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Abstract: Dye-sensitized solar cells (DSSCs) have aroused intense interest over the past
decade owing to their low cost and simple preparation procedures. Much effort has been de-
voted to the study of electrolytes that enable light-to-electrical power conversion for DSSC
applications. This review focuses on recent progress in the field of liquid, solid-state, and
quasi-solid-state electrolytes for DSSCs. It is believed that quasi-solid-state electrolytes, es-
pecially those utilizing thermosetting gels, are particularly applicable for fabricating high
photoelectric performance and long-term stability of DSSCs in practical applications.

Keywords: dye-sensitized solar cells; liquid electrolytes; solid-state electrolytes; quasi-solid-
state electrolytes; photoelectric performance; long-term stability.

INTRODUCTION

The development of new types of solar cells is promoted by increasing public awareness that the earth’s
oil reserves could run out during this century. As the energy need of the planet is likely to double within
the next 50 years and frightening climatic consequences of the greenhouse effect caused by fossil fuel
combustion are anticipated, it is urgent that we develop a new kind of renewable energy to cover the
substantial deficit left by fossil fuels. Among the sources of renewable energy, solar energy is consid-
ered the most promising. Fortunately, the supply of energy from the sun to the earth is gigantic:
3 x 1024 J a year, or about 10 000 times more than the global population currently consumes. In other
words, covering 0.1 % of the earth’s surface with solar cells with an efficiency of 10 % would satisfy
our present needs. But tapping into this huge energy reservoir remains an enormous challenge [1].

Since the prototype of a dye-sensitized solar cell (DSSC) was reported in 1991 by M. Gritzel [2],
it has aroused intense interest owing to its low cost, simple preparation procedure, and benign effect on
the environment compared with traditional photovoltaic devices [1-4]. In “Gritzel cells”, the functions
of light absorption and charge-carrier transportation are separated, which is different from photo-
regenerative and -synthetic cells [1]. Although the solar power conversion efficiencies of DSSCs are
lower than that of classical crystalline silicon cells, there is a high potential for improvement in effi-
ciency, since it still is far from the theoretical efficiency [5].

In DSSCs based on liquid electrolytes, a photoelectric conversion efficiency of 11 % has been
achieved [3,4]. However, the potential problems caused by liquid electrolytes, such as the leakage and
volatilization of solvents, possible desorption and photodegradation of the attached dyes, and the cor-
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rosion of Pt counterelectrode, are considered as some of the critical factors limiting the long-term per-
formance and practical use of DSSCs [4,6-8]. Therefore, much attention has been given to improving
the liquid electrolytes or replacing the liquid electrolytes by solid-state or quasi-solid-state electrolytes
[5-10]. This review will focus on progress in the development of improved electrolytes, especially
quasi-solid-state electrolytes for DSSCs.

STRUCTURE AND OPERATIONAL PRINCIPLES OF DYE-SENSITIZED SOLAR CELLS

As shown in Fig. 1 [1,3,4], DSSCs include a substrate of fluorine-doped SnO, conducting glass (FTO),
a porous nanocrystalline semiconductor oxide (the most employed is TiO,) film sensitized by a dye
(typically bipyridine ruthenium complexes) for absorbing visible light, a redox electrolyte (usually an
organic solvent containing a redox system, such as iodide/triiodide couple) layer for deoxidizing oxi-
dized dye, and a platinized cathode to collect electrons and catalyze the redox couple regeneration re-
action [2]. The light-to-electricity conversion in a DSSC is based on the injection of electron from the
photoexcited state of the sensitized dye into the conduction band of TiO,. The dye is regenerated by
electron donation from iodide in the electrolyte. The iodide is restored, in turn, by the reduction of tri-
iodide at the cathode, with the circuit being completed via electron migration through the external load.
The voltage generated under illumination corresponds to the difference between the Fermi level of the
electron in the TiO, and the redox potential of the electrolyte. Overall, the device generates electric
power from light without suffering any permanent chemical transformation [1,2,11,12].
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Fig. 1 Principle of operation of DSSCs.

The photoelectric chemical process in DSSC can be expressed as eqgs. 1-6. The photoexcited elec-
tron injects into the conduction band of TiO, in subpicosecond time scales [13—15]. The dark reaction
eqs. 5 and 6 also occur during the light-to-electricity conversion, but do not play a remarkable negative
effect on photovoltaic performance of DSSCs owing to their slow reaction speed compared with that of
eq. 2 [16-18].

TiO,[S + hv — TiO,|S* excitation (1)
TiO,|S* — TiO,|S* + &7, injection (2)
TiO,|2S8* + 31" — TiO,[2S + I3~ regeneration (3)
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I~ + Ze*(Pt) — 31 reduction @
L=+ Ze‘(cb) — 3 recaption (dark reaction) (@)
TiO,|S* + € ety ™ TiO,|S recombination (dark reaction) (6)

It can be seen that DSSCs are a kind of complex system for light-to-electricity conversion. As a
basic component, the electrolyte plays an important role in the process of light-to-electricity conversion
in DSSCs. The electrolytes employed in DSSCs can be classified as liquid, solid-state, or quasi-solid-
state. Several aspects are essential for any electrolytes in a DSSC [5,10].

(1) The electrode must be able to transport the charge carrier between photoanode and counter-
electrode. After the dye injects electrons into the conduction band of TiO,, the oxidized dye must
be reduced to its ground state rapidly. Thus, the choice of the electrolyte should take into account
the dye redox potential and regeneration of itself.

(2) The electrode must be able to permit the fast diffusion of charge carriers (higher conductivity) and
produce good interfacial contact with the porous nanocrystalline layer and the counterelectrode.
For liquid electrolytes, it is necessary to prevent the loss of the liquid electrolyte by leakage
and/or evaporation of solvent.

(3) The electrolyte must have long-term stability, including chemical, thermal, optical, electro-
chemical, and interfacial stability, which does not cause the desorption and degradation of the dye
from the oxide surface.

(4) The electrolyte should not exhibit a significant absorption in the range of visible light. For the
electrolyte containing I"/I;~ redox couple, since 15~ shows color and reduces the visible light ab-
sorption by the dye, and 15~ ions can react with the injected electrons and increase the dark cur-
rent. Thus, the concentration of I‘fI3‘ must be optimized.

LIQUID ELECTROLYTES

The first DSSC was reported in 1991 by M. Gritzel [2] using organic liquid electrolyte containing
Lil/l,, which obtained an overall light-to-electricity conversion efficiency of about 7.1 % under irradi-
ation of AM 1.5, 100 mW-cm™2. Later, many kinds of liquid electrolytes containing iodide/triiodide
redox couple and high dielectric constant organic solvents such as acetonitrile (AcN), ethylene carbon-
ate (EC), 3-methoxypropionitrile (MePN), propylenecarbonate (PC), y-butyrolactone (GBL), and
N-methylpyrrolidone (NMP) were investigated, and some DSSCs with high photovoltaic performance
were obtained [6,19-22]. Research during the past decade shows that each component of liquid elec-
trolyte such as solvent, redox couple, and additive plays a different role in the photovoltaic performance
of DSSCs.

Organic solvents

The organic solvent is a basic component in liquid electrolytes, it gives an environment for iodide/tri-
iodide ions’ dissolution and diffusion. The physical characteristics of organic solvent including donor
number, dielectric constants, viscosity, etc. affect the photovoltaic performance of DSSCs. Especially,
the donor number of solvent shows obvious influence on the open-circuit voltage (V) and short-cir-
cuit current density (J ) of DSSCs. The donor-acceptor reaction between nonaqueous solvents and
iodide to generate triiodide in DSSCs was investigated, the results showed [19] that the extent of trans-
formation from iodide to triiodide ions in a given solvent could be predicted according to the donor
number of the solvent. Therefore, the V increased and J decreased with the increase of the donor
number of solvent in liquid electrolytes in DSSCs [20] as shown in Fig. 2. The similar influence of the
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Fig. 2 Dependence of (a) J and (b) V. of DSSCs on the donor number of solvents. (1: AcN, 2: 10 % THF/90 %
AcN, 3: 20 % THF/80 % AcN, 4: 30 % THF/70 % AcN, 5: 50 % THF/50 % AcN, 6: 70 % THF/30 % AcN, 7:
10 % DMSO/90 % AcN, 8: 20 % DMSO/80 % AcN, 9: 50 % DMSO/50 % AcN, 10: DMSO, 11: 50 % DMF/50 %
AcN, 12: DMF, 13: 10 % NMP/90 % AcN, 14: 20 % NMP/80 % AcN, 15: 30 % NMP/70 % AcN). Electrolyte
contains 0.6 M DMPIIL, 0.1 M Lil, 0.05 M L,.

donor number of solvents in liquid electrolytes on the photoelectric performance of DSSCs also was
found by another group [23].

Our research group [22] investigated the influence of the donor number of the mixed solvent with

GBL and NMP on the photoelectric performance of DSSCs. The same results as the above were ob-
tained and shown in Fig. 3.
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Fig. 3 Voe and Jo of DSSCs as functions of the donor number of solvents. (1: GBL; 2: 10 % NMP/90 % GBL; 3:
30 % NMP/70 % GBL; 4: 50 % NMP/50 % GBL; 5: 70 % NMP/30 % GBL; 6: 90 % NMP/10 % GBL; 7: 10 %
PC/90 % GBL; 8: 30 % PC/70 % GBL; 9: 50 % PC/50 % GBL; 10: 70 % PC/30 % GBL; 11: 90 % PC/10 % GBL,;
12: PC; 13: NMP)
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The influence of the donor number of solvent on the V_ is related to the following three factors:
(1) The electron donor—acceptor reaction between organic solvent and triiodide [19]:
solvents + I3~ — solvent ... I3~ <> solvents ... I, + I

The above reaction equilibrium depends on the donor number of signal solvent or mixed solvent,
the higher donor number of solvent leads to the incline of reaction equilibrium to the right
[24-27], which gives a lower concentration of triiodide and causes a decrease of dark reaction
eqg. 5 and an increase of V__ according to eq. 7.

kT Iin'
Voo = [ Inf—"—} (7)
¢ ncbket [13 |

where k is the Boltzmann constant, 7' is absolute temperature, e is an electronic charge, I; . is the
flux of charge resulting from sensitized injection, n is the concentration of electrons on the sur-
face of TiO,, ket is the reaction rate constant of 13" dark reaction on TiO, (eq. 5), [157] is the con-
centration of I~ in liquid electrolyte.

(2)  According to Gritzel’s hypothesis [27], the reaction between the bare Lewis acidic TiO, surface
and the Lewis basic solvent blocks the surface active sites of TiO,, electrode which is responsi-
ble for the dark reaction eq. 5. The solvent with higher donor number has higher Lewis basicity,
which shows a stronger function for blocking the active sites of TiO, electrode and decreasing the
rate constant (k) of triiodide reduction. According to eq. 7, V. increases with the decreasing of
ke

(3) The flatband potential (V) of the TiO, electrode soaked in solvent was an important factor af-
fecting V. [28], and the Vi of TiO, electrode is sensitive to the contact solvent [1]. The contact
solvent with higher donor number causes an increase in Vg of the TiO, electrode [29]. Under
Fermi lever pinning, these two parameters are linked by the following equation:

Voc = | Vfb - Vred | ®)

where V4 is the standard reduction potential of a redox couple, it remains constant [30]. So the
V. increases with the increase of the donor number of solvent.

The decrease of J is also related to the increasing of Vi of TiO, electrode. The increase of
Vy, also causes a negative shift in the conduction band edge of TiO,, which decreases the energy
bandgap between the conduction band of TiO, and photoexcited dye, and causes a decrease of
driving force for the excited dye to inject electron into the conduction band of TiO,. So the J
decreases with the increase of the donor number of solvent.

Redox couples

Although iodide/triiodide has been demonstrated as the most efficient redox couple for regeneration of
the oxidized dye, its severe corrosion for many sealing materials, especially metals, causes a difficult
assembling and sealing for a large-area DSSC and poor long-term stability of DSSC [31]. Therefore,
other kinds of redox couples such as Br/Br,, SCN7/SCN,, SeCN7/SeCN, bipyridine cobalt (III/IT)
complexes were investigated for use in DSSCs, owing to their energy unmatchable with sensitized dyes
or their intrinsic low diffusion coefficients in electrolyte, these redox couples show lower DSSCs’ light-
to-electricity conversion efficiencies than the iodide/triiodide redox couple does [5,32-36].

Cations in liquid electrolytes seem to function in the light-to-electricity conversion process of
DSSCs. As a band bending and a depletion layer, which usually exist in bulk, semiconductor materials
contacted with liquid electrolyte-containing redox couples [1] are considered unlikely in nano-
crystalline TiO, electrodes owing to the extremely small size of the particle [37-38]. In fact, cations,
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particularly small cations such as protons (Li*, etc.) play an important role in the photoelectric per-
formance of DSSCs. This is due to the fact that diffusion of electrons in the conduction band of TiO,
is considered as an ambipolar diffusion mechanism, namely, ion diffusion is strongly correlated with
electron transport to ensure that electrical neutrality is obeyed throughout the TiO, network [39—43].
For example, the addition of Lil into liquid electrolyte can enhance the J, of DSSCs. The reason is that
the small-radius Li* can deeply penetrate into the mesoporous dye-coated nanocrystalline TiO, film and
form an ambipolar Li*-e~ with the electrons in the conduction band of TiO,, which increases the trans-
port speed of electrons in nanocrystalline TiO, network and enhances the J . of DSSCs [11,44,45].
However, the negative influence of ambipolar Lit on DSSCs is its easy combination with triiodide,
which leads to the decrease of Ve of the DSSCs [11,46]. In order to overcome this negative influence,
an imidazole cation with larger ionic radii is used in liquid electrolyte to form a Helmholtz layer on the
surface of TiO, film and block the direct contact of triiodide with ambipolar Li*-e~, which has an effi-
cient result for suppressing the reaction between ambipolar Li*-e~ and triiodide and enhancing the V.
of the DSSC [44,46].

Electric additives

Electric additive is another important component in liquid electrolytes for optimizing the photovoltaic
performance of DSSCs. It is found [27] that the photovoltaic performance of DSSCs can be enhanced
hugely by adding a small amount of electric additive. The influence of nitrogen-containing heterocyclic
additives on the photovoltaic performance of DSSCs was investigated, and it was found [47-53] that
some efficient electric additives such as 4-zert-butylpyridine, pyridine could enhance V__ but decrease
J. owing to the same aforementioned reasons about the donor number of solvent on the photovoltaic
performance of DSSC. The difference is that the function of electric additive for optimizing the photo-
voltaic performance of DSSCs is more efficient than that of the donor number of solvent. On the other
hand, it is only a small amount of electric additive added into the electrolyte, the superfluous electric
additive will cause a poor photovoltaic performance of DSSCs. Similar results also were found in our
research [22,54].

lonic liquids

Room-temperature ionic liquid (RTIL) has good chemical and thermal stability, negligible vapor pres-
sure, nonflammability, and high ionic conductivity [55,56]. When incorporated into DSSCs, RTIL can
be both the source of iodide and the solvent itself [57]. N. Papageorgiou et al. [58] reported in 1996 that
these unique properties of RTIL were effective for long-term operation of electrochemical devices such
as DSSCs. They employed methyl-hexyl-imidazolium iodide (MHImI) as an involatile electrolyte. The
DSSC performance showed outstanding stability, with an estimated sensitizer redox turnover number
in excess of 50 million. However, pure IL usually has higher viscosity than that of organic solvent,
which limits the iodide/triioide transport speed and the restoration of oxidized dye, so the photovoltaic
performance of these DSSCs is not so good as that of DSSCs using liquid electrolyte-containing organic
solvents. In 2004, a solvent-free IL electrolyte-based SeCN7/(SeCN);™ redox couple was reported [59].
The viscosity of this IL, 1-ethyl-3-methylimidazolium selenocyanate (EMISeCN), was determined to
be 25 cP at 21 °C, and the specific conductivity of EMISeCN was 14.1 mS/cm. Thus, an unprecedented
7.5-8.3 % light-to-electricity conversion efficiency under AM 1.5 sunlight was achieved for DSSCs.
The low viscosity, higher conductivity, and visible-light absorbency of this kind of IL electrolyte ensure
the high photovoltaic performance of DSSCs.

Liquid electrolyte-based organic solvent usually has high ionic conductivity and excellent inter-
facial contact property, which are the prerequisites for high photovoltaic performance of DSSCs.
Although a photoelectric conversion efficiency of 11 % for the DSSC-containing liquid electrolyte has
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been achieved [3—4], the potential problems caused by liquid electrolytes, such as leakage and
volatilization of organic solvents, are considered as some of the critical factors limiting the long-term
performance and practical use of DSSCs. Although the electrolyte using low-viscosity IL achieves a
high photovoltaic performance for DSSCs, the sealing and leaking problems by liquid the same as lig-
uid electrolytes with organic solvents still exist for high long-term stability of DSSCs. Thus, solid-state
and quasi-solid-state electrolytes [6,8,21,60,62] with high long-term stability are attempted to replace
liquid electrolytes.

SOLID-STATE ELECTROLYTES
Structure and operational principle of solid-state DSSCs

There are two kinds of solid-state DSSCs, one uses hole transport materials (HTMs) as medium, the
other uses a solid-state electrolyte containing iodide/triiodide redox couple as medium. The structure
and operational principle for the latter is similar to that of the DSSC using a liquid-state electrolyte con-
taining iodide/triiodide redox couple as medium in Fig. 1. A schematic presentation [1,7] of the struc-
ture of solid-state DSSC using an HTM as medium is given in Fig. 4. At the heart of the system is a
mesoporous TiO, film, which is placed in contact with a solid-state hole conductor. Attached to the sur-
face of the nanocrystalline TiO, film is a monolayer of a charge-transfer dye. Photoexcitation of the dye
results in the injection of an electron into the conduction band of the TiO,. The original state of the dye
is subsequently restored by electron donation from the hole conductor. The hole conductor is regener-
ated in turn at the counterelectrode, and the circuit is completed via electron migration through the ex-
ternal load [1,4]. In this DSSC, the reactions of excitation eq. 1, injection eq. 2, and recombination dark
reaction eq. 6 still exist, the reaction eqs. 3—5 would be different [10].
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Fig. 4 Schematic diagram of charge transporting in solid-state DSSCs with HTMs.

Hole transport materials (HTMs)

Familiar large-bandgap HTMs such as SiC and GaN are not suitably used in DSSCs since the high-tem-
perature deposition process for these materials will certainly degrade the sensitized dyes on the surface
of nanocrystalline TiO, [10]. Researchers found [63-66] that a kind of inorganic HTM based on cop-
per compounds such as Cul, CuBr, or CuSCN could be used in fabricating DSSCs. These copper-based
materials can be cast from solution or vacuum deposition to form a complete hole-transporting layer,
and Cul and CuSCN share good conductivity in excess of 102 S/cm, which facilitates their hole-con-
ducting ability. For example [67], the DSSC based on Cul HTM obtained as high as 2.4 % light-to-elec-
tricity conversion efficiency under irradiation of AM 1.5, 100 mW-cm~2. However, its stability is quite
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poor, even worse than the traditional organic photovoltaic cell, which is also a common problem exist-
ing in DSSCs based on this kind of inorganic HTMs. Therefore, researchers put their vision into organic
HTMs.

Organic HTMs have already been widely used in organic solar cells [71-74], organic thin film
transistors [75-77], and organic light-emitting diodes [78-80]. Compared with inorganic HTMs,
organic HTMs possess the advantages of plentiful sources, easy preparation, and low cost. In 1998, an
efficient solid-state DSSC based on organic HTM 2,2'.7,7'-tetrakis(N,N-di-p-methoxyphenyl-
amine)9,9'-spirobifluorene (OMeTAD, Fig. 5) was reported [7], although the overall light-to-electricity
conversion efficiency of this DSSC only reached 0.74 % under irradiation of 9.4 mW-cm™2, it is a pio-
neer for fabricating DSSCs with organic HTMs. Later, by improving the dye adsorption in the presence
of silver ions in the dye solution [20,21], the efficiency of the solid-state DSSC employing spiro-
OMeTAD was enhanced to 3.2 %, which is the highest level of the solid-state DSSCs by utilizing an
organic transport material up to now. Table 1 lists the photovoltaic performance of DSSCs based on typ-
ical inorganic or organic HTMs, it can be seen that the overall light-to-electricity conversion efficien-
cies of these DSSCs are all much lower than that of the DSSCs based on liquid electrolytes. This is due
to the low intrinsic conductivities of HTMs, the high frequencies of charge recombination from TiO, to
HTMs, and the poor electronic contact between dye molecules and HTMs caused by incomplete pene-
tration of solid HTM:s into the pores of the mesoporous TiO, electrodes.

OCH,
OCHS OCH3
OCH,4
= Toow,
HaCO ‘Q
HaCO
OCH;

Fig. 5 Chemical structure of OMeTAD.

Table 1 Performance of solid-state DSSCs utilizing different HTMs.

HTM Light-to-electricity conversion efficiency (%) Reference
(AM 1.5 100 mW-cm2)

Inorganic HTM

Cul 2.40 [67]
Cul 3.80 [68]
CuSCN 1.50 [65]
4CuBr;S(C,4Hy), 0.60 [66]
Organic HTM

OMeTAD 0.74* Irradiation with 9.4 mW-cm=2 [7]
OMeTAD 2.56 [20]
Spiro-OMeTAD 3.20 [21]
Pentacene 0.80 [69]
Polyaniline 1.15 [70]
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Solid-state electrolyte-containing redox couple

Organic or inorganic HTM as a transport material for DSSCs cannot satisfy the practical application
due to their low power conversion efficiencies. On the other hand, some remarkable results have already
been achieved by introducing iodide/triioide redox couple into solid-state electrolytes as a transport
medium for DSSCs. For example, a solid-state electrolyte containing iodide/triiodide redox couple by
introducing TiO, nanoparticle into poly(ethylene oxide) (PEO) was prepared, the overall light-to-elec-
tricity conversion efficiency of 4.2 % for the DSSC with this solid-state electrolyte was obtained under
irradiation of AM 1.5 100 mW-cm™2 [81]. A kind of ambient-temperature plastic crystal electrolyte
containing iodide/triiodide redox couple was used to fabricate DSSCs and achieved a high overall light-
to-electricity conversion efficiency of 6.5 % under irradiation of AM 1.5 100 mW-cm~2 [82]. A solid-
state electrolyte based on LilICcH,(N,O, [Lil(HPN),] single crystal (shown in Fig. 6) and iodide/tri-
iodide was prepared. This solid-state electrolyte can be optimized by adding SiO, nanoparticles and put
into DSSCs to enhance light-to-electricity conversion efficiency without adding iodide molecules [83].
Higher photovoltaic performance for DSSCs using iodide/triiodide redox couple than that using HTMs
is due to the fact that the iodide/triiodide can efficiently revivify oxidized dyes, and the dark reactions
in these solid-state electrolytes are lower than that in HTMs. Another reason is that the interfacial con-
tact properties of these solid-state electrolytes are better than that of HTMs. This kind of solid-state
electrolyte has a good prospect in practical DSSCs.

fin e 92 dun é
Fig. 6 Structure of Lil(HPN),.

QUASI-SOLID-STATE ELECTROLYTES

The quasi-solid state, or gel state, is a particular state of matter, neither liquid nor solid, or conversely
both liquid and solid. Generally, a quasi-solid-state electrolyte is defined as a system which consists of
a polymer network (polymer host) swollen with liquid electrolytes [6,84-88]. Owing to its unique hy-
brid network structure, quasi-solid-state electrolytes always possess, simultaneously, both the cohesive
property of a solid and the diffusive transport property of a liquid. Namely, quasi-solid-state electrolytes
show better long-term stability than liquid electrolytes do and have the merits of liquid electrolytes in-
cluding high ionic conductivity and excellent interfacial contact property [5,84,85]. These unique char-
acteristics of quasi-solid-state electrolytes have been actively developed as highly conductive elec-
trolyte materials for DSSCs, lithium secondary batteries, and fuel cells [86]. Quasi-solid-state
electrolytes are usually prepared by incorporating a large amount of a liquid electrolyte into organic
monomer or polymer matrix, forming a stable gel with a network structure via a physical or chemical
method. The quasi-solid-state electrolyte formed via physical cross-linking is called “entanglement net-
work”, which is thermo-reversible (thermoplastic). By contrast, chemical or covalent cross-linking
leads to the formation of thermo-irreversible (thermosetting) gel electrolyte [5].
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Thermoplastic gel electrolytes (TPGESs)

The formation of the TPGE is based on physical cross-linking of gelators to form a “entanglement net-
work” to solidify liquid electrolyte. The main characteristic of this kind of gel electrolyte is the gel-sol
state reversible conversion with the change of temperature, which is a benefit of deep penetration of the
electrolyte into mesoporous dye-coated nanocrystalline TiO, film [5,10,87]. The interfacial contact be-
tween the electrolyte layer and nanocrystalline TiO, film or counterelectrode is one of the most impor-
tant factors influencing the photovoltaic performance of DSSCs besides the ionic conductivity of the
gel electrolyte [60].

The TPGE contains gelator and liquid electrolyte, the liquid electrolyte consists of organic sol-
vent, redox couple, additive, or IL electrolyte system. The first thermoplastic polymer gel electrolyte
used in DSSCs was reported [89]. The electrolyte was composed of poly(acrylonitrile) (PAcN), EC, PC,
AcN, and Nal. The light-to-electricity conversion efficiency of this DSSC was lower in comparison with
that of the DSSC based on liquid electrolytes, due to the unoptimized components and the difficult pen-
etration of the PAcN network into nanocrystalline TiO, film [90,91]. The high photovoltaic perform-
ance and excellent stability of DSSC was obtained by using a TPGE containing poly(vinylidene-
fluoride-co-hexafluoropropylene) (PVDF-HFP) combined with MePN-based liquid electrolyte
containing 1,2-dimethyl-3-propyl imidazolium iodide and iodide [6]. The DSSC showed a similar
photovoltaic performance as that of an analogous cell containing the same liquid electrolyte, which
means that the polymer matrix has no negative effect on the performance of DSSC.

A TPGE based on 1,3:2,4-di-O-dimethylbenzylidene-D-sorbitol/MePN (Fig. 7) was prepared
[87], and a stable overall light-to-electricity conversion efficiency of 6.1 % for the DSSC using the
TPGE was achieved under AM 1.5 sunlight illumination (99.8 mW-cm2). On the other hand [92], a gel
electrolyte with a low-molecular-weight gelator (Fig. 8), an IL, 1-alkyl-3-methylimidazolium iodide,
and iodide was prepared, the DSSC based on the gel electrolyte showed a 5.0 % light-to-electricity con-
version efficiency under irradiation of AM 1.5 100 mW-cm™2.

EHy

o J_:e\- - " —
L‘“}—‘ \r {;-.. F: _‘(/_}_"g&-i/ﬁ ! 5} o {;j .;:.\.:-'jp-:;_{\‘ —CH,
u--‘\_m - "\DH Hyl m\""i\m
(a) (b} i)

Fig. 7 Chemical structures of sorbitol derivatives (a) 1,3:2,4-di-O-benzylidene-D-sorbitol; (b) 1,3:2,4-di-O-methyl-
benzylidene-D-sorbitol; (c) 1,3:2,4-di-O-dimethyl-benzylidene-D-sorbitol.
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Fig. 8 Chemical structures of (a) 1-alkyl-3-methylimidazolium iodides and (b) gelator.

Recently, our research group have been focusing on the thermoplastic and thermosetting gel elec-

trolytes for DSSCs [8,22,62,93-100], we reported a novel TPGE [8] using poly(ethylene glycol) (PEG)
as polymer host, PC as solvent, potassium iodide, and iodide as ionic conductor. Based on the TPGE, a
stable DSSC with an overall light-to-electricity conversion efficiency of 7.22 % was achieved. The
TPGE exhibits a thermoplastic character, high conductivity, and long-term stability, and can be prepared
by a simple and convenient protocol. The viscosity, conductivity, and phase state of the TPGE can be
controlled by tuning the composition. The present findings should accelerate the widespread use of
DSSCs. There are some important characteristics for the TPGE:

(D

2)

3)

PEG contains many ether groups and polyhydric side groups, two kind of groups can keep com-
plexation with alkali metal ions such as potassium ions, sodium ions [101]. Because of the inter-
action between PEG and PC and alkali metal iodide salts, the iodide anions can be separated from
alkali cations to form free anions as shown in Fig. 9a.

The large amount of ether groups and polyhydric side groups on the PEG matrix can form a
hydrogen bond with PC solvent, which hangs the molecule of solvent on the “entanglement net-
work” of the polymer chain, and results in the formation of a stable thermo-reversible polymer
gel electrolyte as shown in Fig. 9b.

The TPGE is in a solid state and shows the fluidity (Fig. 10) with a viscosity of 0.76 Pa s at a tem-
perature higher than 50 °C, which makes for a deep penetration into the mesoporous dye-coated
nanocrystalline TiO, film [102], and forms a sufficient interfacial contact between electrolyte
layer and nanocrystalline TiO, film and platinum counterelectrode. Whereas at a temperature
below 20 °C, the TPGE is in a gel state with a viscosity of 2.17 Pa s. The reversible thermoplastic
behavior of the TPGE is very useful for sealing and assembling DSSCs.

[:}"ED (3 G T }»@CF s

(KI) :

all. {‘_Iai ] g 1
s S e s o

gD . Cf [ E"*w e 40

(a) (L]

Fig. 9 Interaction between PEG polymer matrix, PC solvent, and KI salts (a) and its chemical structure (b).
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Fig. 10 TPGE based on PEG/PC/KI+I, system at 50 °C (a) and at 15 °C (b).

The characteristics of the thermoplastic polymer gel electrolyte markedly depends on tempera-
ture. This is due to the fact that the increase of temperature causes a phase transfer from gel state to sol
state, and a change of dominate conduction mechanism from Arrhenius type to Vogel-Tamman—Fulcher
(VTF) type as shown in Fig. 11, which turns to the change of ionic conductivity of thermoplastic poly-
mer gel electrolyte and photovoltaic performance of DSSC. It can be seen from Fig. 12 that the photo-
voltaic performance of DSSCs severely depends on the temperature, which is the typical characteristic
of DSSCs based on this kind of polymer gel electrolyte.

0 2.0
a b
2.5
i -3.0 1
X
= T 35
— c 35
‘TE (;
o B
® b -4.0 v . oo
© g
= e s PEG%=0 ¥
& 459a PEG%=40
= o PEG%=45 °
50d° PEG%=51
|* PEG%=62
s PEG%=80
-4 T T T T T T SS54——T+——T"—T1"T"7T
4 8 12 16 20 24 26 28 30 32 34 36
-1 4
1000/(T-T )(K™) 1000/T(K™")

Fig. 11 Temperature vs. the conductivity of TPGE with different PEG concentrations. (a) VTF plots, (b) Arrhenius
plots. The concentration of I" and I, is 0.1 and 0.01 M, respectively.
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Fig. 12 Effect of temperature on the performance of quasi-solid-state DSSC with TPGE based on PEG/PC/KI+I,

system. The irradiation intensity is 100 mW-cm™2.

Thermosetting gel electrolytes (TSGEs)

The TPGE is good for fabricating DSSCs. However, there is also a potential venture for actual applica-
tion of DSSCs, which is the chemical unstability, such as phase-separation, crystallization of iodide
salts. Therefore, some more environmentally stable electrolytes are still needed. Among those optional
methods, the TSGE is one of the good selections for high photovoltaic performance and good long-term
stability of DSSCs.

A high stable DSSC based on a TSGE containing ureasil precursors (Fig. 13) and organic liquid
electrolyte containing iodide salts was prepared [60,103—105]. The unique structure of this thermo-
setting organic—inorganic hybrid gel electrolyte leads to the high quality of DSSC, which maintains
5-6 % light-to-electricity conversion efficiency even after preserving for several years.

EtO, 1 < OEt
EtO—Si(CHy)3—NH—C—NH—CH—CHy—{OCH,CHjn—NH—C—NH—(CHy)3Si&-OEt
EtO CI3H3 C':Ha OEt

Fig. 13 Ureasil precursor structures.

Recently, we reported a novel TSGE based on poly(acrylic acid)-poly(ethylene glycol)
(PAA-PEG) hybrid and liquid electrolyte for fabricating a high-performance and stable DSSC
[9,62,97,98]. It is known that PAA polymer matrix shows excellent hydrogel stability due to the for-
mation of 3D networks structure in hydrogel and the strong interaction between absorbed aqueous so-
lution and hydrophilic groups in PAA [106,107]. PAA is a kind of oleophobic polymer, which cannot
dissolve or swell in organic solvents. By modifying PAA with amphiphilic PEG, the PAA-PEG hybrid
shows a moderate liquid electrolyte absorbency in some organic Lewis basic liquid electrolytes. The op-
timized Lewis basic organic mixed solvents for both PAA-PEG hybrid and photovoltaic performance
of DSSC was obtained by mixing 30 vol % NMP with 70 vol % GBL [22]. The TSGE with ionic con-
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ductivity of 6.12 mS cm~! was obtained by swelling the PAA-PEG hybrid in the optimized Lewis basic
organic mixed solvents containing iodide/triiodide redox couple (Fig. 14). Based on the TSGE, a DSSC
with light-to-electricity conversion efficiency of 6.10 % was attained under AM 1.5 irradiation.

() @)

Fig. 14 TSGE based on PAA-PEG system before (a) and after (b) soaking in liquid electrolyte.

The dominate conduction mechanism of this kind of TSGE mainly depends on the amount of ab-
sorbed liquid electrolyte. As shown in Fig. 15, excepting the TSGE based on PAA-PEG 400, the
Inc vs. 1/T plots of other TSGEs and liquid electrolytes conform to the Arrhenius type. The lower lig-
uid electrolyte absorbency of TSGE based on PAA-PEG 400 (shown in Fig. 16) leads to the dominate
influence of polymer matrix in ion transport and the departure of its Inc vs. 1/T plots from
Arrhenius-type straight line. The DSSC based on this TSGE shows a high photovoltaic performance
and an excellent stability as shown in Table 2 and Fig. 17.
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o quuld o) 4.0 | T T | T T T T T
30| + PAA-PEG 400 o a5 o
4 PAA-PEG 1,000 o 1 %0
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Fig. 15 Temperature vs. ionic conductivity of the TSGE based on PAA-PEG hybrid (a) and its Arrhenius plots (b).
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Fig. 16 Liquid absorbency and ionic conductivity of the TSGE based on PAA-PEG vs. PEG molecular weight.

Table 2 Photovoltaic performance of DSSCs with different electrolytes.

Electrolyte o (mS:em™) V. (V) J_(mA-cm2) FF  Eff (%)

Liquid a 9.13 0.632 14.78 0.613 5.73
Liquid b 8.64 0.705 13.34 0.712 6.70
TSGE 6.12 0.735 12.55 0.661 6.10

Liquid a: containing 0.5 M Nal, 0.05 M I, in 30 vol % NMP, and 70 vol % GBL
mixed solvents.

Liquid b: adding 0.4 M pyridine into liquid a.

TSGE: thermosetting gel electrolyte prepared by soaking PAA-PEG hybrid in liquid
b.

1.05 4 GE

1.00 4
0.95 N
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S S
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Fig. 17 Long-term stabilities of DSSCs with liquid electrolyte a, liquid electrolyte b, and the TSGE based on
PAA-PEG.

CONCLUSIONS

In this review, we introduce the recent progress, including our group results, on liquid, solid-state, and
quasi-solid-state electrolytes for DSSCs. Although a light-to-electricity conversion efficiency of 11 %
for DSSCs containing liquid electrolytes has been achieved, the potential problems caused by liquid
electrolytes, such as leakage and volatilization of organic solvents, are considered as some of the criti-
cal factors limiting the long-term performance and practical use of DSSCs. Solid-state electrolytes over-
come the disadvantage of fluidity and volatility for liquid electrolytes, however, poor interface contact

© 2008 IUPAC, Pure and Applied Chemistry 80, 2241-2258



2256 J.WU et al.

property and lower conductivity for solid-state electrolytes lead to lower light-to-electricity conversion
efficiency for DSSCs. Quasi-solid-state electrolytes, especially TSGEs, possess liquid electrolyte’s
ionic conductivity and interface contact property and solid-state electrolyte’s long-term stability, it is
believed to be one kind of the most available electrolytes for fabricating high photoelectric performance
and long-term stability of DSSCs in practical applications.
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