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ABSTRACT For the practical application of dye-sensi-
tized solar cells (DSSCs), it is important to replace the
conventional organic solvents based electrolyte with en-
vironmentally friendly and stable ones, due to the toxicity
and leakage problems. Here we report a noble water-based
thixotropic polymer gel electrolyte containing xanthan
gum, which satisfies both the environmentally friendliness
and stability against leakage and water intrusion. For
application in DSSCs, it was possible to infiltrate the
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prepared electrolyte into the mesoporous Ti0, electrode at the fluidic state, resulting in sufficient penetration. As a result, this electrolyte exhibited

similar conversion efficiency (4.78% at 100 mW cm ~2) and an enhanced long-term stability compared to a water-based liquid electrolyte. The effects of

water on the photovoltaic properties were examined elaborately from the cyclic voltammetry curves and impedance spectra. Despite the positive shift in

the conduction band potential of the Ti0, electrode, the open-circuit voltage was enhanced by addition of water in the electrolyte due to the greater

positive shift in the /I3~ redox potential. However, due to the dye desorption and decreased diffusion coefficient caused by the water content, the short-

circuit photocurrent density was reduced. These results will provide great insight into the development of efficient and stable water-based electrolytes.
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ye-sensitized solar cells (DSSCs) are
D prospective photovoltaic devices that

provide high conversion efficiency,
around 12%, with low cost and eco-friendly
properties."? They are also transparent and
can be produced in various colors, making it
possible for them to be applied in building-
integrated photovoltaic (BIPV) materials. In a
conventional DSSC,an /I~ redox electrolyte
is located between the working and counter
electrodes and plays an important role in
regenerating oxidized dye molecules and in
determining the photovoltage of the DSSC.
Organic-solvent-based liquid electrolytes (e.g.,
acetonitrile or 3-methoxypropionitrile) have
conventionally been used in DSSCs; however,
several organic solvents are toxic and/or ex-
plosive, which are obstacles to their practical
application because of environmental and
safety issues. Therefore, water-based solvents
have recently been investigated to replace
organic ones3™> Water-based electrolytes
are environmentally friendly, and the DSSCs
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employing water-based electrolytes are
resistant to performance degradation
caused by water intrusion through imperfect
sealing.

However, liquid electrolytes have a fun-
damental limitation for long-term operation
regardless of the kind of solvent due to their
evaporation and leakage. Therefore, poly-
mer gel electrolytes have recently received
considerable attention because of their
superior mechanical properties and long-
term stability.> 8 If the advantages of
water-based electrolytes and polymer gel
electrolytes could be combined, it would
be possible to develop an environmentally
friendly, highly reliable electrolyte that re-
sists both water and solvent leakage.® "2

Under these circumstances, we have de-
veloped a noble water-based polymer gel
electrolyte utilizing xanthan gum, which has
a thixotropic property. Xanthan gum is a water-
soluble, environmentally friendly polymer
whose abundant hydroxyl groups form a
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three-dimensional network. In addition, xanthan gum
is thixotropic, which means that its viscosity decreases
when an external stress is applied and recovers after a
certain amount of time.® That is, it becomes liquid
when shaken, stirred, or otherwise agitated and be-
comes a gel again upon resting for a certain amount of
time. Polymer gel electrolytes generally do not pene-
trate very well into mesoporous TiO, electrodes
in DSSCs because the radius of gyration of polymer
chain in the electrolyte is larger than the pore size
of the mesoporous TiO, electrodes.> 83" However,
because a xanthan-gum-based electrolyte has the
thixotropic property, it could infiltrate as a liquid into
a TiO, electrode, resulting in sufficient penetration into
the TiO, electrode.®'3>~'® We prepared a water-based
electrolyte comprising 50 wt % water with an organic
solvent, i.e., 3-methoxypropionitrile (MPN). In addition,
a water-based polymer gel electrolyte was prepared
by incorporating xanthan gum. The effects of water
content in the electrolyte were examined focusing on
the shift in the redox potential of /I3~ and the shift in
the conduction band potential of the TiO, electrode.
Furthermore, the photovoltaic properties including
long-term stability were compared among the DSSCs
employing a water-based liquid electrolyte (50 wt % of
water content) and a water-based polymer gel electro-
lyte (50 wt % of water content with xanthan gum).
A hydrophobic dye, TG6, was used as a sensitizer to
prevent the dye desorption from the TiO, electrode.'®'”

RESULTS AND DISCUSSION

Properties of Xanthan Gum. Figure 1a shows the chem-
ical structure of xanthan gum, and Figure 1b shows
the states of the water-based polymer gel electrolyte
containing xanthan gum, before and after the electro-
lyte was shaken by hand.'® The water-based polymer
gel electrolyte was prepared by mixing a 3 wt %
xanthan gum aqueous solution and an MPN-based
solution containing the 17/I;™ redox couple and addi-
tives. The weight ratio of the xanthan gum to MPN
solution was 1:1. The electrolyte was initially a gel. As
shown in Figure 1b, the electrolyte containing xanthan
gum lost its viscosity when it was shaken by hand. As
the structure of the gel electrolyte was progressively
broken down, the gel transformed into a fluidic sol. The
electrolyte infiltrated as a fluidic sol into the DSSC so
that the electrolyte could infiltrate easily and suffi-
ciently penetrate into the mesoporous TiO, electrode.
After a certain time, the xanthan gum in the electrolyte
cross-linked, and the electrolyte became viscous again
in the internal space between the working and coun-
ter electrodes, resulting in a gel state.®'® The thixo-
tropic behavior of the electrolyte was quantitatively
examined using a viscometer (Figure S1, Supporting
Information). The electrolyte containing xanthan gum
lost its viscosity progressively by the applied shear
rate. The electrolyte then maintained its fluidity for a
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while, regardless of the change in the applied shear
rate. The electrolyte then became viscous again after
a certain amount of time.

Photovoltaic Properties. Before the photovoltaic per-
formances of the electrolyte containing xanthan gum
were characterized, the basic effects of the water
content in the electrolyte on the DSSC were examined.
Water-based liquid electrolytes were prepared by mix-
ing the MPN-based electrolyte with various amounts of
water. As shown in Figure S2 (Supporting Information),
the water content in the electrolyte samples increased
the open-circuit voltage (V,,c) of the DSSC by almost the
same magnitude for all the samples except the sample
containing 100 wt % MPN-based electrolyte. However,
the short-circuit photocurrent density (J,c) of the DSSC
gradually deceased with increasing water concentration
in the electrolyte. The decreased Js. was attributed to
the dye molecules to some extent being desorbed from
the TiO, electrode (Figure S3, Supporting Information).
As a result, the conversion efficiency (Eff) was highest for
the DSSC employing the electrolyte containing 10 wt %
water and was similar for DSSCs employing electrolytes
containing up to 40 wt % water. However, Eff was greatly
decreased for the DSSCs employing electrolytes con-
taining more than 50 wt % water because J;. was greatly
reduced for those DSSCs. We chose the condition of
50 wt % water in order to prepare the water-based
polymer gel electrolyte containing xanthan gum since
the performance of electrolytes is too poor when they
contain more than 50 wt % water, and the xanthan gum
cannot be homogeneously dissolved in electrolytes con-
taining less than 50 wt % water. Especially, the solubility
of I, in MPN/water cosolvent is greatly reduced, and |, is
even precipitated as water content increases over 50 wt
%. We prepared the water-based polymer gel electrolyte
(denoted as XG50) by mixing the 3 wt % xanthan gum
aqueous solution with the water-based liquid electrolyte
containing 50 wt % water (denoted as W50).

Figure 2 compares the J—V curves for the DSSCs
employing the W00 (anhydrous MPN-based electrolyte),
W50, and XG50 electrolytes, and each parameter is listed
in Table 1. As already confirmed, compared to the WOO,
the V. was higher and J,. was significantly lower for the
DSSCs employing either the W50 or XG50 electrolytes
because of the water content. However, the fill factor
(FF) was highly enhanced by the water content, result-
ing in 4.6% and 8.6% decreases in Eff for the W50 and
XG50 electrolytes, respectively, compared to that for the
WOO electrolyte. It is noteworthy that the XG50 exhibited
a performance comparable with that of W50 in spite of
the higher viscosity. The Eff of the DSSC with XG50 was
only 4.2% less than that of the DSSC with W50, indicat-
ing that XG50 is a promising water-based polymer gel
electrolyte. Judging from the almost same J;. for both
W50 and XG50 electrolytes, the XG50 electrolyte easily
penetrated into the mesoporous TiO, electrode at room
temperature, and the interfacial contact between the
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Figure 1. (a) Chemical structure of xanthan gum. (b) Photographs of water-based polymer gel electrolyte containing xanthan

gum, taken before and after hand shaking.
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Figure 2. (a) J—V curves for DSSCs employing different kinds
of electrolytes under illumination (AM1.5, 100 mW cm 2).
Black squares represent reference electrolyte (WO00); that is,
MPN-based electrolyte without water content. Red circles
represent water-based liquid electrolyte containing 50 wt %
water (W50). Blue triangles represent water-based polymer
gel electrolyte containing 50 wt % water and xanthan gum
(XG50). (b) IPCE spectra for each cell.

electrolyte and TiO, electrode was sufficient, which was
possible owing to the thixotropic property of xanthan
gum.

J,. Decrease. The enhanced V,. and FF and the
decreased J;. were noticeable effects of the electro-
lytes that contained water. The decreased J;. was
related to the desorption of dye from the TiO, elec-
trode, as already mentioned. Water generally attacks
the linkage between a dye molecule and the TiO,
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TABLE 1. Summary of J—V Characteristics for DSSCs Employ-
ing Different Kinds of Electrolytes (W00, W50, and XG50)

sample Jic (mA/em?) Vye (V) FF Eff (%)
W00 12.86 0.59 0.61 5.23
W50 9.69 0.68 0.76 499
XG50 9.49 0.65 0.77 478

TABLE 2. Diffusion Coefficients of Electrolytes (W00, W50,
and XG50) Obtained from Impedance Spectra for Symmetric
Dummy Cells with Pt-Coated FTO Glass Substrates

sample diffusion coefficient? (cm?/s)
W00 115 x 107°
W50 560 x 107°
XG50 3.78 x 107°

“ Diffusion coefficients were calculated from the relation D, = L%/(W, — T). D, and L
represent the diffusion coefficient and distance between each electrode, respec-
tively. W — T is the parameter related to the finite Warburg impedance (W),
which is determined by fitting impedance spectra.

electrode by hydrolysis.>~'%'%2° To decrease the pos-
sibility of dye molecules being desorbed from the TiO,
electrode, we used TG6, a hydrophobic dye; however, it
was not possible to completely prevent the dye mol-
ecules from being desorbed from the TiO, electrode. In
addition, the diffusion coefficient was decreased by the
water of the electrolyte, which may affect J;.. The
diffusion coefficients obtained from the impedance
spectra for symmetric dummy cells employing Pt-
coated fluorine-doped tin oxide (FTO) glasses are listed
in Table 2. The diffusion coefficients were significantly
lower for the electrolytes that contained water.

Vo Increase. V. was enhanced possibly as a result of
(1) a positive shift in the redox potential for the I37/I
redox couple, (2) a negative shift in the conduction
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band of the TiO, electrode, or (3) an increase in the
recombination resistance between the electrolyte and
the TiO, electrode.*>?° First, we determined the redox
potential (E,eqox) Of the electrolyte with and without
water content using cyclic voltammetry (CV). It was
carried out in MPN solutions containing the 17 /I3~ redox
couple with and without water content, at a scan rate of
50 mV's ™. As shown in Figure 3, each CV curve typically
exhibits two pairs of redox peaks for the I /I~ redox
couple. Eeqox for I7/13~ was calculated from the redox
peaks at the more negative potential.2"** As a result,
Eredox fOr I /13~ was positively shifted by about 200 mV
more for the electrolyte containing 50 wt % water (W50)
than for the electrolyte without water (W00). The positive
shift in Eeqox is cOnsistent with data in other reports and is
considered to be the main reason for the enhanced V,.*
The positive shift of E,.q0x by the water can affect the dye
regeneration. It is known that the highest occupied mol-
ecular orbital (HOMO) energy level of TG6 is +1.02 V
(versus NHE),"® and the Eeqox Of I7/l~ with organic
solvent is about +0.35 V (versus NHE).”*> Because the
Eredox Of I7/13~ was positively shifted by 200 mV in this
study, the energy gap between the HOMO energy level
of TG6 and E,eqox Of |7 /13~ was about 470 mV (1.02 V —
0.55 V). Recently, it was demonstrated that the dye can be
efficiently regenerated with the energy gap of only
230 mV.2* Therefore, it can be concluded that the energy
gap of 470 mV is large enough for the efficient dye
regeneration.

Electrochemical impedance spectra were then ob-
tained to investigate the effects of water in the electro-
lyte on the conduction band edge of the TiO, electrode
and the recombination resistance between the elec-
trolyte and TiO, electrode. As shown in Figure S4
(Supporting Information), the chemical capacitance
(C,) and charge recombination resistance (R.) were
obtained for each electrolyte on the basis of bias
voltage (Vpias). C, can be obtained from the constant
phase element (CPE) in the equivalent circuit, which
represents the interfacial capacitance. C, represents
the charge density at the TiO, conduction band,*>*°
and Vs represents the difference in potential be-
tween the quasi-Fermi level (Eg,) of the TiO, electrode
and E,egox Of the electrolyte.?® However, the effect of
the decrease in voltage (Vieies) caused by the total
series resistance (Rseries) Should be eliminated to ex-
actly evaluate the difference in potential applied be-
tween the TiO, electrode and the redox species.
Therefore, the corrected bias voltage (Vg) can be

calculated from the following equations:?®~2°

Vbias = VE + Vseries (m

J
Vseries - U/Usc _])]/ Rseriesdj (2)
Jsc

where j represents the photocurrent density at a given
Vpias and js represents the short-circuit current density.
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Figure 3. CV curves for the electrolytes of MPN solutions
containing 0.1 M LiClO,4, 5 mM Lil, and 0.5 mM I, with (W50,
water concentration was 50 wt %) and without (W00) water
content, measured at a scan rate of 50 mV s~ .
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Figure 4. (a) Chemical capacitance (C,) (inset: equivalent
circuit model) and (b) charge recombination resistance (R)
for the TiO, electrode employing different kinds of electro-
lyte, according to the corrected voltage (V). Each value was
evaluated from the impedance spectra in the dark state.

Rseries at @ given Vpas can be calculated from the
following equation:

Rseries = Rpt+Rs +Rq (3)

Rp. represents the interfacial resistance between the Pt
counter electrode and the electrolyte. Rs and Ry repre-
sent the sheet resistance at the substrates and the
resistance of electrolyte diffusion, respectively. These
resistances can be obtained from the impedance
spectra at the given V.

The C, values obtained based on V¢ are shown in
Figure 4a. V¢ can be regarded as nearly the exact
difference in potential between Eg, of the TiO, elec-
trode and E,.q0x Of the electrolyte, excluding voltage
drop arising from Rp and Ry. The slope of C, provides
information related to the distribution of traps on the
TiO, surface.”® The slope of C, is similar for the three
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Figure 5. J—V curves for DSSCs employing (a) W50 and (b) XG50 after being stored at 65 °C and 85% relative humidity and at

dark conditions for 24, 96, and 288 h.

kinds of electrolyte, as shown in Figure 4a, indicating
that the water content of the electrolyte did not
significantly change the distribution of traps on the
surface of the TiO, electrode. However, at the same C,,
Ve was negatively shifted by 118 and 75 mV for the W50
and XG50 electrolytes, respectively. This trend is con-
sistent with that for V. for each electrolyte, as listed in
Table 1. Since E,.q0x Was positively shifted by 200 mV, as
calculated from the CV data, the conduction band of the
TiO, electrode was positively shifted by 82 and 125 mV
for the W50 and XG50 electrolytes, respectively. Because
MPN is an aprotic solvent, the conduction band of the
TiO, electrode may positively shift by adding a protic
solvent, i.e., water, to the electrolyte.3>~>?° The effects of
water in the electrolyte on E,eqox and the conduction
band of the TiO, electrode are illustrated in Scheme 1.
Both E,cqox Of the electrolyte and the conduction band
potential of the TiO, electrode positively shift for elec-
trolytes containing water; however, the magnitude of
the shift was greater for E,oq0x than for the conduction
band potential, resulting in enhanced V.. Figure 4b
shows R, for each electrolyte on the basis of V. R, was
greatly enhanced by adding water to the electrolyte,
which was attributed to water molecules surrounding
the TiO, surface and blocking I3~ molecules from ap-
proaching the TiO, surface.**?° The increased Ry can
contribute to the enhanced V.. and FF. As for the
different degree of TiO, conduction band shift between
the XG50 system and the W50 system, it is conjectured
that the interactions between xanthan gum molecules
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and ions in the XG50 electrolyte make the surface charge
of the TiO, electrode more positive or less negative than
those in the W50 electrolyte. To clarify the exact reason
for that, a further detailed investigation may be required.

Long-Term Stability. Figure 5 compares the J—V
curves of the DSSCs employing each electrolyte (W50,
XG50) after being stored for 24, 96, and 288 h. Each cell
was stored under dark conditions at 65 °C and 85%
relative humidity. Under such conditions, the water in
the electrolyte can accelerate desorption of dye mol-
ecules from the TiO, electrode. In addition, the water in
the electrolyte can decrease the adhesion between the
electrode and the sealant, resulting in the sealant
becoming loose and the solvent leaking from the
DSSC.>~'2 As a result, the Eff of the DSSC employing
W50 decreased by about 48% (from 5.06% to 3.43%)
after 288 h. The Eff of the DSSC employing XG50, on the
other hand, decreased by only about 7% (from 4.75%
to 4.40%) after 288 h, indicating that XG50 has an
enhanced long-term stability. The possible reasons for
this result are that the xanthan gum in the electrolyte
may have prevented the solvent from leaking from the
DSSC and that the xanthan gum may have decreased
the number of dye molecules desorbed from the TiO,
electrode at high temperature. A further detailed study
on the long-term stability is under way.

CONCLUSIONS

In summary, we developed a water-based polymer
gel electrolyte containing xanthan gum. Owing to the
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thixotropic property of the xanthan gum, it was possi-
ble to infiltrate the polymer gel electrolyte into the
mesoporous TiO, electrode with sufficient penetration.
The effects of water in the electrolyte on the photo-
voltaic properties of DSSCs were examined in detail
from CV curves and impedance spectra. By addition of
water into the electrolyte, the V,. was enhanced
despite the positive shift in the conduction band
potential for the TiO, electrode; the enhanced V.
was mainly due to the greater positive shiftin the 1" /I;~
redox potential. However, the water in the electro-
lyte decreased J;. because the water desorbed dye

METHODS

Preparation of Electrolytes. The reference liquid electrolyte
(W00) was prepared by mixing 1.96 M propyl-methyl-imidazo-
lium iodide (PMII), 0.15 M iodide (I5), 0.75 M 4-tert-butylpyridine
(TBP), and 0.1 M guanidinium thiocyanate (GSCN) in 3-methox-
ypropionitrile (MPN). The composition of the water-based liquid
electrolyte (W50) was the same as that of W00 except that its
solvent was a mixture of MPN and water (weight ratio of MPN to
water = 1:1). The polymer gel electrolyte (XG50) was prepared by
mixing a 3-wt % xanthan gum (M,, = 2 x 10°, product no. 0-1-A,
Nisshin Oillio, Japan) aqueous solution with a solution of 4 M PMII,
03 M1, 1.5 M TBP, and 0.2 M GSCN in MPN (weight ratio of
xanthan gum solution to MPN solutions = 1:1).

Fabrication of DSSCs. The fluorine-doped tin oxide glass sub-
strates were washed with ethanol. The TiO, electrodes were
prepared as described in a previous paper." Briefly, a transpar-
ent paste was prepared using nanocrystalline TiO, with a 20 nm
diameter that was synthesized by a hydrothermal method. A
scattering paste was prepared using TiO, particles with a
500 nm diameter (G2, Showa Denko, Japan). First, the transpar-
ent paste was coated on an FTO glass substrates by a doctor
blade method with 3M tapes as a spacer, followed by coating of
the scattering paste by the same method. The prepared elec-
trodes were sintered at 500 °C for 30 min in air. The sintered TiO,
electrodes were dipped into a TiCl, solution (0.04 M) at 70 °C for
30 min and were resintered at 500 °C for 30 min. The thickness
of the prepared electrode for the transparent, scattering, and
total layer is 12,7, and 19 um, respectively, which were measured
by an Alpha-Step 1Q surface profiler (KLA Tencor). After they were
cooled to 80 °C, they were dipped into a 0.3 mM solution of
cis-bis(thiocyanato)(2,2'-bipyridyl-4,4'-dicarboxylato) {4,4'-bis[2-(4-
hexylsulfanylphenyl)vinyl]-2,2’-bipyridine} ruthenium(ll)-mono-
(tetrabutylammonium) salt (TG6 dye, One-material Organic) in a
mixture of 2-methyl-2-propanol and acetonitrile (volume ratio =
1:1) at 4 °C overnight. A counter electrode was prepared by
spreading a 7 mM solution of H,PtCls dissolved in 2-propanol
onto an FTO glass substrate, which was subsequently dried and
annealed at 450 °C for 30 min. Two small holes were drilled into
the counter electrode to introduce the electrolyte, and 60 um
thick Surlyn (DuPont 1702) was used to assemble the finished
counter electrode with the working electrode.

Characterization. The viscosity of the xanthan gum solution
was measured using a cone/plate-type viscometer (DV-lI+ Pro,
Brookfield) at room temperature. The cyclic voltammograms for
the electrolytes were recorded on an electrochemical analyzer
(CH Instruments Inc., Austin, TX, USA) with two Pt plates as
counter and working electrodes and an Ag/AgCl reference
electrode. The electrolyte used for the cyclic voltammetry
measurements was an MPN solution containing 0.1 M LiClO,,
5 mM Lil, and 0.5 mM |, with and without water content (water
concentration was 50 wt %). The CV curves were measured at a
scan rate of 50 mV s~ '. The current density versus voltage (J—V)
characteristics of the DSSCs were measured using a Keithley
model 2400 source measure unit. A solar simulator with a 1000 W
xenon lamp (Yamashida Denso) equipped with a KG-3 filter

PARK ET AL.

molecules from the TiO, electrode and decreased the
diffusion coefficient of the electrolyte. The water-based
gel electrolyte exhibited comparable photovoltaic per-
formances and significantly enhanced stability com-
pared to the water-based liquid electrolyte. These
results indicate that the water-based polymer gel
electrolyte containing xanthan gum is a suitable ma-
terial for practical use, which satisfies both the envi-
ronmentally friendliness and the long-term stability. In
addition, the effects of water in the electrolyte on
DSSCs, as investigated in this study, will provide great
insight for future research on water-based electrolytes.

served as a light source, where the light intensity was adjusted
with a National Renewable Energy Laboratory (NREL)-calibrated
Si solar cell to approximate AM 1.5G and the 1 sun condition. The
active area for each cell was 0.40—0.45 cm? A mask that had a
proper active size was placed as a cover over a cell to exclude
diffused light during measurements. The active cell area was
measured using an image analysis program equipped with a
digital microscope camera (Moticam 1000). An incident photon-to-
current conversion efficiency (IPCE) system (PV Measurements, Inc.)
specially designed for DSSCs was used to measure the IPCE as a
function of wavelength from 300 to 800 nm. The electrochemical
impedance spectra (EIS) were measured using a potentiostat
(Solartron 1287) in the dark by sweeping the applied potential.
The frequency ranged from 107" to 10° Hz. The impedance
parameters were determined using Z-view software to fit the
impedance spectra. Symmetric dummy cells produced with two
identical Pt-coated FTO glass substrates were assembled using
60 um thick Surlyn (DuPont 1702) to measure the diffusion
coefficients of the electrolytes. For the long-term stability test, the
DSSCs were stored in a humidity chamber in the dark state for 300 h.
The temperature and relative humidity in the chamber were 65 °C
and 85%, respectively.
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