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Abstract

Ž .The effect of doping with tetrasulfonated zinc porphyrin ZnTsPP on photoelectric conversion of a nano-structured
Ž . Ž .titanium dioxide TiO electrode sensitized with tetrasulfonated gallium phthalocyanine GaTsPc is reported. Doping with2

Ž .ZnTsPP greatly enhances the photocurrent response at long wavelength the GaTsPc Q band of 640;760 nm , with 20- and
60-fold improvement of the quantum efficiency at 680 and 700 nm, and results in an improvement of photoelectric
conversion for the liquid junction solar cell based on the co-sensitized TiO electrode, although the photocurrent response in2

the Soret band of ZnTsPP is markedly decreased with 8-fold drop of the quantum efficiency at 430 nm. This may be
attributed to the formation of the PcrPP heteroaggregates on the nano-structured TiO electrode, resulting in the decreases2

of the concentration of GaTsPc dimers and the possible presence of a low-lying charge-transfer state. q 1998 Elsevier
Science B.V. All rights reserved.

1. Introduction

The nano-crystalline solar cell, recently developed
w xby Gratzel and coworkers 1,2 , overcomes the low¨

efficiency of conventional photoelectrochemical cells
or solid cells due to the inefficient separation and

w xtransport of the photogenerated charge carriers 3–5
w xor due to the low absorbance 6 . The nano-crystal-

line solar cell is based on a dye-sensitized colloidal
TiO film with a very high specific surface area. As2

a consequence, a large number of dye molecules can
be adsorbed directly on to the electrode surface and

) Corresponding author.

simultaneously be indirect contact with the redox
electrolyte, which results in efficient separation and
transport of the photogenerated charge carriers and
leads to efficient and rapid regeneration of the ad-

w xsorbed dye molecules 1 . If a sufficiently large
surface area of the electrode can be provided, even a
monolayer of dye molecules adsorbed on the elec-
trode will absorb most of the incident light photons
w x Ž2 . In addition, the photogenerated excitons or

.charge carriers , originating from the adsorbed
monolayer of dye molecules on the microporous
TiO electrode, are directly transported into the con-2

duction band of the semiconductor electrode. This
injection mechanism avoids the recombination loss

0301-0104r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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of the photogenerated excitons during diffusing to-
wards the junction region, which is encountered in
the multilayer cell in which the photogenerated
charge carriers result from the exciton dissociation at
the junction region where there is a built-in field.

Phthalocyanine and porphyrin compounds, whose
chemical structures resemble chlorophyll derivatives
w x7,8 , are chosen as a photosensitizer because
phthalocyanine shows strong absorption at long
wavelength, and porphyrin shows very strong ab-
sorption and high quantum efficiency in photoelec-
tric conversion in the region of 400;470 nm, which
compensates for the lower absorbance and conver-
sion efficiency of ruthenium bipyridine complex at

w xlong wavelength region 1,2,9 . Phthalocyanine is
typical of a p-type organic semiconductor and the
TiO electrode is an n-type semiconductor. The sen-2

sitization of the TiO electrode with phthalocyanine2

aids to the formation of p–n heterojunction in the
interface between dye molecules and the TiO elec-2

trode. In our laboratory, the liquid junction solar
cells based on transparent and microporous TiO2

electrodes sensitized with phthalocyanine com-
w xpounds had been fabricated 10–12 . The absorbance
Ž .from the molecular aggregate e.g. dimer of tetrasul-

Žfonated phthalocyanines MTsPcs; MsZn, Ga, Co,
.In, TiO, H does not convert into a photocurrent2

w x11 . The rapid internal conversion in the molecular
aggregate of phthalocyanines is the main deactivated
pathway of the excited excitons or photogenerated

w xcharge carriers 11,13 . Decreasing the surface con-
centration of a dimer is probably an efficient means
of improving the energy power conversion. In this
paper, we report the effect of doping with tetrasul-

Ž .fonated zinc porphyrin ZnTsPP on photoelectric
conversion of a nano-structured TiO electrode sen-2

sitized with tetrasulfonated gallium phthalocyanine
Ž .GaTsPc in detail. The co-sensitization of the TiO2

electrode with GaTsPc and ZnTsPP results in the
dramatic enhancement in the photocurrent response
in the long wavelength region of 640;760 nm. The
improving mechanism for the photoelectric conver-
sion is also discussed.

2. Experimental details

TiO colloidal solutions were prepared by hydrol-2
ŽŽ . .ysis of tetrabutyl titanate C H O Ti according to4 9 4

w xa procedure that described in Ref. 10 . The colloidal
Ž .solution on addition of 2 wt.% poly vinyl alcohol

Ž .PVA was then concentrated to a desired density
through vacuum rotation evaporation. After addition
of 1.5 wt.% Triton X-100, the concentrated solution
Ž .TiO content; 10 wt.% was spin-coated on a freshly2

Žcleaned ITO indium tin oxide; sheet resistance of 50
.VrI and transmission of 95% in the visible region

conducting glass substrate. This was heated in air in
a furnace in which the temperature was increased
gradually to 723 K and then kept at 723 K for 30
min. The sheet resistance of the nano-structured
TiO electrode 500 VrI is finally obtained by2

annealing at 823 K under nitrogen gas flow another
30 min. Prior to dye sensitization, the nano-struc-
tured TiO electrodes were soaked in HCl solution2
Ž .pHs2 and air dried.

GaTsPc and ZnTsPP were synthesized according
w x w xto the methods described in Refs. 14 and 15 . The

working electrode was obtained by plunging the bare
TiO electrode into a solution of GaTsPc or ZnTsPP2

alone or a mixed solution of GaTsPc and ZnTsPP in
Ž .dimethyl sulfoxide DMSO until the absorbance of

the electrode does not increase. The total concentra-
tion of a solution or the mixed solution was 5=10y5

M. After the characteristic performances of the co-
sensitized TiO electrode had been measured, GaT-2

sPc and ZnTsPP on the TiO electrode were washed2

away using 0.001 M NaOH solution. The resulting
solution was used to analyze the actual content of
GaTsPc and ZnTsPP molecules adsorbed on the
TiO electrode.2

The liquid junction solar cell for measuring the
Ž .photocurrent Fig. 1 consists of the sensitized or

co-sensitized TiO electrode and a counter electrode2

with an electrolyte solution in between containing
0.1 M KI and 0.05 M I in 0.001 M HClO . The2 4

Fig. 1. The structure of the liquid junction cell based on the
sensitized or co-sensitized TiO electrode.2
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counter electrode is an ITO conducting glass, on
which a thin layer of platinum had been coated by
vapor vacuum deposition at 10y7 Torr. The cell is
illuminated from the front side through the working
electrode.

The morphology and the film thickness of the
TiO electrode were examined by scanning electron2

Ž .microscopy SEM; JEOL, JSM-6300 . The absorp-
tion spectra were recorded with a Shimadzu UV-2201
UV- visible spectrometer. The photocurrent was

Ž .measured with a potentiostat model CMBP-1 .
Monochromatic illumination was obtained using a
500 W xenon arc lamp in combination with a grating

Ž .monochromator model WPG3D . The light intensity
was calibrated using a model LM-5 laser power
meter made in National Institute of Metrology, China.

3. Results

The nano-structured TiO electrode is composed2
Ž .of interconnected particles 40;60 nm and pores,

examined by SEM, and has a thickness of 10 mm.
The bare nano-structured TiO electrode exhibits the2

fundamental absorption edge at 390 nm of anatase in
the UV region. The specific surface area of the
nano-structured TiO electrode is 370, which was2

characterized by the dimeric absorbance of GaTsPc
molecules in the case of a single sensitization and
obtained according to the method described in Refs.
w x w x2 and 12 .

Doping with ZnTsPP extends the absorbance of a
GaTsPc-sensitized electrode into the broader region
Ž .400;750 nm . As shown in Fig. 2, the nano-struc-
tured TiO electrode co-sensitized with GaTsPc and2

ZnTsPP molecules reveals the characteristic absorp-
tion of both GaTsPc and ZnTsPP, with two maxim at
around 430 and 685 nm, in the visible region, whereas
the nano-structured TiO electrode, sensitized with2

GaTsPc or ZnTsPP alone, reveals only the individual
characteristic absorption of GaTsPc or ZnTsPP dye
molecules. Thus it is believed that the photocurrent
response in the visible region stems from the ab-
sorbance of the dye molecules adsorbed on the TiO2

electrode.
Doping with ZnTsPP enhances light harvesting

Ž .efficiency LHE of a GaTsPc-sensitized TiO elec-2

trode, as shown in Fig. 3. LHE, which is defined as
the fraction of the incident photons that are absorbed
by the dye, is obtained by integration of the spectral
overlap between an emission spectrum of light source
and the absorption band of the co-sensitized TiO2

electrode. The TiO electrode sensitized with GaT-2

sPc or ZnTsPP alone harvests only 19.5% or 14.9%

Fig. 2. Absorption spectra of the co-sensitized TiO electrode with GaTsPc and ZnTsPP dyes with the molar ratio of GaTsPc.2
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Ž . w xFig. 3. Light harvesting efficiency LHE of the co-sensitized TiO electrode and dimer of GaTsPc on the electrode versus molar ratioCO 2

of GaTsPc.

of the incident energy flux, respectively. LHE forCO

co-sensitization is always larger than the linear com-
bination value of that of GaTsPc and ZnTsPP and
smaller than the sum of that of GaTsPc and ZnTsPP
in the case of a single sensitization.

Doping by ZnTsPP molecules decreases the sur-
face concentration of the dimer of GaTsPc on the
co-sensitized TiO electrode. In DMSO, the GaTsPc2

spectrum at a concentration of 5=10y5 M consist
of a strong sharp p–p

) monomeric absorption at
675 nm accompanied by a much weaker vibra-
tionally coupled satellite band at 606 nm. In previous

w xstudies 16,17 , the narrow longer wavelength ab-
sorption at around 675 nm has been attributed to a
monomeric phthalocyanine compound, and the
broader absorption at 606 nm has been assigned as
the characteristic absorption of the GaTsPc dimer.

ŽAs shown in Fig. 2, with the increase of x xs
w x Žw x w x..GaTsPc r GaTsPc q ZnTsPP , a broader and re-
solved p–p

) absorption at 620 nm appears with a
markedly increased intensity and a peak absorbance
finally occurs at xs1. This indicates the occurrence
of molecular higher order aggregation of GaTsPc on
the nano-structured TiO electrode with the increase2

of x. Red-shifts of the absorption bands of both the
dimer and the monomer of GaTsPc on the electrode
relative to those in DMSO indicate that there is
strong interaction between GaTsPc and the TiO2

electrode. The p–p
) transition shift with a broader

natural bandwidth is a result of molecular association
with a cofacial phthalocyanine ring orientation
w x Ž .17,18 i.e. the face-to-face H-type aggregation .
Assuming that there is no higher order aggregate
than the dimer, and that the extinction coefficients
´ and ´ of the GaTsPc monomer and dimer arem d

8 7 2 y1 w xequal to 1.29=10 and 3.27=10 cm mol 16 ,
it is derived that GaTsPc adsorbed on the nano-struc-
tured TiO electrode exists mainly as a cofacial2

dimer and that the surface concentration of the dimer
Žw x .dimer soptical density of dimerr´ is increasedd

Ž .with the increase of x Fig. 3 .
In DMSO, the absorption spectrum of ZnTsPP

consists of the Soret band with a very strong peak at
423 nm and the Q band with three peaks at 562, 598
nm. Compared with the absorption of the porphyrin
solution in DMSO, red-shifts of the Soret and Q
bands for ZnTsPP on the TiO electrode occur and2

Ž .are increased with the increase of x Fig. 3 . The
red-shifts of absorption bands indicate that there is a
strong interaction between ZnTsPP molecules and
the TiO electrode. However, the Soret band of2

ZnTsPP is blue-shifted to 420 nm at xs0.39, indi-
cating that there is a strong interaction between
GaTsPc and ZnTsPP molecules and an extensive
orbital mixing occurs. This is attributed to the possi-
ble formation of the PcrPP heteroaggregates during
the co-sensitization.

For the liquid junction cell based on the co-sensi-
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Ž .Fig. 4. The dependence of the short-circuit photocurrent on the molar ratio x of GaTsPc molecules for light incidence through the working
electrode on illumination at 36 mW cmy2 .

tized TiO electrode on illumination at 36 mW cmy2 ,2
Ž .the short-circuit photocurrent I varies with xco

Ž .Fig. 4 and is always larger than the linear com-
bined sum of that of GaTsPc and ZnTsPP. The
maximum in the short-circuit photocurrent of 771
mA cmy2 occurs at xs0.39. Therefore, doping
with ZnTsPP improves the photoelectric conversion
of the liquid junction cell based on the GaTsPc-

sensitized TiO electrode. To clearly explain the2

improving mechanism, the photocurrent action spec-
tra at xs0.39 is measured. Fig. 5 gives the short-
circuit photocurrent of the sensitized and co-sensi-
tized TiO electrode as a function of wavelength for2

light incidence through the working electrode. The
photocurrent action spectra have been corrected for

Ž .the absorption and scattering ca. 10;15% of inci-

Fig. 5. Photocurrent action spectra of the liquid junction cell based on the TiO electrode sensitized with a single dye or co-sensitized with2
Ž . Ž .GaTsPc 0.39 and ZnTsPP 0.61 dye.
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Ž . Ž .Fig. 6. The normalized IPCE spectra in the region of a 400;650 and b 600;760 nm for the liquid junction cell based on the
sensitized or co-sensitized TiO electrode.2

dent light by the conducting glass substrate. Fig. 6
shows the normalized incident-photon-to-current

Ž .conversion efficiency IPCE spectra of the sensi-
tized or co-sensitized TiO electrode in the region of2
Ž . Ž .a 400;650 and b 600;760 nm when light is
incident through the working electrode. Here, IPCE

Ž .s 1243 = I = 100%r MR = l = P , in whichSC in

I and P are the short-circuit current density andSC in

the incident light power at the monochromatic wave-
Žlength corrected for the absorption and scattering of

.ca. 10;15% by glass substrate . To qualitatively

elucidate the contribution of the individual compo-
nents, MR is defined as the molar ratio of ZnTsPP in
the region of 400;650 nm and is defined as the
molar ratio of GaTsPc in the region of 600;760
nm.

For sensitization with ZnTsPP dye molecules
alone, the absorbance of the ZnTsPP Soret band in
the region of 400;470 nm generates the strong
photocurrent response with a photocurrent maximum
of 1990 nA cmy2 and an IPCE maximum of 99.4%

Ž .at 430 nm see Fig. 6a and that of the ZnTsPP Q
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Table 1
The characteristic performance of the liquid junction cell based on the dye-sensitized or co-sensitized TiO electrode under an illumination2

of 36 mW cmy2

Sensitizing dyes Short-circuit Open-circuit Fill factor Light-harvesting Conversion
a bphotocurrent I voltage V FF efficiency LHE efficiency hSC OC c

y2Ž . Ž . Ž . Ž .mA cm mV % %

GaTsPc 110 320 0.427 19.5 0.042
ZnTsPP 605 340 0.353 14.9 0.20
GaTsPcrZnTsPP 771 430 0.445 27.9 0.41

a Ž .FFsmaximum output power of the cell % I =V .SC OC
b
h sFF= I =V rP in which P is the power density of incident light in the whole wavelength range.c SC OC inc inc

band in the region of 500;640 nm shows the
weaker photocurrent response with 190 nA cmy2 at

Ž .620 nm 2.1% for IPCE . For sensitization with
GaTsPc dye alone, the absorbance in the region of
430;630 nm, in which the absorbance of the GaT-
sPc dimer is included, does not convert into a pho-
tocurrent while only that in the region of 640;750
nm generates a photocurrent with a maximum of 70
nA cmy2 and an IPCE maximum of 0.86% at 680

Ž .nm see Fig. 6b .
In contrast, doping with ZnTsPP markedly de-

creases the monochromatic photocurrent response in
the Soret band of ZnTsPP dye and in the meantime
greatly enhances the monochromatic photocurrent
response in the region of 640;760 nm, as shown in
Figs. 5 and 6. At 430 nm, the photocurrent is re-
duced to 280 nA cmy2 and an IPCE is reduced to
11.9% with 8-fold decrease. Photocurrents at 680
and 700 nm rise up to 450 and 620 nA cmy2 ,

Ž .respectively. It is noted that an IPCE 15.6% at 680
Ž .nm is almost 20 times as large as that 0.86% for

sensitization with the pure GaTsPc molecules, and
Ž .that an IPCE 20.5% at 700 nm is 50 times as large

Ž .as that 0.4% at xs1.0. Because ZnTsPP molecules
do not show the absorbance of at 685 nm, the
photocurrent response at 685 nm is attributed to the
absorbance of the GaTsPc monomer. The absorbance
at 620 nm also generates the considerably large
photocurrent with 150 nA cmy2 and an IPCE of
2.7%, which compensates for the very low conver-
sion efficiency of the absorbance of the GaTsPc
dimer. Although the monochromatic photocurrent re-
sponse in the Soret band of ZnTsPP is greatly de-
creased, co-sensitization leads to the markedly en-
hancement of the photocurrent response in the longer

wavelength range of 650;750 nm and improves the
photoelectric conversion of the liquid junction cell

Ž .based on the co-sensitized TiO electrode Table 1 .2

4. Discussion

There are two contributions to the observed red-
Ž .shift see Fig. 2 of the absorbance of GaTsPc and

ZnTsPP with respect to the monomer absorbance in
DMSO. The first contribution stems from the elec-
trostatic interaction between GaTsPc or ZnTsPP and
the positively charged surface of the TiO electrode2

because GaTsPc or ZnTsPP molecules are adsorbed
on the positively charged TiO electrode via the2

Ž y.sulfonate group SO . The second contribution to3

the absorbance red-shifts originates from singlet ex-
citon coupling between GaTsPc and ZnTsPP
molecules on the co-sensitized TiO electrode. In2

w xsome covalently bound porphyrin dimers 19 , this
exciton coupling is responsible for a significant
blue-shift of the Soret band in the absorption spec-
trum. In our experiments, this blue-shift can be
off-set by the red-shift caused by the electrostatic
interaction except for xs0.39. Therefore, this is
attributed to the possible formation of the heteroag-
gregate between GaTsPc and ZnTsPP molecules.

For the liquid junction cell based on the dye-
sensitized TiO electrode, doping with ZnTsPP strik-2

ingly enhances the monochromatic photocurrent re-
sponse in Q band of GaTsPc.This enhancement is
larger than the decrease of the photocurrent response
in the Soret band of ZnTsPP, resulting in the im-
provement of photoelectric conversion under an illu-
mination of 36 mW cmy2 . The improvement in
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photoelectric conversion is attributed to the spectral
complementarity between GaTsPc and ZnTsPP in
the absorption and photocurrent response, and the
decrease of the surface concentration of the GaTsPc
dimer due to the sensitization by doping with ZnTsPP
molecules. The decrease of the dimer leads to the
decrease of the deactivation of the excited dye
molecules through the rapid internal conversion.
However, these mechanisms are not sufficient to
explain the above experimental results. Therefore,
another mechanism is needed to increase the pho-
tocurrent response in the region of 640;740 nm.
This is attributed to the formation of the heteroaggre-

Ž .gates e.g. heterodimer or heterotrimer between
GaTsPc and ZnTsPP molecules adsorbed on the
co-sensitized TiO electrode with the positively2

charged surface.
First, the formation of the PcrPP heteroaggre-

gates prevents the formation of GaTsPc homodimers
Ž .e.g. self-aggregation , in which most of the excitons
or the photogenerated charge carriers are quenched
by the rapid internal conversion. This results in
strong enhancement of the photocurrent response in
the GaTsPc Q band. In addition, the formation of the
PcrPP heteroaggregates results in an extended and
conjugated face-to-face system formed with p-orbital
overlap between GaTsPc and ZnTsPP and aids to the

Ž .generation of a low-lying charge-transfer CT state
during the co-sensitization. The low-lying CT state
was reported to exist in the heterodimer composed of

Ž . Ž .the tetra 4-carboxyphenyl porphyrin ZnPPTC and
Ž . Ž . w xtetra N-methylpyridyl porphyrin H TMPyP 202

and explains the quenching of the fluorescence from
the Soret band of ZnPPTC and the increase of
fluorescence from the Q band of H TMPyP. Simi-2

larly, the photoelectric behavior of the co-sensitized
TiO electrode with GaTsPc and ZnTsPP molecules2

can be understood by the presence of a low-lying CT
state between GaTsPc and ZnTsPP molecules. This
mechanism will be needed to investigated further.

5. Conclusion

Doping with ZnTsPP molecules extends the ab-
sorbance of a GaTsPc-sensitized TiO electrode and2

enhances the light-harvesting efficiency and short-
circuit photocurrent of the liquid junction cell based

on the co-sensitized TiO electrode. In particular, the2

photocurrent response at the Q band of GaTsPc is
strikingly enhanced with 20- and 60-fold improve-
ment at 680 and 700 nm, while the photocurrent
response at the Soret band of ZnTsPP is markedly
decreased with 8-fold decrease at 430 nm. The pho-
toelectric behavior of the co-sensitized TiO elec-2

trode is attributed to the spectral complementarity of
GaTsPc and ZnTsPP, and the decrease in the surface
concentration of GaTsPc dimer, and the possible
formation of PcrPP heteroaggregates during the co-
sensitization of the TiO electrode. The formation of2

the PcrPP heteroaggregate prevents from GaTsPc
self-aggregation, resulting in the striking improve-
ment of the photocurrent response in the Q band of
GaTsPc, and may lead to a low-lying CT state,
which quenches the photogenerated charge carriers
of the Soret band of ZnTsPP.
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