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bstract

The high-energy conversion efficiency in solid-state dye-sensitized solar cells (SDSCs) has been achieved by both the better interfacial contact
etween solid polymer medium and dye molecules and the higher ionic conductivity of polymer electrolyte. Low molecular weight poly(ethylene
lycol) (oligo-PEG, Mw = 1000) has been used for the deeper penetration of electrolyte into nanoporous TiO2 layer and consequently the better
nterfacial contact, followed by crosslinking terminal –OH groups of oligo-PEG with bifunctional glutaraldehyde. The ionic conductivity for the

−5 −3 −1
rosslinked oligo-PEG electrolytes is in the range of 10 to 10 S cm at room temperature, which is high enough for solar cell applications
nd is presumably due to the increased intersegmental distance with an addition of the crosslinker as confirmed by WAXS analysis. The best result
f the SDSCs is the short circuit current (Jsc) of 9.48 mA cm−2, the open circuit voltage (Voc) of 0.64 V, the fill factor (ff) of 0.60 and the overall
nergy conversion efficiency (η) of 3.64% at 100 mW cm−2 (AM 1.5).

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

Dye-sensitized solar cells (DSCs) have attractive features
uch as high-energy conversion efficiency (i.e. ∼11% at 1 sun,
M1.5) and low production cost (of 1/5 compared to those of

ilicon solar cells) [1–7]. DSCs are composed of a photoelec-
rode with a thin nanoporous film of TiO2 particles adsorbed by
uthenium metal–organic dyes, an electrolyte dissolving redox
ouples (I−/I3

−), and a platinum (Pt)-layered counter electrode.
he function of such device is based on the injection of electrons

rom a photo-excited state of dye molecules into the conduction
and of TiO2 nanoparticles [1–11]. A redox couple dissolved in
medium reduces the oxidized dye and functions as the electron
arrier between photoelectrode and counter electrode in DSCs.

herefore, an electrolyte containing a suitable redox couple
lays a very important part in determining the photovoltaic char-
cteristics and the durability of DSCs. The redox couple has been

∗ Corresponding author. Tel.: +82 2 2220 2336; fax: +82 2 2296 2969.
E-mail address: kangys@hanyang.ac.kr (Y.S. Kang).
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sually dissolved in a liquid-state organic solvent such as ace-
onitrile, yielding some problems such as leakage or evaporation
f the solvent, and flammability. In this regard, several attempts
ave been made to substitute liquid electrolytes in DSCs with
olid or quasi-solid-state electrolytes [8–10,12–19].

Solid polymer electrolytes (SPEs) have received consider-
ble attention over the last decades because of their potential
pplications in separation membranes [20–23], solid-state bat-
eries [24,25] and DSCs [8–10]. For a successful application
f SPEs in DSCs, high ionic conductivity of SPEs is essen-
ial. Poly(ethylene oxide) (PEO) has attracted much scientific
ttention due to its high polarity to dissolve redox couples and
xcellent chemical stability. However, the ionic conductivity is
ather poor primarily due to its high crystallinity. Therefore,
here have been many attempts to modify PEO to increase the
onic conductivity [8–10]. Typical example is to incorporate
omonomers or nanoparticle fillers. For example, it has been

eported that the ionic conductivity of a polymer electrolyte com-
rising poly(epichlorohydrin-co-ethylene oxide) (referred to as
pichlomer) with 9 and 0.9% (w/w) of NaI and I2, respectively, is
.5 × 10−5 S cm−1, resulting in a high overall energy conversion

mailto:kangys@hanyang.ac.kr
dx.doi.org/10.1016/j.jphotochem.2006.02.013
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fficiency of 2.6% at 10 mW cm−2, whereas the corresponding
alue for neat PEO (Mw = 1,000,000) is 1.65 × 10−6 S cm−1 [8].
nother approach for enhancing the conductivity of SPEs is the

ntroduction of inorganic nano-fillers to prevent crystal forma-
ion and consequently to enhance the mobility of redox couples
9,10]. For instance, nanocrystalline TiO2 particles were intro-
uced to PEO/LiI/I2 electrolyte to prevent crystal formation of
EO, resulting in a high overall energy conversion of 4.2% at
5.6 mW cm−2 [9]. These results suggest that the ionic conduc-
ivity is an important factor in determining the overall energy
onversion efficiency of solid-state DSCs (SDSCs). Recently,
oreover, the importance of the interfacial contact between

olymer electrolyte and dye-adsorbed semiconductor has been
emonstrated [26–28]. Namely, the penetration of electrolytes
hrough the nanopores of photoelectrode is very essential to
btain good photovoltaic performance of DSCs employing poly-
er electrolytes. Therefore, it was suggested that the radius of

yration (Rg) of polymer chains and the pore diameter should
e adequately balanced for deeper penetration of polymer elec-
rolytes into TiO2 nanopores. The coil size of polymer chains is
ommonly represented by the radius of gyration, Rg, expressed
pproximately by Rg = C(Mw)1/2, where Mw is the molecular
eight in g/mol and C = 0.063 nm/(g/mol)1/2 for PEO in a good

olvent [29]. In the case of PEO or its derivatives, therefore, its
olecular weight of several thousands is recommended to pre-

are highly efficient SDSCs. Since low molecular poly(ether)s
uch as poly(ethylene glycol) (PEG) and poly(propylene glycol)
PPG) are usually in a liquid-state, their solidification should be
ollowed for preparing SDSCs [26–28]. The use of oligomers to
repare SDSCs is referred to as “Oligomer approach”.

In this regard, we have constructed highly efficient
DSCs employing low molecular weight PEG (oligo-PEG,
w = 1000 g/mol; Rg = 2 nm), followed by crosslinking of ter-
inal –OH groups with glutaraldehyde (GA). Oligo-PEG can be

asily penetrated into the dye-adsorbed nanoporous TiO2 layer
ue to its small coil size compared to the average pore diameter
f nanopores in the layer, and the mechanical stability can also
e maintained by crosslinking. Thus, the crosslinked polymer
lectrolytes can provide excellent interfacial contact between
lectrolyte and dye molecules.

. Experimental

.1. DSC preparation

DSCs were fabricated according to the following proce-
ure. Firstly, polymer electrolytes were prepared by dissolv-
ng oligo-PEG (0.5 g; Mw = 1000 g/mol, Aldrich) in acetonitrile
9.5 g) as 5% (w/w) and then various contents of GA (50%
n water, Aldrich) were added (as 13.0; 14.9; 16.7; 23.1%
w/w)). The mole ratio of potassium iodide to oxygen atom in
EG + GA blend (i.e., [–O–]:[–KI]) was varied as 10:1, 25:1,

5:1 and 50:1. Iodine was dissolved in the polymer solution
s 10% for the solid weight of KI added. Small amount of
Cl (<0.01% w/w) was added in polymer electrolyte solu-

ion to induce the crosslinking reaction [23]. All chemicals
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d
1

hotobiology A: Chemistry 183 (2006) 15–21

ere purchased from Aldrich and utilized without further purifi-
ations. Transparent SnO2:F-layered conductive glass (FTO,
�/�, purchased from Pilkington) was employed to prepare

he photo- and counter electrodes. For fabrication of photo-
lectrodes, firstly, Ti(IV) bis(ethyl acetoacetato)-diisopropoxide
olution (2% w/w, in 1-butanol, Aldrich) was spin-coated onto
TO glass. The FTO glass was heated to 450 ◦C stepwise and
intered at 450 ◦C for 30 min. Then commercialized TiO2 paste
Ti-Nanoxide T, Solaronix) was cast onto the FTO glass and
intered at 450 ◦C for 30 min. Nanocrystalline TiO2 films (thick-
ess of 11–34 �m) were sensitized with Ru(dcbpy)2(NCS)2 dye
olution (535-bisTBA, Solaronix, 13 mg dissolved in distilled
thanol (50 g)) for overnight. Pt-layered counter electrodes were
repared by spin-coating of H2PtCl6 solution (0.05 mol dm−3 in
sopropanol, Aldrich) onto FTO glass and successive sintering at
00 ◦C for 20 min. In this study, to improve the interfacial contact
etween the electrolyte and dye molecules, we have developed
n effective preparation method (referred to as “multi-coating
ethod”) for preparing SDSCs. For the DSC fabrication, a dilute

olymer electrolyte solution (1%, w/w) was first cast onto dye-
dsorbed TiO2 photoelectrode and allowed to be evaporated very
lowly for complete penetration of polymer electrolytes through
he void of nanopores. As a second step, a highly concentrated
olymer electrolyte solution was cast onto the photoelectrode
o minimize the time for evaporation of solvent as well as to
revent the formation of cavities between two electrodes during
olvent evaporation. Then, Pt-layered FTO electrode was super-
osed upon it. The cells were then pressed between two glass
lates in order to achieve the slow evaporation of solvent as well
s to obtain a very thin SPE layer.

.2. Morphological characterization

Morphological characterization for the nanocrystalline TiO2
ayer was carried out using a field-emission scanning elec-
ron microscope (FE-SEM, S-4700, Hitachi). The specific sur-
ace area of nanocrystalline TiO2 film was evaluated by the
runauer–Emmett–Teller (BET) method and the pore size dis-

ribution was also calculated from the N2-desorption isotherm
sing the BJH method [30,31]. The average pore diameter
as found to be around 16.5 nm and the surface area was
6.9 m2/g.

.3. Ion conductivity/FT-IR/FT-Raman/WAXS

Ionic conductivity was measured using a laboratory-made
our-point probe conductivity cell connected to an impedance
nalyzer (IM6, ZAHNER). FT-IR measurements were per-
ormed on a 6030 Mattson Galaxy Series FT-IR spectrometer;
4–64 scans were signal-averaged at a resolution of 4 cm−1.
pectroscopic characterization was performed using a pressure
ell equipped with CaF2 windows. FT-Raman spectra for poly-
er electrolytes were recorded at room temperature using a

erkin-Elmer System 2000 NIR FT-Raman at a resolution of
cm−1. This experimental apparatus includes a neodymium-
oped yttrium aluminum garnet (Nd3+:YAG) laser operating at
.064 �m. Wide angle X-ray scattering (WAXS) was performed
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ith Cu K� radiation to characterize the structure of polymer
lectrolytes at a scanning speed of 5◦ min−1.

.4. Measurement of photovoltaic performances

The photovoltaic performances (short-circuit current Jsc
mA cm−2), open-circuit voltage Voc (V), fill factor ff and overall
nergy conversion efficiency η) were measured using a poten-
iostat/galvanostat (263A, EG&G Princeton Applied Research)
nder an illumination of 10–100 mW cm−2 (by a 150 W Xe lamp
Thermo Oriel Instruments)). The effective area of the test cell
as 0.2 cm2. The light intensity (or radiant power) was adjusted
ith a Si solar cell (Fraunhofer Institute for Solar Energy Sys-

em; Mono-Si + KG filter; Certificate No. C-ISE269) for 1 sun
ight intensity (100 mW cm−2) that was double-checked with a
REL-calibrated Si solar cell (PV Measurements Inc.) More-
ver, the increase in temperature inside the cell during the mea-
urement was prevented by using a cooler.

. Results and discussion

.1. Crosslinking of oligo-PEG

Oligo-PEG possessing hydroxyl (–OH) end groups can be
rosslinked with GA via two possible reaction routes as shown
n Fig. 1. As well known, GA can induce both the acetal linkage
ormation by a bifunctional reaction and aldehyde formation
y a monofunctional reaction [23,32]. Fig. 2 shows the FT-
R spectra of neat PEG and PEG + KI/I2 crosslinked with GA.

ith increasing the GA content, the O–H stretching vibration

and at near 3387 cm−1 was decreased along with the band shift
o a higher wavenumber at 3470–3432 cm−1. This result sug-
ests that the hydrogen bonding between –OH groups of PEG
ecomes weaker in crosslinked PEG than in neat PEG because

Fig. 1. Crosslinking scheme of poly(ethylene glycol) with glutaraldehyde.

Fig. 2. FT-IR spectra of neat PEGMw=1000 (no salt) and crosslinked
P
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EGMw=1000/KI/I2 ([–O–]:[KI] = 35:1; KI/I2 = 10/1 (w/w)) electrolyte with glu-
araldehyde. (a) From 4000 to 500 cm−1; (b) from 1200 to 1000 cm−1.

f the diminution in the number of terminal –OH groups, indi-
ating the chemical crosslinking of PEG with GA [23]. The
bsorption peak at near 1298 cm−1 was also observed in the
pectra of PEG + GA, supporting the formation of ether bonds
C–O–C) between the hydroxyl groups of PEG and the aldehyde
roups of GA. Eventually, it was confirmed that the terminal
H groups of oligo-PEG are chemically linked with the ether
ond through acetalization [32]. However, the appearance of the
ldehyde C O bond at 1724 cm−1 with an addition of GA indi-
ates that the aldehyde groups of GA do not completely react
ith –OH groups of PEG (i.e. monofunctional reaction), and the
nreacted aldehyde groups are also available for the coordina-
ion with potassium ions [23]. The growth of absorption peak
ssigned to potassium-coordinated C O bond at 1674 cm−1

ith an addition of GA confirms the coordinative interaction
etween potassium ions and unreacted aldehyde groups. A lower
eak position of coordinated C O than free C O (at 1724 cm−1)

s originated from the loosened interaction between carbon and
xygen resulting from the electron donation of oxygen to potas-
ium cation [23]. The shift of C–O stretching peak in PEG
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Table 1
Bragg d-spacing of PEG + KI/I2 and crosslinked PEG/GA + KI/I2

Polymer electrolytea 2θ (degree) Bragg d-spacing (Å)

PEGMw=1000-No GA, KI/I2 21.99 4.037
PEGMw=1000-13.0% (w/w) GA, KI/I2 20.46 4.336
PEGMw=1000-14.9% (w/w) GA, KI/I2 20.30 4.369
PEG -16.7% (w/w) GA, KI/I 20.18 4.395
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rom 1103 to 1090 cm−1 (shown in Fig. 2(b)) upon the addition
f potassium iodide also indicates the coordinative interaction
etween potassium and ether oxygen atom [20–23].

.2. Structure of polymer electrolytes

WAXS spectra of PEG (w/o GA) and crosslinked PEG
w/GA) with and without the addition of KI/I2 were obtained to
nvestigate the structural change in the polymer electrolytes. The
ntensities in the several crystalline peaks of neat PEG observed
t 19.2◦, 23.4◦ and 26.7◦ drastically decrease upon addition of
otassium iodide as shown in Fig. 3(a). Moreover, the crys-
alline peaks of solid KI and I2 were not observed in the PEG
lectrolytes, indicating that the inorganic salts are completely
issolved in PEG. In the WAXS spectra of crosslinked PEG

shown in Fig. 3(b)), only broad amorphous hallow is observed
rrespective of the GA concentrations. The value of Bragg d-
pacing was calculated from the peak maximum using Bragg
elation (i.e. nλ = 2d sin θ, here n is the positive integer, λ the

ig. 3. WAXS spectra of crosslinked PEGMw=1000/KI/I2 ([–O–]:[KI] = 35:1;
I/I2 = 10/1 (w/w)) electrolytes with different GA contents. (a) Neat PEG,
EG/KI/I2 (w/o GA), KI and I2; (b) PEG/KI/I2 (w/ GA).
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Mw=1000 2

EGMw=1000-23.1% (w/w) GA, KI/I2 19.73 4.494

a [–O–]:[KI] = 35:1; KI/I2 = 10/1 (w/w).

avelength, d the interplanar distance and θ is the angle from
he crystal plane) and listed in Table 1. The result shows that the
ncreases in the d-spacing with increasing the GA content added,
ndicating that the crosslinking agent (i.e. GA) also functions
o enlarge the free volume of PEG even after solidification. The
ncrease in the inter-chain distance of polymer medium possibly
esults in the enhancement of chain mobility for ion conduction.

.3. Dissolution of KI and I2

FT-Raman spectra were obtained to confirm the formation of
3
− and polyiodides (I2n+3

−, here n = 1, 2, 3, . . .) and the com-
lete dissolution of iodine in solid-state polymer electrolytes.
ecently, it has been demonstrated the formation of I3

− and
olyiodides in liquid and gel electrolytes containing iodide and
odine [13]. Their results showed that iodines are completely dis-
olved to form I3

− and polyiodides, and also the Grotthuss-type
odide transport is induced in both liquid and gel electrolytes.
imilarly, for the oligo-PEG/GA + KI/I2 electrolytes, two sym-
etric stretching peaks assigned to I3

− at around 113 cm−1 and
olyiodides (e.g. I5

−) at around 141 cm−1 were observed as
hown in Fig. 4. However, the intensity of the former peak is
uch higher than that of the latter, demonstrating that iodide

−
pecies are present mostly as I3 . Moreover, the band attributed
o vibration of molecular iodine around 180–210 cm−1 was not
bserved, confirming the complete dissolution of I2 in solid-state
EG/GA + KI/I2 electrolytes [13,33].

ig. 4. FT-Raman spectra of neat PEGMw=1000 (no salt) and crosslinked
EGMw=1000/KI/I2 ([–O–]:[KI] = 35:1) electrolytes with glutaraldehyde.
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Fig. 6. Cross-sectional FE-SEM images for nanocrystalline TiO2 lay-
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ig. 5. Ionic conductivities of crosslinked PEGMw=1000/KI/I2 ([–O–]:[KI] =
5:1; KI/I2 = 10/1 (w/w)) electrolytes by varying the GA content measured at
5 ◦C, [H2O] < 1 ppm.

.4. Ionic conductivity

The ionic conductivities of the crosslinked oligo-PEG elec-
rolytes are shown in Fig. 5 as a function of the GA content. The
olidifying point of the oligo-PEG/GA system was observed at
he GA content of ca. 15% (w/w) (the picture embedded in Fig. 5
hows the solidified film of crosslinked oligo-PEG electrolyte).
he ionic conductivities gradually increase with the increase

n the GA content up to solidifying point, above which they
ecrease. The increase in the ionic conductivity seems to be
wing to the enhanced chain mobility of PEG by the increase
n the inter-chain distance and consequently free volume with
he increase in the amount of GA as confirmed by WAXS.
he decrease in ionic conductivity above the maximum point
ay result from the reduced chain flexibility due to the solid-

fication of polymer matrix. At the maximum point, the ionic
onductivity of the electrolyte is as high as 10−3 S cm−1 at room
emperature.

.5. Penetration of polymer electrolytes into TiO2 layer

The deep penetration of the oligo-PEG based electrolyte
nto the nanoporous TiO2 layer was confirmed by the cross-
ectional FE-SEM images of the photoelectrode. Fig. 6 shows
he cross-sectional FE-SEM images of the nanoporous TiO2
ayers coated with: (a) high molecular weight PEO + KI/I2 and
b) crosslinked oligo-PEG/GA + KI/I2 electrolytes. When high
olecular weight PEO (Mw = 1,000,000 g/mol and Rg = 63 nm)
as cast, nanocrystalline TiO2 particles maintain their origi-
al size (i.e. diameter = 20–30 nm) and shape, and do not seem
o be adequately coated with polymer electrolytes as shown in
ig. 6(a), suggesting insufficient penetration of electrolyte mate-
ials into the nanopores (average pore diameter = 16.5 nm) and
herefore poor contact between electrolytes and TiO2 nanopar-
icles [26–28]. In the case of oligo-PEG/GA + KI/I (M of
2 w
EG = 1000 g/mol and Rg = 2 nm), the dramatic improvement in

he interfacial contact between TiO2 particles and electrolytes is
vident as shown in Fig. 6(b).

c

f
t

rs incorporated with PEO: (a) PEOMw=1,000,000/KI/I2 ([–O–]:[KI] = 35:1;
I/I2 = 10/1 (w/w)) (η = 0.01% at 100 mW cm−2) and (b) crosslinked
EGMw=1000/KI/I2 with glutaraldehyde (η = 2.30% at 100 mW cm−2).

.6. Solar energy conversion performance

The photovoltaic performances of SDSCs prepared using
rosslinked PEG electrolytes have been evaluated by means of
–V measurements. The fill factor (ff) and overall energy conver-
ion efficiency (η) were calculated by the following equations:

f = Vmax · Jmax

Voc · Jsc
(1)

(%) = Vmax · Jmax

Pin
× 100 = Voc · Jsc · ff

Pin
× 100 (2)

here Jsc is the short-circuit current (mA cm−2), Voc the open-
ircuit voltage (V), Pin the incident light power and Jmax
mA cm−2) and Vmax (V) is the current and voltage in the J–V

urve (V), respectively, at the point of maximum power output.

We have fabricated the SDSCs with varying the thickness
rom 11 to 34 �m of the nanoporous TiO2 layer to optimize
he energy conversion efficiency and results are summarized in
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Table 2
Photovoltaic characteristics of open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (ff) and overall energy conversion efficiency (η) for the SDSCs
employing crosslinked PEGMw=1000/KI/I2 electrolyte measured with glutaraldehyde under 100 and 10 mW cm−2 illuminations

Electrolyte Thickness of TiO2 layer (�m)a Voc (V)b Jsc (mA cm−2)b ff (−)b η (%)b η (%)c

PEGMw=1000-
GA (14.9 wt.%)/KI/I2

11 0.58 4.02 0.66 1.54 7.23
21 0.54 4.86 0.62 1.63 7.38
25 0.59 5.03 0.65 1.93 8.12
34 0.62 6.05 0.61 2.30 9.45
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a Estimated from the cross-sectional FE-SEM images.
b Measured at 100 mW cm−2.
c Measured at 10 mW cm−2.

able 2. Jsc increases to a large extent with the thickness of the
iO2 layer, whereas Voc and ff do not. The increase in Jsc with

he increase in the TiO2 thickness suggests that the amount of
enerated electrons is increased due to the large amount of dye
olecules adsorbed on the nanoporous TiO2 layer. Interestingly,

he energy conversion efficiency at weak illumination is excep-
ionally high, and the large difference in the efficiencies mea-
ured at strong (i.e. 100 mW cm−2) and at weak illuminations
i.e. 10 mW cm−2) was observed. This result suggests that the
ass transfer rate of I3

− through the solid polymer electrolyte
ould be a major rate-limiting step under strong illumination.
s shown in Fig. 7, the overall energy conversion efficiencies

or SDSCs also depend on the mole ratio of potassium iodide
o oxygen. The optimal salt content of around [–O–]:[KI] = 35:1
howed the highest efficiency η = 2.30% at 1 sun (AM1.5). In
his work, moreover, the photovoltaic performance has been

ore improved by means of the introduction of chemically
oped (p-type, with I2) conjugated polymer (poly(2-methoxy-5-
2′-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV)) thin-
ayer onto a conventional Pt-layered electrode as revealed in
ig. 8. The overall conversion efficiency was increased to a

−
arge extent upon the insertion of MEH-PPV:I3 junction layer
n the counter electrode mostly due to the enhancements in
he photocurrent and the fill factor. This result indicates that
he iodine-doped conjugated polymer coated on the electrode

ig. 7. Overall solar energy conversion efficiencies of SDSCs employing
rosslinked PEGMw=1000/KI/I2 ([–O–]:[KI] = 35:1; KI/I2 = 10/1 (w/w)) elec-
rolyte with glutaraldehyde.
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ig. 8. J–V curves of DSCs (tTiO2 = 34 �m) employing crosslinked
EGMw=1000/KI/I2 ([–O–]:[KI] = 35:1; KI/I2 = 10/1 (w/w)) electrolyte with glu-

araldehyde measured under 100 mW cm−2 illumination.

ignificantly decreases the electron transfer resistance at the
nterface between platinum catalyst and triiodide dissolved in
olymer medium owing to the affinity for both I3

− ions and
lectrons of the junction layer. The best result of the SDSC
ncorporating crosslinked oligo-PEG/GA + KI/I2 electrolyte and
ounter electrode with MEH-PPV:I3

− junction layer exhibits Jsc
f 9.48 mA cm−2, the Voc of 0.64 V, the ff of 0.60 and the η

f 3.64% at 100 mW cm−2. More details of the MEH-PPV:I3
−

unction layer will be reported in our other publications.

. Conclusion

Highly efficient SDSCs have been successfully prepared
y employing oligo-PEG + KI/I2 electrolyte crosslinked with
ifunctional glutaraldehyde. The improved efficiency has been
chieved by both the enlarged interfacial contact between elec-
rolyte and dye molecules and the high ionic conductivity of
he electrolyte. The enlarged interfacial contact is associated
ith the deeper penetration of the electrolyte solution into the
anoporous TiO2 layer because of the smaller coil size of oligo-
EG compared to the average pore diameter of the nanoporous

iO2 layer. The crosslinked oligo-PEG/GA + KI/I2 electrolytes
lso show the reasonably high ionic conductivity (i.e. 10−3

o 10−5 S cm−1). Therefore, the high conversion efficiency of
.64% at 100 mW cm−2 has been achieved for the SDSCs.
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