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Improved Solid-State Dye Solar Cellswith Polypyrrole using a Carbon-Based Counter Electrode
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Solid state dye-sensitized solar cell using polypyrrole as a
hole transport layer was improved. Carbon-based counter elec-
trode gave a good electric contact with the hole transport layer
of polypyrrole to give higher cell performance compared to the
cell with gold or platinum counter electrode.

Dye-sensitized solar cells (DSC) have attracted much atten-
tion because of the respectable conversion efficiency, and low
cost materials and production.! Solidification of the liquid elec-
trolyte phase of DCS is an important research subject for long-
term stability. Some approaches”* have been done for the solid-
ification of DSCs, but the performance of solid-state cells usual-
ly became lower than the liquid cells particularly under high
light intensity like AM 1.5 conditions. The lack of complete
penetration of solid hole-transport materials in the void of the
mesoporous TiO, phase may lead to poor electronic contact
between dye molecules and the hole transport materials. Only
the performance of the quasi-solid state cells using low molecular
weight gelators was reported comparable to the liquid cells even
under high irradiance conditions.? Thermal reversibility of gel-
to-fluid transition of the gel electrolytes made them possible to
penetrate into the void at higher than the transition temperature.

In order to fabricate the perfect solid-state DSC, we pro-
posed in situ photo-electrochemical polymerization of pyrrole
(PPy) as a hole transport phase in the void of the cis-
Ru''(dcbpy),(NCS"), (1: dcbpy = 2,2'-bipyridine-4,4'-dicar-
boxylic acid; Scheme 1)-adsorbed mesoporous TiO, films and
vacuum deposited gold as a counter electrode, and also
achieved the solid-state DSC using a Ru dye with pyrrole
group, cis-Ru''(dcbpy),(pmp), (2: pmp = 3-(1-pyrrolylmethyl)-
pyriding).2 However, the fill factor (ff) and the resulting con-
version efficiency (n) was still low (ca. 0.4 and ca. 0.1% at 22
mwW.cm2), and the reproducibility of the efficiency was poor as
far as vacuum deposition was employed for making the counter
electrode. Thus the molecular level wiring of PPy to the dye
molecules and of PPy to the counter electrode should play a
decisive role in the high conversion efficiency.3 In the present
letter, we report that use of carbon-based electrode as a counter
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Scheme 1. Chemical structure of dyes.
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Figure 1. Absorption spectra of dyes in ethanol (3 x 103 mol-dm=3); 1
(—), 2 (--)and 3 ().

electrode improves the performance of the solid-state DSC
using PPy as a hole transport layer.

A novel dye, cis-Ru''(dcbpy),(pp)(solvent)” (3: pp = 4-(1-
pyrrolyl)pyridine) was synthesized by the similar procedure to
that of 2, where an agueous solution of cis-Ru''(dcbpy),Cl,
and pp was refluxed for 24 h under nitrogen atmosphere in the
dark. Therole of pyrrole group in the dye 3 was expected com-
parable to that in dye 2. However, ES-MS and NMR analyses
revealed that dye 3 had only one pp group in one molecule.
The absorption spectra of these dyes are shown in Figure 1.
The absorption showed blue shift in the order of 1 > 3 > 2
according to the number of pyridine ligand substitution. This
fact may be explained as due to the strong ligand field of pyri-
dine stabilized t,, orbital of the dyes.

Mesoporous TiO, film with 10-12 pm of thickness was
prepared on an optically transparent F doped SnO, conducting
glass (OTE; 10 Q /0 (represents sheet resistance pg), Nippon
Sheet Glass) using an aqueous TiO, paste composed of P25,
acetylacetone, and Triton X-100. PPy was introduced into the
void of the dyed TiO, films by photoelectrochemical polymer-
ization on the dyed films under potentiostatic conditions as
reported.® The potential (O to —300 mV) of the dyed films
dipped in an acetonitrile solution (LiClIO,: 1.0 M, pyrrole: 0.1
M) were maintained by Ag/Ag" (AgNO;: 0.01 M) reference
electrode and then irradiated by a 500-W Xe lamp (22
mW-cm~2; 400-800 nm). Total charge of anodic photopoly-
merization was 40 mC-cm2. TiO,/Dye/PPy films were doped
by immersion in an acetonitrile solution of LiCIO, (1.0 M) for
100 h, and then washed with acetonitrile and dried. As a count-
er electrode, platinum sputtered OTE (Pt/OTE) was used,
because of the difficulty in making gold counter electrodes.

Table 1 lists the performance of solid cells fabricated using
dyes 1, 2 and 3 under 10 mW-cm2 irradiance (500-W Xe lamp,
400-800 nm). The amount of adsorbed dye was in the same
order of 108 mol-cm2. Highest 1 for each dye was obtained in
the polymerization potential of ca. —200 mV. Despite the blue
shifted absorption bands, the cell fabricated using 2 as a dye
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Table 1. Cell performance of the solid-state dye-sensitized solar
cells with platinum sputtered F:SnO; counter electrode?

DyC Ad b Ec V d Jsce fff ng

/108 molem 2 /mV__/V _/uAcm2 /%
300 073 540 043 0.17
1 75 200 075 629 038 0.18

-100 0.72 65.0 032 0.14

0 073 51.6 0.30 0.11

=300 0.77 94.7 0.28 0.20

2 6.1 -200 0.78 82.9 0.31 0.20

-100  0.73 67.7 0.37 0.18

0 073 44.3 044 0.14

=300 0.72 525 037 0.14

3 6.7 =200 0.75 76.7 031 0.18

-100  0.76 57.6 0.37 0.16

0 071 48.7 0.30 0.10
3]0 mW-cm2 irradiance (500-W Xe lamp, 400-800 nm). PAmount of
adsorved dye per projection unit area. “Applied potential for photoelectro-
chemical polymerization of pyrrole. dOpcn circuit voltage. €Short circuit

photocurrent density. fFill factor. 8Photon-to-current conversion efficiency.

was the best. The importance of direct connection between dye
and hole transport layer was confirmed here again. Open circuit
voltage (V,,) and short circuit photocurrent density (J.) were
improved, but ff of the cells was still low, provably due to the
poor electric connectivity between PPy and P/OTE.

To improve the connectivity, highly conductive carbon-
based materials were introduced between PPy and Pt/OTE,
where dye 2 was employed as sensitizing dye. A carbon-based
paste was prepared by mixing carbon black (Ketjenblack; LION)
with an aqueous poly(diallyldimethylammonium chloride)
(PDDAC, 20 wt% in water, M,, = 400000-500000, Aldrich)
solution of 1:6 weight ratio, being spread on the doped
TiO,/Dye/PPy film. A Pt/OTE electrode was placed on the
TiO,/Dye/PPy/Carbon film, and they were pinched by a clip.
The resulting cell was dried in vacuo for 24 h at r.t. Figure 2
shows the best result of the dark and photo |-V curves of the
solid cells with the carbon-based electrode under 10 mw.cm
irradiance. Figure 2 also shows the photo 1-V curve of the solid
cell only with P/OTE as a counter electrode (Table 1: Dye 2, E
=-300 mV). The cell with carbon-based electrode showed 1 of
0.62%, Jo. of 104 pA-cm2, V. of 716 mV, and ff of 0.78. The
n value was six and three times higher than that of the cell with
gold® and Pt/OTE counter electrodes, respectively. The viscous
carbon-based paste on the TiO,/Dye/PPy film gave a homoge-
neous filling in the void of PPy, leading to the improvement of
electric connectivity through increased interface of conductive
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Figure 2. The cell performance of the solid-state dye(2)-sensitized solar
cells with polypyrrole as a hole transport layer under 10 mW-cm~2 irradiance
(500-W Xe lamp, 400-800 nm): photo (—) and dark (----) I-V curves for
the cell with carbon-based counter electrode (PPy polymerized at E = —250
mV), and photo -V (----) curve for the cell with P/OTE counter electrode
(PPy polymerized at E = -300 mV).

1055

0.8 |
> 4300 «
= 06+ E
N 2
.04 12003
& ~,
= 02 4100 ™

0.0 1 n 1 1 n | 1 1 0

0 20 40 60 80 100
Light Intensity / mW-cnr?2

Figure 3. The irradiation light intensity dependent cell performance of the
solid-state dye-sensitized solar cell with polypyrrole as a hole transport layer
and carbon-based counter electrode: dye was 2, PPy was polymerized at E =
—250 mV, conversion efficiency (@), V. (O), J;. (4).

carbon and PPy. Relatively high cathodic dark current of the
cell might be explained as direct electron transfer from OTE to
PPy to induce de-doping of PPy.

Figure 3 shows light intensity dependent change of the cell
performance up to 1 sun conditions (100 mW-cm™). V. was
independent of the light intensity, but J.. did not increase linear-
ly with the increase of the light intensity, resulting in decrease of
n. Thistendency might be due to the low conductivity of PPy.

Higher performance of the solid-state dye-sensitized solar
cell with polypyrrole as a hole transport layer was successfully
obtained by using carbon-based counter electrode. The molecu-
lar level electric connectivity could also be improved between
polypyrrole and the PDDAC-containing carbon-based counter
electrode. The test of the long-term stability of the solid cellsis
in progress.
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