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bstract

A novel alkyloxy-imidazole polymer was prepared by in situ co-polymerization of alkyloxy-imidazole and diiodide to develop an ionic polymer
el electrolyte for quasi-solid dye-sensitized solar cells (DSCs). The DSCs with the polymer gel electrolyte of 1-methyl-3-propylimidazolium
odide (MPII) showed good photovoltaic performance including the short-circuit photocurrent density (Jsc) of 3.6 mA cm−2, the open-circuit
oltage (Voc) of 714.8 mV, the fill factor (FF) of 0.60 and the light-to-electricity conversion efficiency (η) of 1.56% under AM 1.5 (100 mW cm−2).

s a comparison, the DSCs with the polymer gel electrolyte of 1,2-dimethyl-3-propylimidazolium iodide (DMPII) yielded a light-to-electricity

onversion efficiency of 1.33%. The results indicated that the as-prepared polymers were suitable for the solidification of liquid electrolytes in
SCs.
2007 Elsevier B.V. All rights reserved.
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. Introduction

A high-energy conversion efficiency up to 11% [1] was
chieved in dye-sensitized solar cells (DSCs) with an organic
iquid electrolyte containing a I3

−/I− redox couple [2,3]. How-
ver, DSCs were confronted with poor durability, especially at
igh temperatures [4] because of the easy volatile and decom-
osing properties of the organic liquid electrolyte. Subsequently,
he assembly of DSCs needs the sealing process, which results in
critical technical problem for the long-time practical applica-

ions. Upon pursuing a long-term stable and efficient electrolyte,
onsiderable attempts have been made in replacing the liquid
lectrolytes with solid or quasi-solid state electrolytes, such as
lastic crystal electrolytes [5,6], p-type semiconductors [7–9],
rganic hole-transfer conductors [10], solid polymer electrolytes
11] and polymer gel electrolytes [12–14].

In contrast with the organic liquid counterparts, the solid-state
lectrolytes show the disadvantage of low light-to-electricity

onversion efficiency, owing to the low ionic conductivity and
oor electrolyte/electrode interfacial contact [4]. To solve these
ssues, scientists have prepared solid polymer electrolyte doped
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lectricity conversion efficiency

ith different inorganic materials (e.g., SiO2 [4], TiO2 [11],
tc.) and developed polymer gel electrolytes (or quasi-solid elec-
rolytes). In particular, DSCs with polymer gel electrolytes by
n situ polymerization methods were expected to obtain com-
arable conversion efficiencies. Polymer gel electrolytes can be
elled in the cell directly after being heated up. This made it
ossible to improve the physical contact between the polymer
el electrolyte and the TiO2 electrode [15], and subsequently the
onversion efficiencies. Recently, Yanagida and coworkers [16]
ave prepared a new alkyl-imidazole polymer gel electrolyte for
SCs by in situ polymerization, and its energy conversion effi-

iency reached 1.3% under a light intensity of 100 mW cm−2

AM 1.5). Hayase’s group has also investigated a quasi-solid
olymer electrolyte via the copolymerization of polyvinylpyri-
ine and tetrabromomethylbenzene directly in the cells [15,17].
n addition, Wang et al. [14] have reported the quasi-solid-state
SCs by in situ polymerization of gel electrolyte.
Ethylene oxide chains in polymers can effectively improve

he interaction between TiO2 film and polymer electrolytes and
he ion-dissociation provides excellent redox charge-transport
roperties [11,14]. On the other hand, an alkyl-imidazole poly-

er gel electrolyte with conversion efficiency of 1.3% has been

eported [16]. Herein, we substituted the alkyl chains in alkyl-
midazole polymer with ethylene oxide chains. The conversion
fficiencies of DSCs with alkyloxy-imidazole polymer gel elec-
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Scheme 1. Synthetic route to

rolytes encapsulating 1-methyl-3-propylimidazolium iodide
MPII) and 1,2-dimethyl-3-propylimidazolium iodide (DMPII)
eached 1.56 and 1.33% under AM 1.5 (100 mW cm−2), which
ere both over that reported by Yanagida and coworkers

16]. It is convinced that the design of alkyloxy-imidazole
olymer is successful and there is still much room for the
mprovement of the conversion efficiency of the DSC based on
he as-synthesized polymer.

. Experimental

.1. Synthesis of
,1′-(2,2′-oxybis(ethane-2,1-diyl))bis(imidazole) (1) and
iethylene glycol diiodide (2)

1 was prepared according to Ref. [18]. The brief synthetic
oute was shown in Scheme 1. In a typical synthesis, SOCl2
as added dropwise into the mixed solution of diethylene gly-

ol, pyridine, and CH2Cl2 at 40 ◦C. After refluxing for 12 h, the
ixture was treated with concentrated HCl and washed several

imes to separate the oil layer that was first concentrated under
educed pressure and then subjected to column chromatography
n silica gel (eluent: petroleum ether). The purity of the prod-
ct was confirmed by 1H NMR. 1H NMR (300 MHz; CCl3D):
(ppm) 7.49 (s; 2 H); 7.04 (s; 2 H); 6.88 (s, 2 H); 4.07 (t, 4 H);
.64 (t, 4 H). To yield 2, pure product 1 and anhydrous NaI with
he molar ratio of 1:1.5 were stirred in acetone at 60 ◦C for 48 h.
H NMR (300 MHz; CCl3D): δ (ppm) 4.07 (t, 4 H); 3.64 (t, 4
).
.2. Preparation of electrolytes

The liquid electrolyte was composed of 0.6 M MPII or
MPII, 0.05 M I2, 0.1 M LiI, and 0.5 M 4-tert-butylpyridine

s
d
a
o

loxy-imidazole co-polymer.

TBP) in 3-methoxypropinitrile (MPN). A 30 wt% of 1 and 2
ith the molar ratio of 1:1 was dissolved in the liquid electrolyte

o give a homogeneous solution, which was heated up to 80 ◦C
o accelerate the polymerization reaction of 1 and 2 (Scheme 1).
fter 1 h, a polymer gel electrolyte was obtained.

.3. The assembly of DSCs

The nanocrystalline TiO2 electrode [19] was fabricated
y depositing TiO2 colloidal paste (P25, Degussa) on a F-
oped SnO2 conducting glass substrate (FTO, 10 � sq−1)
sing a screen-printing technique. Then, the coated substrate
as treated with 50 mM of TiCl4 solution and sintered at
50 ◦C in air for 0.5 h to obtain nanoporous TiO2 film that
as the thickness of about 10 �m. The TiO2 thin film was
mmersed into an ethanol solution, which was composed
f 0.3 mM dye cis-dithiocyanate-N,N′-bis(4,4′-dicarboxylate-
,2′-bipyridine)ruthenium(II) (N3), for about 12 h. The Pt
ounter electrode was prepared by spin-coating H2PtCl6 solu-
ion (50 mM in isopropanol) onto FTO glass and sintered at
90 ◦C for 0.5 h. Liquid electrolyte containing 30 wt% of 1
r 2 was dropped onto the sensitized TiO2 electrode and then
lamped a Pt counter electrode with two clips to form the DSC.

.4. Instrument and measurement

1H NMR spectra were obtained using a Varian Mercury 300
MR. The precursors of polymer gel electrolyte containing liq-
id electrolytes were sandwiched by two identical platinized
onducting glasses, and then heated to gel in situ to supply the

amples for determining the ionic conductivity and the apparent
iffusion coefficient of I3

−. Both cyclic voltammograms (CV)
nd electrochemical impedance spectroscopy (EIS) were carried
ut on a Princeton 2273 electrochemical work station at room
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Fig. 1. Nyquist diagram of electrochemical impedance spectra of MPII liquid
and polymer gel electrolytes.
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ditions. Herein, the triiodide ions (the molar ratio of I− to I3

−
is 10:1) are the current-limiting species, and its diffusion coeffi-
cient can be determined by the current-limited measurement on
the symmetric FTO/Pt/electrolyte/Pt/FTO electrochemical cells.
Fig. 2. Equivalent circuit for the impedance spectra in Fig. 1.

emperature with electrode area of 1 cm2 and over frequency
anging from 0.1 Hz to 10 kHz. Photocurrent–voltage character-
stics were measured by using a digital source meter (Keithley
nstruments Inc., Model 2400) under 100 and 60 mW cm−2 illu-
ination of a sunlight simulator (500 W xenon lamp, AM 1.5).
he active area of the TiO2 electrode is 0.16 cm2.

. Results and discussion

.1. Ionic conductivity

Fig. 1 shows the typical electrochemical impedance spec-
ra of the MPII based liquid and the corresponding polymer gel
lectrolyte obtained at room temperature. Both of the impedance
pectra consist of a semicircle at the high frequency region of
he spectra and an inclined straight line rising with the slope
ngle of approximately 45◦ after the arc, related to the reaction
t Pt/electrolyte interfaces and the diffusion process of species
n the electrolytes, respectively. The equivalent circuit given in
ig. 2 was used for the curve fitting of the impedance of the elec-

rolytes and the parameters obtained by fitting the experimental
pectra with the equivalent circuit are shown in Table 1. Rs is the

erial resistance that consists of the resistance of the electrolyte
nd the sheet resistance of the FTO films; Rct is the charge-
ransfer resistance of the electrochemical reaction between the
wo Pt/electrolyte interfaces; CPE the constant phase element

able 1
arameters obtained by fitting the experimental spectra with the equivalent
ircuit in Fig. 2, at 25 ◦C

Rs (�) Rct (�) Y0 (�F sn−1) Zw (�) n

iquid 22.3 6.6 17.2 0.5 0.86
el 23.9 8.2 13.5 0.4 0.88

F
c
w

urces 165 (2007) 911–915 913

hose admittance is expressed by the equation, YQ = Y0(jω)n,
here n is a constant ranging from 0 to 1; Zw is the finite-length
arburg diffusion impedance.
As shown in Table 1, the value of Rs for the MPII based poly-

er gel electrolyte is a little larger than that of MPII based liquid
lectrolyte, from which the conductivities are determined to be
bout 0.73 and 0.79 mS cm−1, respectively. With respect to that
f the MPII based liquid electrolyte, the Rct of the polymer gel
lectrolyte, the indicator of the charge-transfer kinetic perfor-
ance at the interface between the electrolyte and the platinum

ounter electrode, increases by 1.6 �, about 24% of the liquid
lectrolyte. This indicates that more energy loss on the counter
lectrode for the reduction of I3

− to I− in the quasi-solid DSC
ould be necessitated. An error of about 10% was estimated

or the values of Y0 and Zw fitting with the equivalent circuit
in Fig. 2). Under experimental error, Y0 and Zw can only be
sed for qualitative analysis. Y0 values in both electrolytes are
ery closing, showing that the interfaces between the Pt/polymer
el electrolyte by a co-polymerization method are established
n good condition because the 1-methyl-3-propylimidazolium
ations on Pt counter electrodes almost gets saturated. The val-
es of Zw are correlated to the diffusion coefficients of I− and
3
−, the exact values of which are given in the following section.

.2. Electrochemical measurement of the apparent
iffusion coefficients of I3

−

Fig. 3 presents the characteristic linear sweep voltammetry
urves of the MPII based liquid electrolyte and the correspond-
ng polymer gel electrolyte, in which the limiting current of the

PII based liquid electrolyte is nearly three times that of the
olymer gel electrolyte. The resemblance between the anodic
nd cathodic limiting current plateaus indicates steady-state con-
ig. 3. Characteristic linear sweep voltammograms for the symmetrical electro-
hemical cells with the cell separation of 45 �m and surface area of 1.0 cm2 filled
ith the MPII based liquid and polymer gel electrolytes. Scan rate: 10 mV s−1.
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Fig. 4. Photocurrent density–voltage characteristics of DSCs incorporated with
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he MPII based liquid and polymer gel electrolytes under the illumination of
00 mW cm−2 (AM 1.5). Cell active area: 0.16 cm−2.

onsequently, only the apparent diffusion coefficient (Dapp) of
riiodide ions can be calculated from the limiting current densi-
ies (Jlim) according to the following equation [20]:

lim = 2nFC0Dapp

d
(1)

here n = 2 is the electron-transfer number required for the
eduction of triiodide to iodide, C0 the bulk concentration of
he triiodide ions, d the thickness of the cell and F the Faraday
onstant.

The apparent diffusion coefficient of triiodide in the MPII
ased polymer gel electrolyte at room temperature was calcu-
ated to be 1.4 × 10−6 cm2 s−1, which was roughly one third that
f the MPII based liquid electrolyte (4.7 × 10−6 cm2 s−1). The
ecrease in I3

− diffusion coefficient of the polymer gel elec-
rolyte was induced by the gelation of the MPII based liquid
lectrolyte, which restricted the free motion of I3

− in the chan-
el of polymer gel electrolytes. Therefore, the difference in I3

−
iffusion coefficient for the MPII liquid and polymer gel elec-
rolytes will correspond to the changes between J values of solar
ells, due to the current-limiting species of I3

− in the system of
lectrolytes.

.3. Photovoltaic performance

The typical photocurrent density–voltage curves for the cells
ith the liquid and polymer gel electrolytes at a light intensity
f 100 mW cm−2, AM 1.5, are presented in Fig. 4. The conver-
ion efficiency (1.56%) and short-circuit photocurrent density
Jsc, 3.63 mA cm−2) of the DSC assembled with MPII based
olymer gel electrolyte is lower than that of the DSC with cor-
esponding liquid electrolyte, but the open-circuit voltage (Voc,

14.8 mV) is higher. The decrease in the Jsc (Fig. 4) of DSC
ith polymer gel electrolyte mainly originates from the lowered

3
− diffusion coefficients, which reduce the supply of I3

− to
he counter electrode, retard the regeneration of N3 [10], and

w
l
t
i

ig. 5. Photocurrent density–voltage characteristics of DSC incorporated with
he MPII and DMPII based polymer gel electrolyte under the illumination of
0 mW cm−2 (AM 1.5).

ubsequently induce the recombination of the injected electrons
ith the oxidized dye; on the other hand, the ionic conductivity
f the polymer gel electrolyte is comparable to the correspond-
ng liquid electrolyte. The slight increase of Voc for the DSC
ith polymer gel electrolyte may result from the composition
f the polymer (Scheme 1). When the co-polymerization of
recursors occurs in the cells, the polymer chains containing
ydrophilic oxygen atoms may be physically adsorbed onto the
urface of dye-anchored TiO2. Thus, the polymer contacting
he surface of TiO2 suppresses the back electron-transfer reac-
ion from the conduction band of TiO2 electrode to the I3

−
n the polymer gel electrolyte, resulting in a higher Voc value
21].

The power irradiation is also an important factor to the con-
ersion efficiencies of DSCs. To explore the best conversion
fficiency, the DSC with the MPII based polymer gel electrolyte
as subjected to the illumination of 60 mW cm−2, AM 1.5 and

he typical photocurrent–voltage curve was presented in Fig. 5. A
onversion efficiency of 1.59% was obtained, a little larger than
hat measured at 100 mW cm−2 (1.56%). This may be caused
y the limitation in mass transport such as I3

− in the polymer
el electrolyte for DSCs at a high light intensity, that is, when
he light intensity is increased, a large current density passing
hrough the DSCs is necessitated.

To further investigate the ability of the synthesized alkyloxy-
midazole polymer of the solidification of liquid electrolytes,
MPII based polymer gel electrolyte was also employed as the

lectrolyte of the DSC. Under the same determination condi-
ion, Voc, Jsc, FF and η of the DSC with the DMPII based gel
lectrolyte in Fig. 5 reached 715.93 mV, 1.85 mA cm−2, 0.66,
.47%, respectively, which are close to the corresponding values
f MPII based gel electrolyte. For comparison, the conversion
fficiencies of DSCs with MPII and DMPII liquid electrolytes

ere measured to be 5.22% and 5.78%, respectively, which are

ower than that reported in Refs. [22,23]. These features indicate
hat TiO2 porous films in our experiment are not well optimized,
n other words, increased photovoltaic performance is expected



er So

b
fi
a

4

c
e
c
e
r
s
f
m
t
p
f

A

a

R

[

[

[

[

[

[

[

[

[
[
[

[

F. Li et al. / Journal of Pow

y optimizing the porosity, thickness and roughness of TiO2
lms. Further work on optimizing the TiO2 porous properties
nd the DSCs’ stability is under way.

. Conclusions

A novel alkyloxy-imidazole polymer was prepared and suc-
essfully utilized to encapsulate MPII and DMPII based liquid
lectrolytes for DSCs by in situ co-polymerization. The energy
onversion efficiencies of DSCs with MPII and DMPII liquid
lectrolyte based polymer gel electrolytes are 1.56% and 1.33%,
espectively. Although the energy conversion efficiencies are
till low in comparison with their liquid counterparts, they are
ree of strict sealing problem and their photovoltaic performance
ight be further improved by optimizing the TiO2 films and

he composition of the polymer gel electrolytes, indicating their
otential application in the solidification of liquid electrolytes
or DSCs.
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