating (2000 rpm,
00 s) a microfiltered (1 �m) 1.3 wt.% water dispersion (PEDOT
.5 wt.%, PSS 0.8 wt.%, Aldrich) followed by a mild annealing
rocess (20 min, 110 ◦C).

TiO2 nanocrystalline (4 �m film) and airbrushed Pt counter
lectrodes were deposited as reported previously [3].

The counter electrodes were prepared following different
rocedures.

Pt001, Pt counter electrodes (1 �/square) were prepared
y airbrushing a fresh solution of H2PtCl6 (5 × 10−3 M) in
so-propanol (30 mL) onto the FTO substrates; Pt002, same
rocedure as Pt001 using H2PtCl6 (10−2 M) iso-propanol solu-
ion; Pt003, tape casting of Platisol paste (Solaronix); Pt004,
ape casting of a viscous paste of 27 mg of potassium tetra-
loroplatinate(II) (Aldrich) and 3.670 g of Polyethylene Glycol
0000 (PEG, Fluka) in 20 mL of H2O; Pt005, same procedure as
t004 using 54 mg of potassium tetracloroplatinate(II); Pt006,
ame procedure as Pt004 using 78.4 mg of potassium tetracloro-
latinate(II); Pt007, reference counter employing simple FTO
lass.

All the electrodes were exposed to a thermal treatment in air
t 500 ◦C for 30 min.

The electrodes were produced on the FTO substrate through
he use of a pre-cut mask of Foto/Frisket film (Badger Co.,
.S.A.).
The functionalization of the photoanodes was obtained

y overnight adsorption of a (10−4 M) ethanol solution
f cis-bis(thiocyano) ruthenium(II)-bis-2,2′-bipyridine-4,4′-
icarboxylate, [Ru(dcbpy)2(SCN)2] [41].

The liquid electrolyte used was 0.3 M LiI, 0.03 M I2, and
.5 M tert-butylpyridine in CH3CN.

The realization of the gel electrolyte was obtained by mix-

ng PMMA (molecular weight ∼ 900,000), PC and CH3CN
Aldrich) [3].

The tests on new gel electrolyte recipes were conducted on
mall cells with a total area of 7.5 cm2 and an active area of
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ig. 1. Front view (A) and side view (B) of the cells with a real area of 7.5 cm2

ith an active area of 2.5 cm2.

.5 cm2 (Fig. 1). To evaluate the influence of a gel electrolyte,
SSCs were assembled using the same batch of counter elec-

rodes and similar photoanodes obtained by absorbing the dye
rom the same absorption bath. This procedure gave photoan-
des with similar absorption spectra (50 ± 1% in transmittance
t λmax, 520 nm).

.2. DSSCs testing

A solar simulator providing A.M. 1.5 illumination conditions
Solar Konstant 575 from Steuernagel (D)) was employed for all
easurements under simulated sunlight. The spectral distribu-

ion and quality of the solar simulator was monitored using an
vaSpec 2048 spectrometer from Avantes and a Precision Pyra-
ometer from Eppley Laboratories was used to monitor the total
ower that was set to the desired incident power. The electrical
easurements were performed using Keithley 2400 Sourceme-

er providing short circuit current Isc, voltage at open circuit Voc,
ll factor FF% and efficiency η% of the tested cells.

IV-curves were recorded in the interval −2 V/2 V on the basis
f the Voc of the samples. Lifetime measurements under simu-
ated sunlight were performed under short circuit conditions.

Autolab PGSTAT 10 was used for the measurements of the
atalytic activity.

. Results and discussion

.1. TiO2 substrate

Titania occurs naturally in three crystalline forms: rutile,
natase and brookite which have different band gap. Anatase
as been studied intensively as a photocatalyst [42], and as dye
upporting electron-transporting substrate [43].

The fundamental absorption, which corresponds to electron
xcitation from the valence band (VB) to the conduction band
CB), can be used to determine the nature and the value of the
ptical band gap. This can be obtained by a simple extrapolation

f the absorption band edge or by the McLean analysis [44]
hich determines the band gap energy through the relation:

αhν)n = A(hν − Eg)

G
L
c
f

ig. 2. TiO2 anatase indirect allowed electron transition: band gap evaluation
y linear fitting.

here A is a constant, Eg the band gap of the material, α is
he absorption coefficient (cm−1) and n depends on the type
f electronic transition (1/2, 1/3, 2, 2/3, for indirect allowed,
ndirect forbidden, direct allowed, direct forbidden). From the
bsorption spectrum of a spin coated layer of a compact film of
iO2 on soda-lime glass [3] the optical band gap was evaluated

o be 3.39 eV corresponding to the anatase phase of the oxide
45] (Fig. 2).

.2. Pt counters

In testing the counter electrode contribution the same pho-
oanode was used in temporarily sealed solar cells employing

liquid electrolyte. The absorption spectrum of the photoan-
de was controlled after every test in order to ensure that dye
egradation was not taking place.

From Table 1 the best cell performance was obtained with the
ounter electrode Pt004 produced by the tape casting technique,
hich gave an efficiency of 0.4% under 100.7 mW/cm2 due to

he highest value of Isc recorded. FF% was similar for all the
amples apart from the FTO case (Pt007), where the high value
f Rs gave a low FF% of 19.7%. The samples also showed a
ectification around 1 between −1/+1 V. In conclusion, the use
f tape cast Pt samples gave cells with the best performance.
he availability of a simple masking procedure of Pt electrode
eposition that can follow the TiO2 deposition, avoiding the air-
rushing process, should also be considered as a great advantage
or potential industrial production.

The tape cast Pt counter electrodes giving the best results
ere tested in a SC using a gel electrolyte with a conductivity of
.2 mS cm−1 (G5, 0.7 g polymethyl-methacrylate, 2 g propylene
arbonate, 1 M LiI and 0.1 M I2) [3]. This gel has been chosen
ecause a concentration of 0.1 M of I2 allows transmittance in
he visible region of more than 50%, while a higher concentra-
ion of LiI/I2 redox couple induces a low transmittance in spite of
ncreasing the conductivity (Fig. 3). Semi-transparency is crucial
or application in transparent glazing surface. Modules produced
y serially connected cells on the same FTO plate require bal-
nced cells that can be illuminated from either side giving the
ame performances. I/V characteristics of SCs, produced using

5, have shown analogous performance to the corresponding
Cs (Fig. 4). In particular, a lower FF% resulted in a lower effi-
iency of the cell (0.25 and 0.24 as compared to 0.39 and 0.29
or the cells employing Pt004 and Pt005, respectively). Lifetime
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Table 1
Photovoltaic performances of DSSCs using liquid electrolyte (active area 2 cm2) with different counter electrodes under standard illumination (100.7 mW/cm2, A.M.
1.5, 25 ◦C).

Sample Isc (mA/cm2) Voc (mV) Pmax (mW/cm2) FF% η% Rs
a dark (�) Rs light (�) Diode factor

Pt001 0.58 575 0.145 43.5 0.14 95 112 1.2
Pt002 0.50 525 0.124 47.3 0.12 94 86 1.2
Pt003 0.29 575 0.080 47.8 0.08 88 105 1.4
Pt004 1.49 575 0.390 45.6 0.39 104 63 1.1
Pt005 0.91 625 0.289 50.9 0.29 75 62 1.0
Pt006 0.21 575 0.062 51.4 0.06 107 104 1.1
Pt007 0.20 525 0.021 19.7 0.02 256 213 1.0

a Serial resistance (Rs) values were obtained by linear fitting of the I/V curves at voltage close to Voc (0.7/1 V).
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3.3. Gel electrolytes

Gel electrolytes with different amounts of PC were tested in

T
P
(

S

P
P
P

ig. 3. Gel conductivities increase with the LiI/I2 concentration in the gel.

ests have shown an increase in Isc after few hours of irradiation,
ut a reduction in Voc and FF% gave an overall performance
ecrease of the cell (Table 2).

From the lifetime test, the lowering of the Rsh after 40 h of
rradiation is noticeable. This is an indication of a performance
imiting factor at the photoanode, i.e. the presence of electron
ecombination processes at the TiO2/dye interface. This could
e due to the loss of CH3CN, which is the most volatile solvent
n the gel electrolyte, that cause depletion of I− at the TiO2/dye
nterface induced by lower mobility of I− ions in a more viscous

edium. The lower mobility prevents dye regeneration, increas-
ng the electron recombination probability between the electron
njected in the conduction band of the TiO2 and the oxidized
ye. After 40 h of irradiation an increase of Rs is observed. We
scribe this to the loss of Pt clusters at the counter electrode sur-
ace that can furthermore migrate to the photoanode and affect
he efficiency of the charge transfer on the basis of previous
npublished results. The observed increase of R could also be
s
ue to a reduced conductivity of the gel electrolyte caused by
H3CN loss.

D
c

able 2
hotovoltaic performances of DSSCs with different counter electrodes employing a g
100.7 mW/cm2, A.M. 1.5, 25 ◦C)

ample Isc (mA/cm2) Voc (mV) Pmax (mW/cm2) FF%

t004 1.23 525 0.251 38.9
t005 1.16 525 0.238 39.0
t005c 0.22 275 0.025 40.6

a Serial resistance (Rs) values were obtained by linear fitting of the I/V curves at vo
b Shunt resistance (Rsh) values were obtained by linear fitting of the I/V characteris
c Sample after 40 h of irradiation.
ig. 4. Comparison between DSSC employing the two different counter elec-
rodes Pt004 and Pt005 in liquid and gel electrolyte environment (G5).

The lifetime profile show an increase in Isc during the first
ours of irradiation [3], most probably due to an annealing
rocess or to localized heating of the electrolyte followed by
n exponential decrease that can be fitted by two exponential
unctions (Fig. 5).
SSCs under the same experimental condition (Table 3). The
ell performances were similar in all cases (Table 4).

el electrolyte assembly (G5) (active area 2.5 cm2) under standard illumination

η% Rs
a light (�) Rsh

b light (�) Diode factor

0.25 69 379 1.1
0.24 93 460 1.1
0.02 134 275 1.1

ltage close to Voc (0.7/1 V).
tics at voltage close to 0 (−0.3/0 V).
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Fig. 5. Lifetime of DSSC employing Pt005 and the gel electrolyte G5. Inset:
magnification of the first 10 h of irradiation. The indented behaviour was induced
by variation of the sun simulator intensity.

Table 3
Gel electrolyte mixtures employing the same volume of CH3CN (7 g)

Sample PMMA (g) PC (g) LiI (M) I2 (M) Conductivities
(mS cm−1)a

G12 0.7 4 0.5 0.05 5.88
G13 0.7 6 1 0.1 5.38
G

a

F
i
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t
r
l
t
i
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o

Fig. 6. Comparison of the lifetime of two DSSCs employing gel electrolyte G5
or G12.

F
p
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T
P
(

S

G
G
G

14 1.4 6 1 0.1 4.16

a The liquid electrolyte used gave a conductivity of 15.5 mS cm−1.

Temporal decay of short circuit current in air was fitted using
bi-exponential decay according to literature [46]:

Isc(t)

Isc(0)
= A e−bt + C edt (1)

rom the fitting the time constants (b, d) and the weighting of the
ndividual exponential functions (A, C) for the two components
an be obtained: b = 2.4 × 10−3 s−1 and d = 1.3 × 10−3 s−1, and,
= 3.4 × 10−3 s−1 and d = 1.8 × 10−3 s−1 for the cells with G12
nd G5, respectively. We do not ascribe physical meaning to
hese parameters in the lifetime decay. This fit is simply and
ather useful for a qualitative evaluation of the cell lifetime. The
ower values of both components in the case of G12 indicate that
he increase in lifetime moving from G5 to G12 was limited but

ndeed show the trend that a higher PC content corresponds to
n increase in lifetime of the cell.

Therefore an increase in the high boiling point solvent content
f the gel electrolyte, allows a longer lifetime leaving the PMMA

s
v
t
d

able 4
hotovoltaic performances of DSSCs employing different gel electrolyte (active
100.7 mW/cm2, A.M. 1.5, 25 ◦C).

ample Isc (mA/cm2) Voc (mV) Pmax (mW/cm2) FF%

12 1.65 575 0.336 35.4
13 1.73 575 0.369 37.1
14 1.64 575 0.380 40.3

a Serial resistance (Rs) values were obtained by linear fitting of the I/V curves at vo
b Shunt resistance (Rsh) values were obtained by linear fitting of the I/V characteris
ig. 7. Transmittance spectra showing the high transparency of the electrodes
roduced.

olymer matrix swollen with solvent thus preserving a good dye
egeneration (Fig. 6).

.4. PEDOT:PSS counter electrodes

Counter electrodes produced by spin coating a commercial

olution of PEDOT:PSS preserved a high transparency in the
isible region (Fig. 7). A thin layer of PEDOT:PSS reduces the
ransmittance of the cell mostly in the N.I.R. where the tested
yes do not absorb. In counter electrodes semi-transparency is,

area 2.5 cm2) and Pt005 as counter electrode, under standard illumination

η% Rs
a light (�) Rsh

b light (�) Diode factor

0.334 73 1153 1.2
0.366 80 1305 1.1
0.377 98 1836 1.2

ltage close to Voc (0.7/1 V).
tics at voltage close to 0 (−0.3/0 V).
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Fig. 9. Catalytic activities of four types of counter electrodes measured in a
symmetric cell model electrode/liquid electrolyte/model electrode.
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ig. 8. Catalytic activities of four types of counter electrodes measured in a
ymmetric cell model electrode/gel electrolyte (G5)/model electrode.

nce again, the key point for their use in serially connected
lements in order to balance cells that are illuminated from the
ack [3].

Parallel plate thin layer cells, in which electrodes were sep-
rated by a 50 �m thick Surlin® film, were constructed to
nvestigate the catalytic activities of the different counter elec-
rodes used. I/V characteristics of cells with symmetric geometry
model electrode/electrolyte/model electrode) showed that tape
ast Pt counter electrodes, in both gel and liquid electrolyte envi-
onment, have better catalytic activity than airbrushed Pt counter
lectrode (Figs. 8 and 9). PEDOT:PSS catalytic activity is com-
arable to airbrushed Pt using a gel electrolyte recipe with low
C content (G5) (Fig. 8) and with high PC content (G12) (not
hown). Moreover, PEDOT:PSS catalytic activity is better in gel
nvironment than in liquid environment.

We currently have no reasonable explanation for this but
ould suggest that the presence of gel electrolyte made it pos-

ible to realize a good physical contact between quasi-solid
lectrolyte and the smooth layer of PEDOT:PSS playing a role in
he catalytic activity of the PEDOT:PSS quasi-solid-state solar
ell [22].

The I/V characteristics of liquid (L) and gel (G5) construc-
ions using three different dyes {(C4H9)4N}4[Ru(tcterpy)
NCS)3] (1) [47], {(C4H9)4N}4[Ru(4-4′dicarbossibpy)2(CN)2]

2) [48] and {(C4H9)4N}2[Ru(4-4′dicarbossibpy)(CN)4] (3)
49] showed similar efficiency and confirmed the possibility of
sing PEDOT:PSS based counter electrodes in quasi-solid-state
SSC (Table 5).

P
r
w

able 5
hotovoltaic performances of DSSCs employing gel (G5) and liquid electrolyte (L)

llumination (100.7 mW/cm2, A.M. 1.5, 25 ◦C).

ample Isc (mA/cm2) Voc (mV) Pmax (m

L 0.98 525 0.190
G5 1.01 528 0.203
L 1.99 602 0.343
G5 2.10 625 0.365
L 1.13 549 0.258
G5 1.20 525 0.246

a Serial resistance (Rs) values were obtained by linear fitting of the I/V curves at vo
ig. 10. I/V performance of DSSC using PEDOT:PSS as a counter electrode
nd two different gel recipe G5 and G12 with an higher content in PC.

In particular cell performances of SCs employing

EDOT:PSS as a counter electrode were better than the cor-
esponding LCs, showing better photocurrents, in accordance
ith similar findings by Hayase and coworkers [22].

assembly (active area 2.5 cm2) for three different dyes (1, 2, 3) under standard

W/cm2) FF% η% Rs lighta (�)

37.0 0.173 61
38.0 0.186 86
28.6 0.315 75
27.8 0.336 82
41.6 0.238 68
39.1 0.226 57

ltage close to Voc (0.7/1 V).
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Quasi-solid-state DSSC sensitized by {(C4H9)4N}4[Ru
tcterpy)(NCS)3] employing gel electrolytes with different con-
ents of PC (G5 and G12) were also tested using PEDOT:PSS
s a counter electrode. Despite the low FF% the cells with this
ssembly have shown a Isc of 2 mA/cm2 and a Voc of 501 mV
nder 100 mW cm−2 (Fig. 10).

. Conclusion

The realization of highly transparent and stable solar cells is
ppealing for a future commercialization of such devices and
omplement highly efficient solar cells with poor transparency.
e have demonstrated the possibility of producing highly trans-

arent gel electrolyte solar cells with a performance similar to
iquid electrolyte cells employing the same assembly.

Tape cast Pt counter electrodes have been produced and
mployed in SC assembly giving better performances than air-
rushed electrodes. PEDOT:PSS have been shown to be an
lternative to Pt based counter electrodes giving the best cell
erformance in SC assemblies. Finally, SC assemblies using
el electrolyte with a high content in PC have shown a longer
ifetime, which is a prerequisite for any future application.
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