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A highly viscous liquid electrolyte is prepared by adding a small amount of amylopectin into dimethyl-
sulfoxide solvent. By using this viscous electrolyte, a dye-sensitized solar cell (DSSC) enhances the
short-circuit photocurrent density and solar-to-electricity conversion efficiency by 22% and 8.4%, respec-
tively, compared to those obtained with the reference cell without amylopectin. Furthermore, the stability
of the DSSC is enormously improved by the addition of amylopectin. Polarization curves indicate that

amylopectin is areasonable corrosion inhibitor for silver metal in the electrolyte containing I3~ /I~ couple.
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1. Introduction

Interest in the development of new types of solar cells has been
spurred by public concern about pollution and energy consump-
tion. The principle of operation of the dye-sensitized solar cell
(DSSC) involves the photoexcitation of the sensitizer, followed by
electron injection into the conduction band of the semiconductor
oxide film. The dye molecule is regenerated by the redox system,
whichis itself regenerated at the counter electrode by the electrons
that have passed through the load. The redox electrolyte constitutes
the internal conducting channel and conduction occurs through the
diffusion of the charge carriers, I3~ and I, between the TiO, film
and the platinized counter electrode [1].

Solid polymer electrolytes (SPE) have been extensively studied
in the last two decades because of their potential in many tech-
nological areas, including solid-state batteries, chemical sensors
and electrochromic devices [2-4]. Polymer electrolytes obtained
from natural polymers, such as starch and cellulose derivatives like
hydroxyethylcellulose and hydroxypropylcellulose, have attracted
attention in recent times, because of their superior mechanical
and electrical properties [5-9]. Both starch and cellulose are abun-
dant, renewable, and biodegradable natural polymers and their
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use offers a promising alternative for the development of new SPE
materials.

The major component of starch from sources like potatoes and
corn is amylopectin with amylose being a minor component. While
the blue complex of iodine with amylose is well known and has
been extensively studied, the red complex of iodine with amy-
lopectin is less well known and very little attention has been
given to its characterization. It was recently identified that four
iodine atoms are more or less linearly arranged within the cav-
ity of the helix structure of 11 anhydroglucose residues to form
the chromophore group in the amylopectin-iodine complex, as
schematically shown in Fig. 1 [10].

Currently, state-of-the-art DSSCs have an overall light con-
version efficiency greater than 11% under an irradiation level of
100mW cm~2 (AM 1.5) [11,12]. However, the potential problems
caused by liquid electrolytes, such as the leakage and volatiliza-
tion of the liquid, possible desorption and photodegradation of the
anchored dyes, and the corrosion of the Pt counter electrode by
iodine in the electrolytic solution, have had the effect of limiting the
long-term performance and practical use of these DSSCs. In order to
increase the long-term stability of DSSCs, many attempts have been
made to replace the liquid electrolytes with p-type semiconductors
[13,14], organic hole transport materials [15-17], or polymer gel
electrolytes [18-27]. Although the use of solid-state electrolytes
solves some of these problems, they show a lower energy conver-
sion efficiency than liquid electrolytes because of the poor contact
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Fig. 1. Schematic representation of amylopectin-I, complex. Inset shows its three
dimensional structure.
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of the solid-state charge transport material with the dye-coated
TiO, surface. Polymer gel electrolytes have some advantages, such
as a low vapor pressure, good long-term stability, excellent con-
tacting and filling properties between the nanostructured working
electrode and counter electrode, and higher ionic conductivity.

In particular, scaling up of the DSSC from laboratory scale to
practical applications requires silver grid as current collector to
reduce sheet resistance of the conducting glass substrate. However,
silver grid should be protected to reduce its corrosion by iodine
in the electrolytic solution and to decrease the dark current via
charge recombination. The protection of silver grid from I, has been
studied by Surlyn sheet lamination or glass frit layer [28].

In the present study using amylopectin as the polymer host for
the first time, dimethylsulfoxide (DMSO) as an organic solvent, and
lithium iodide and iodine as the source of I3~ /I, an electrolyte with
high viscosity was prepared. Amylopectin was found to be prac-
tically insoluble in all commonly utilized organic solvents except
DMSO. The influence of amylopectin on the corrosion of silver metal
and long-term stability and performance of the DSSCs is investi-
gated and compared with those of the cells containing conventional
liquid electrolytes.

2. Experimental

Viscosity measurements were conducted under an Ar atmo-
sphere using an SV-10 viscometer. Cyclic voltammograms were
obtained in the electrolyte solution containing 1 mM I[,, 10 mM
Lil and 0.1M LiCIO4 in DMSO with and without 1.5x 102 M
amylopectin at a scan rate of 100mVs~! using an EG&G
PARC 263A potentiostat. The electrochemical cell consisted of
a Pt working electrode (1.6mm diameter, MF-2013, Bioan-
alytical Systems, Inc.), a Pt-wire auxiliary electrode and an
Ag/AgCl reference electrode. Chronoamperometric curves were
also obtained from the DMSO solutions containing 0.6 M 1-hexyl-
2,3-dimethylimidazolium iodide, 0.05M I, 0.1 M Lil, and 0.5M
4-tert-butylpyridine with and without 1.5 x 10~2 M amylopectin
using an EG&G PARC 263A potentiostat, with an electrochemical
cell consisting of a Pt microelectrode (MF-2013), a Pt-wire auxil-
iary electrode and an Ag/AgCl reference electrode. The potentials
were applied at 1.00 Vand —1.00V for the oxidation of I~ and reduc-
tion of I3, respectively. Amylopectin hydrate (A0456, TCI) derived
from waxy corn was used.

Dye-coated TiO, films were prepared as the working electrodes
for the DSSCs as follows [29]. In each case, a thin buffer layer of
non-porous TiO, was deposited on a cleaned FTO conducting glass,
purchased from Libbey-Owens-Ford (TEC 8, 75% transmittance in
the visible region), from 5% titanium(IV) butoxide in ethanol by spin
coating at 3000 rpm. The thin layer coated FTO glass was cleaned

and annealed at 450 °C. Dyesol titania paste, purchased from Dyesol
Ltd., was deposited on the above-pretreated FTO glass by the doc-
tor blade technique, using 2 scotch tapes to limit the thickness of
the film. The film was dried for 10 min at 70 °C, followed by remov-
ing the tape and coating the film with 2% TiCl4 solution by the spin
coating method and annealing it at 450 °C for 30 min. A porous TiO,
film consisting of anatase crystalline size of approximately 20 nm
with a thickness of about 10 wm was thus produced. The annealed
film was sensitized with N719 dye by immersing it for 24 h in an
ethanol solution of N719 dye (0.3 mM of (Ru(II)L,(NCS),):2TBA,
where L=2,2'-bipyridyl-4,4'-dicarboxylic acid, Solaronix SA). A
2-electrode sandwiched DSSC was fabricated according to the pro-
cedure described elsewhere [29]. The DSSC had an active area of
0.4cm x 0.4 cm. The electrolyte consisted of 0.05M I, 0.1 M Lil,
0.6 M 1,2-dimethyl-3-hexylimidazolium iodide, and 0.5 M 4-tert-
butylpyridine in DMSO with amylopectin. The two small holes used
for introducing electrolyte in the counter electrode were sealed
with small squares of Kapton polyimide film (DuPont) with a sil-
icon adhesive instead of using microscope objective glass. This
was to amplify the difference of the decreases in photocurrent
and efficiency between with and without amylopectin. Reference
DSSCs were also prepared under identical conditions without amy-
lopectin.

The photocurrent density-voltage (J-V) curves of the DSSCs
fabricated with and without amylopectin were obtained using a
Keithley M236 source measure unit. A 300 W Xe arc lamp (Oriel)
with an AM 1.5 solar simulating filter for spectral correction
served as the light source, and its light intensity was adjusted to
100 mW cm~2 by using a Si solar cell. Thermally sealed cells were
used to test the long-term stability of the solar cells. The sealed
cells were stored in a desiccator and subjected to electrochem-
ical measurements every 24h in order to study their long-term
stability. To complement the photocurrent behavior of the DSSCs,
electrochemical impedance spectra were recorded using an EG&G
PARC 273A potentiostat with a M1025 frequency-response detec-
tor. The cell consisted of two Pt-coated FTO electrodes with an
area of 1cm? under the dark condition over a frequency range of
0.05-10° Hz with an AC amplitude of 5mV. The data were ana-
lyzed using ZView (Scribner Associates, Inc.) software. The incident
photon-to-current conversion efficiency (IPCE) of the DSSCs was
measured using a photon counting spectrofluorometer (ISS PC1),
equipped with a 350 W Xe lamp and a motorized monochromator.
Tafel plots for the corrosion of silver were obtained with an EG&G
PARC 273A potentiostat at a scan rate of 100mV s~!, using an elec-
trochemical cell consisting of a printed Ag-film working electrode
(5mm x 5mm on glass), a Pt-wire auxiliary electrode and a Pt-wire
reference electrode.

3. Results and discussion
3.1. Characterizations of the electrolyte

The determination of the viscosity is essential to obtain a com-
plete understanding of the influence of amylopectin. Moreover,
the viscosity data yield important information on the possible
later application of the electrolyte mixture in electrochemical
devices. The recorded viscosities of the electrolyte containing 0.6 M
1,2-dimethyl-3-hexylimidazolium iodide, 0.1 M Lil, 0.05M I,, and
0.5M 4-tert-butylpyridine in DMSO are given in Table 1. The vis-
cosity of the electrolyte increased enormously from 2.07 mPas
to 73.67mPas with the addition of 1.5 x 10~2M amylopectin.
Amylopectin was found to be soluble in DMSO, but practically
insoluble in 3-methoxypropionitrile, acetonitrile, tetrahydrofuran,
formamide, N,N'-dimethylformamide, N-methylformamide, and N-
methylpyrrolidone, which are the solvents that are commonly
utilized in DSSCs [30].
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Table 1
Viscosity of the electrolyte with and without 1.5 x 1072 M
amylopectin.

Electrolyte? Viscosity (mPas)

Without 2.1
With 73.7

2 Electrolyte consisted of 0.6M 1,2-dimethyl-3-
hexylimidazolium iodide, 0.1M Lil, 0.05M I,, and 0.5M
4-tert-butylpyridine in DMSO.

3.2. Photovoltaic performance

In order to investigate the photoelectrochemical properties
of the DSSCs with electrolytes based on amylopectin, a series
of cells with different concentrations of amylopectin were fabri-
cated using the electrolytes consisting 0.05M I, 0.1 M Lil, 0.5M
4-tert-butylpyridine, and 0.6 M 1,2-dimethyl-3-hexylimidazolium
iodide in DMSO. The resulting photocurrent density-voltage (J-V)
curves are shown in Fig. 2 and Table 2 lists the measured pho-
toelectrochemical data of the above cells. The J-V curves for
2.2x1073M and 1.5 x 1072 M amylopectin were also measured
but not included in the figure for clarity. These data reveal that
the photoelectrochemical performance of the cells was dependent
on the amylopectin concentration in the electrolytes. The cell with
1.5 x 10~2 M amylopectin yielded a short-circuit current density
(Jsc) of 6.83mAcm~2, an open-circuit voltage (Vo) of 0.74V, an
overall solar-to-electricity conversion efficiency () of 3.34%, and
a fill factor (FF) of 0.66. The reference cell without amylopectin
yielded a Jsc of 5.58 mAcm~2, Vo of 0.80V, 1 of 3.08%, and FF of
0.69. The Jsc and n were found low due to the use of DMSO as sol-
vent. Recently, the efficiency of only 1.37% has been reported for
the DSSC using N3 dye in the DMSO solution containing 1-methyl-
3-propylimidazolium iodide [31]. Nevertheless, it is noted that the
n increased by 8.4% with the inclusion of 1.5 x 10-2 M amylopectin
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Fig. 2. Photocurrent-voltage curves of the DSSCs vs. concentration of amylopectin.
The light intensity was 100 mW cm~2.

Table 2

Photovoltaic parameters of the DSSCs fabricated using different electrolytes?.
Amylopectin (M) Jsc (MAcm—2) Ve (V) FF n (%)
0.0 5.58 0.80 0.69 3.08
22x1073 5.41 0.77 0.71 2.96
8.7x 1073 5.57 0.76 0.70 2.96
1.5x 1072 6.83 0.74 0.66 3.34
22x1072 6.74 0.73 0.67 3.30

2 The same electrolyte as in Table 1.

8
—m—(a) 100 mWcm? (a)
—e— (b) 80 . u
o —4—(c) 60 gummmmmmEEEREEEE
E 6] <+ @40 " (b)
< L] .........l......
E [ ]
= " (c)
5 I (d)
(a] ;, A
€ N
) "o
E 29 e
=] !f
o "bl.
Td -
A
0 = . . T - T .
-0.8 0.6 0.4 0.2 0.0

Applied Potential / V

Fig. 3. Photocurrent-voltage curves of the DSSCs with 1.5 x 102 M of amylopectin
at various light intensities.

compared to the case in the absence of amylopectin, which is mostly
attributed to the large increase in Jsc by 22%.

The J-V curves as a function of the incident light intensity for
the DSSC employing an amylopectin-containing electrolyte are
shown in Fig. 3. These curves were measured at light intensi-
ties of 40mW cm~2, 60 mW cm~2, 80 mW cm—2 and 100 mW cm—2.
Despite the enormous increase in the viscosity of the electrolyte in
the presence of amylopectin, a linear photocurrent response to the
solar light intensity was observed. This result indicates that the
electron diffusion in the TiO, film of the highly viscous electrolyte
toward the back conducting contact is not limited by the presence
of amylopectin in the film up to a light intensity of 100 mW cm~2.

3.3. Jsc increase

The Jsc increases with the additive when it is present above
8.7 x 1073 M (Table 2). This is confirmed by the incident photon-
to-current conversion efficiency (IPCE) of the DSSCs as shown in
Fig. 4. The increase in the Js. value was attributed to the struc-
tural change of the electrolyte associated with the formation of
the amylopectin-I, complex shown in Fig. 1 [10], which is advan-
tageous for the performance of the DSSC. Amylopectin contains
numerous amylose-like chains of up to 30 glucose residues linked
through alpha (1-4)bonds, connected to one another through alpha
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Fig. 4. IPCE spectra of the DSSCs assembled with the electrolytes containing differ-
ent concentrations of amylopectin.
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Fig. 5. Chronoamperometric curves in the electrolyte (a) with and (b) without
1.5 x 10-2 M amylopectin in DMSO.

(1-6) branch points. That is, this three-dimensional arrangement
seems to form efficient ion transport channels and thus facilitates
the ionic transport of the charge carriers through the electrolyte,
thereby leading to the enhancement of the photocurrent com-
pared to that in the reference electrolyte. However, at the low
concentrations of amylopectin at 2.2 x 1073 M and 8.7 x 1073 M,
the increased viscosity seems to play more dominant roles than the
formation of the ion transport channels, resulting in the decreased
Jsc values.

The enhancement of the ionic transport afforded by amylopectin
above was supported by the chronoamperometric plots shown
in Fig. 5. Each plot was obtained in DMSO solution using a Pt
microelectrode, Pt-wire auxiliary electrode and Ag/AgCl reference
electrode. The electrolyte with amylopectin consistently showed
larger currents for both I3~ reduction and [~ oxidation than the
one without amylopectin. The enhancement of the current indi-
cates that the diffusion coefficients of I3~ and I~ are increased by
the addition of amylopectin to the reference electrolyte, despite
the resulting enormous increase in the viscosity of the electrolyte.
To support further the enhanced diffusion of the charge carri-
ers due to the network structure of amylopectin, electrochemical
impedance spectra were measured. Fig. 6 compares the Nyquist
plots of the electrochemical cells which contained the electrolyte
with and without amylopectin and consisted of two Pt-coated FTO
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Fig.6. Nyquist plots of the electrochemical cells containing different concentrations
of amylopectin over a frequency range of 0.05-10° Hz with an AC amplitude of 5 mV.

Table 3
Electrochemical parameters obtained by fitting the EIS data of DSSCs assembled
with and without 1.5 x 10-2 M amylopectin, using the equivalent circuit?.

Electrolyte® Ry (Q2cm™2) R (cm™2)  Cg (wFem=2) Ry (2cm2)
Without 6.6 3.9 0.11 6.6
With 6.5 133 0.11 5.3

2 Fitting of the spectra was performed with the ZView software.
b The same electrolyte as in Table 1.

electrodes. It is noted that TiO, and N719 were not included in the
electrochemical cells. The corresponding electrochemical param-
eters were obtained by fitting the plots with the ZView software
based on a standard Randles equivalent circuit [32]. The results
listed in Table 3 show that the charge transfer resistance (Rct)
increases and the diffusion resistance (Ry) decreases while the
series resistance (Rs) and Helmholtz capacitance (Cq;) remain the
same with the addition of amylopectin. The decrease in the Ry is
consistent with the chronoamperometric data above, confirming
also that diffusion of charge carrier is enhanced in the presence of
amylopectin. The increased Rt may imply that the activation bar-
rier for the electron transfer from the Pt electrode to I3~ increases
as a result of the amylopectin-I, complex formation.

3.4. V,c decrease

Two possible reasons should be considered for the decrease in
Voc in the presence of amylopectin in DMSO: (i) the enhanced back
electron transfer from the TiO, conduction band to the I3~ ions
in the electrolyte and (ii) the negative shift of the electrochemical
potential of the I3~/I~ redox couple.

Firstly, the decrease in the V value of the DSSC containing amy-
lopectin by approximately 60 mV may be explained in terms of the
enhanced rate of the back electron transfer from the TiO, conduc-
tion band to the I3~ ions in the electrolyte (Eq. (1)). The Vyc value
(Eq. (2)) kinetically manifests the rate of back electron transfer:

2e +1; - 31 (1)

o= (T)n()

The J, is the exchange current density and is related to the rate of
the reaction (1):

Jo=K[egllI5] (3)

where k'’ is the rate constant involving the activation barrier for its
reaction [33].

The increase in the Jc value observed with amylopectin suggests
that more I~ ions are converted to I3~ ions in the TiO, film com-
pared to the case without amylopectin, leading to an increase in the
concentration of I3~ ions. The increase in the concentration of I3~
ions leads to the enhancement of the back electron-transfer rate.
Consequently, the value of V. decreases, according to Eq. (2). In the
case of the electrolyte with [3-cyclodextrin, the increase in the con-
centration of I3~ ions was apparently not observed [34]. However,
the decrease in Vi due to the increase in the I3~ concentration may
not be large possibly because the effective concentration of I3~ is
partially offset by the formation of amylopectin-I, complex [35].

Secondly, the possibility of there being a change in the reduc-
tion potential of the I3~ /I~ couple (V,eq) due to the formation of
amylopectin-I, complex was investigated. Under Fermi level pin-
ning, these two parameters are linked by Eq. (4) [36,37]:

Voc = |Vpg — Vred| (4)

where Vg is the flatband potential of the dye-coated TiO, electrode.
Assuming that the adsorption of amylopectin onto the TiO, film is
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not very significant, as evidenced by the same Helmholtz capaci-
tance mentioned above, it is expected the Vgg remains the same,
regardless of the absence or presence of amylopectin in the elec-
trolyte. Under this condition, the decreased V. value of the DSSC
containing amylopectin suggests that the V.4 value of the I37/I~
redox couple shifts negatively. To verify this notion, the change in
the V,..q value was examined by cyclic voltammetry. Fig. 7 shows
the cyclic voltammograms (CVs) of the electrolyte with and without
amylopectin. The CVs were obtained at a scan rate of 100mVs~!,
using a cell assembled with a Pt working electrode, a Pt-wire aux-
iliary electrode and an Ag/AgCl reference electrode. In the anodic
sweep, iodide is oxidized to triiodide according to reaction (5), and
when the potential scan is reversed, triiodide is reduced to iodide
[38]:

3T =15 4 2e” (5)
Fig. 7 reveals that the cathodic peak shifts more negatively and
the anodic peak shifts more positively in the presence of amy-
lopectin compared to those in the absence of amylopectin. Because
the magnitudes of the shifts are approximately equal, the reduc-
tion potential of the I3~/I~ couple appears not to be influenced
by the formation of the amylopectin-I, complex. The formation of
the amylopectin-I, complex apparently does not change the Vo4
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Fig. 8. Polarization curves for corroding of silver metal in the DMSO solutions with
(a) 0.0M, (b) 22x 1073 M, (c) 8.7x 103 M, (d) 1.5x 10-2 M, and (e) 2.2 x 10-2 M
amylopectin.

value of I37/I~ redox couple in DMSO. Therefore, it is concluded
that the decrease in the V. value in Fig. 2 is predominantly due
to the increased back electron transfer arising from the increased
concentration of I3~ in the TiO, film.

3.5. Corrosion of silver metal

Fig. 8 reveals that the potentiodynamic polarization curves
for silver metal by the I3~ containing electrolyte in DMSO. The
corresponding inhibition efficiency (IE) was calculated using the
equation:

0
IE(%) = 5 x 100 (6)

where i® and i are the corrosion current measured in the absence
and presence of amylopectin, respectively. The enhanced corro-
sion efficiency in the presence of amylopectin shown in Table 4
is attributable to the decreased contact of silver metal with
iodine as a result of the formation of amylopectin-I; complex.
This result suggests that the dissolution of silver grids by iodine,
2Ag(s)+I3~ = 2Ag* +31~, in the DSSC modules of commercial uses
can be protected by formation of the complexes of iodine with
suitable complex-forming agents.
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15
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Fig. 9. Solvent dependence of (a) solar-to-electricity conversion efficiency () and (b) short-circuit current density (Jsc) of the DSSC as a function of time.
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Fig. 10. Variation of photovoltaic parameters of a DSSC assembled with the electrolyte containing 1.5 x 102 M of amylopectin in DMSO over a period of 31d.

Table 4
Potentiodynamic polarization parameters of the DSSCs fabricated using different
concentrations of amylopectin?®.

Amylopectin (M) Current (mA) IE (%)
0.0 2.69 -
22x1073 0.51 81
8.7x 1073 0.48 82
1.5x 1072 0.30 89
2.2x102 0.21 92

2 The same electrolyte as in Table 1.

3.6. Long-term stability

For comparison of the stability of the DSSC, three ref-
erence solar cells without amylopectin in commonly used
3-methoxypropionitrile and acetonitrile solvents in addition to
DMSO were assembled according to the method described in Sec-
tion 2. The cells were stored in a desiccator and subjected to
electrochemical measurements every 24 h at room temperature.
The variations of the efficiency and Js of these four cells are com-
pared in Fig. 9a and b, respectively, over 6 d. The efficiencies of the
solar cells with the liquid electrolyte in 3-methoxypropionitrile and
acetonitrile without amylopectin decrease dramatically with time,
due to the leakage of the organic solvents through the polyimide
film. The viscosities at 25°C are 0.375mPs, 1.1 mPs and 1.996 mP s
for acetonitrile, 3-methoxypropionitrile and DMSO, respectively
[39]. On the other hand the efficiency of the electrolyte with amy-
lopectin increased by 13% from its initial value. Finally, Fig. 10
shows the photovoltaic characteristics of the DSSCs based on the
electrolyte containing amylopectin in DMSO. It is noted that the V¢
value of the DSSC did not vary much over a period of 31 d. The Js,
FF and 7 values of the DSSC increased slightly over the same period.

4. Conclusions

A comparative study on the photoelectrochemical characteris-
tics of DSSCs was carried out in highly viscous DMSO solutions
with and without amylopectin. The DSSCs with the electrolyte
containing amylopectin rendered a solar-to-electricity conver-
sion efficiency of 3.34%, compared to 3.08% for the reference cell
prepared without amylopectin primarily due to the enhanced pho-
tocurrent. The improved stability of the DSSC with amylopectin
is attributed to the increased viscosity of the electrolytic solution
when compared with the reference cell. The electrolyte with amy-
lopectin was found to be corrosion resistant for silver metal. It is

therefore expected that electrolytes containing amylopectin would
be an attractive alternative to conventional liquid electrolytes for
the fabrication of DSSCs with long-term stability that are free from
the problems of solvent evaporation and leakage. It would be highly
beneficial for the increased efficiency of DSSCs if amylopectin could
be functionalized to enhance its solubility in less viscous com-
mon solvents such as 3-methoxypropionitrile or acetonitrile than
DMSO.
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