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Abstract

The cosensitization of a nanostructured TiO, electrode with the spectral complementary dyes, tetrasulfonated gallium phthalocyanine
(GaTsPc) and tetrasulfonated zine porphyrin (ZnTsPP), is reported. For the liquid junction cell based on a nanostructured TiO. electrode
cosensitized with GaTsPc and ZnTsPP molecules, cosensitization extends the absorbance into the region 400-750 nm, resulting in an
improvement of the light-harvesting efticiency and short-circuit photocurrent on ilumination at 35.7 mW cm 2. The photocurrent response
at 685 nm, corresponding 1o the absorbance of the GaTsPc monomer, is strongly enhanced, probably due to the decrease in the surface

of an ded msystem in GaTsPe/ZnTsPP heteroaggregates resulting

of GaTsPe molccular dimers and the possibl

from cosensitization of the electrode.  © 1997 Elsevier Science 5.A.
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L. Intreduction

The nanocrystalline solar cell, recently developed by
Griitzel and coworkers [ 1.2], overcomes the low efficiency
of conventional photoelectrochemical cells or solid cells
caused by the inefficient sepuration and transport of the pho-
togenerated churge carriers [ 3-5] or the low absorbance [6].
The nanocrystalline solar cell is based on a dye-sensitized
colloidal TiO; film with a very high surface area. As a con-
sequence, a large number of dye molecules can be adsorbed
direcily onto the electrode surfuce, with simultancous direct
contact with the redox electrolyte, resulting in efficient sep-
aration and transpart of the photogenerated charge carriers
and efficient and rapid regeneration of the adsorbed dye mol-
ecules [ 1]. If a sufficiently large surface area of the electrode
can be provided, even a monolayer of dye molecules adsorbed
on the electrode will absorb most of the energy from the
incident light photons [2]. In addition, the photogenerated
excituns (or charge carriers), resulting from the adsorbed
monolayer of dye molecules on the microporous electrode,
are directly transported into the conduction band of the semi-
conductor electrode. This injection mechanism avoids the
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recombination loss of photogenerated excitons during diffu-
sion towards the junction region. which is encountered m
multitayer cells in which photogenerated charge camiers
result from exciton dissociation by the built-in field at the
junction region.

In our laboratory, transparent and microporous TiO, elec-
trodes with a large surface area of 50 have been fabricated
[7-9]. By the addition of hydroquinone to a liquid electrolyte
solution containing 0.1 M Na,SQ,, the quantum efficiency of
photoelectric conversion of the microporous TiO; electrode,
sensitized by zinc phthalocyanine substituted with a carboxyl
group, reaches about 20% at 690 nm [ 8], which compensates
for the low efficiency or low absorbance of the ruthenium
bipyridine complex at the given wavelength [ 1,2]. Unfortu-
nately, the dimeric absorbance of tetrasulphonated phthalo-
cyanines (MTsPcs; M=Zn, Ga, Co, In, TiO, H,) does not
convert into photocurrent {91, probably due to aggregation
and orientation of the MTsPc molecules self-assembled an
the nanostructured TiO, electrode viaelectrostatic interaction
of the negatively charged sulfonate (805 ). The rapid inter-
nal conversion in the phthalocyanine molecular aggregate is
believed to be the main deactivation pathway of photogener-
ated excitons (or charge carriers) {9,10]. In this paper, we
report the cosensitization of a nanostructured TiQ, electrode
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with tetrasulphonated gallium phthalocyanine (GaTsPc) and
tetrasulphonated zinc porphyrin (ZnTsPP). Cosensitization
results in an improvement of the light-harvesting efficiency
and photoelectric conversion of the nanostructured TiO,
electrode.

2. Experimental details

Ti0Q, colloidal solutions were prepared by the hydrolysis
of tetrabuty] titanate ({C,H,0),Ti) by a procedure similar
to that described in Ref’. | 7}. The colloidal solution, on addi-
tion of 2 wt.% poly( vinyl alcohol) (PVA), was concentrated
to the desired density by vacuum rotation evaporation. After
the addition ot 1.5 w1.% Triton X-100. the concentrated solu-
tion { TiO, content, 10 wt.%) was spin coated onto a freshly
cleaned indium tin oxide (ITO; sheet resistance, 50 Q/(7;
transmission, 95% in the visible region) conducting glass
substrate. The sheet resistance of the nanostructured TiO,
electrode, finally obtained by a heating process similar to that
described in Ref. [9], was 500 £2/00. Prior to dye sensitiza-
tion, the nanostructured TiQ, electrodes were soaked in HCI
solution (pH 2) and dried naturally.

GaTsPc and ZnTsPP were synthesized according to the
methods described in Ref. [11] and Ref. [ 12] respectively:
their molecular structures are shown in Fig. 1(a) and (b).
For sensitization with GaTsPe or ZnTsPP dye molecules
alone, the working electrode was obtained by plunging the
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Fig. 1. Moleca} of gallium | b

1 GuTsPc ) (a) andtetrusulphonated zine porphyrin (ZnTsPP) (b) andstruc-
ture of the liyuid junction cell bused on the nanostructured TiO, electrode
sensitized with GaTsPe or cosensitized with GuTsPe and ZaTsPP (¢).

TiO, electrode into a 5X 107° M solution of GaTsPe or
ZnTsPP in dimethy! sulphoxide (DMSO) until the absorb-
ance of the electrode showed no increase. For cosensitization
with GaTsPc and ZnTsPP, the working electrodes were
ohtained by plunging the TiO, electrode into a mixed solution
of GaTsPc and ZnTsPP in DMSO until the absorbance of the
electrode showed no increase. The total concentration of the
mixed solution was 5X 10~ M. After the typical perform-
ance of the cosensitized TiO, electrode had been measured,
GaTsPcand ZnTsPP on the TiO; electrode were washedaway
using 0.001 M NaOH solution, The resulting solution was
used to analyse the amount of GaTsPc and ZnTsPP molecules
adsorbed on the electrode.

As shown in Fig. 1(c). the liquid junction solar cell for
measuring the photocurrent consists of a sensitized or co-
sensitized TiO, electrode and a counter electrode separated
by an electrolyie solution containing 0.1 M Kland 0.05 M I,
in 0.001 M HCIO,. The counter electrode consists of ITO
conducting glass, on which a thin layer of platinum (about
10 nm) has been coated by physical vacuum deposition at
10~7 Torr. When light is incident through the counter elec-
trode (the back electrode), ITO conducting glass is used as
the back electrode.

The morphology of the TiO, electrode was examined by
atomic force microscopy (AFM; DI Co., Nanoscope D).
The film thickness of the electrode was examined by scanning
electron microscopy ( SEM; JEOL, JSM-6300). The absorp-
tion spectra were recorded with a Shimadzu UV-2201 UV-
visible spectrometer. The photocurrent was measured with a
potentiostat (model CMBP-1). Monochromatic illumination
was obtained using a 500 W xenon arc lamp in combination
with a grating monochromator (model WPG3D). The light
intensity was calibrated using a model LM-5 laser power
meter ( National Institute of Metrology. People’s Republic of
China).

3. Results and discussion

3.1. Spectral characteristics of the nanostructyred TiQ»
electrode cosensitized with GalsPc and ZnTsPP dves

The nanostructured TiO; electrode, characterized by AFM.
is composed of interconnected particles (40-60 nm) and
pores as shown in Fig. 2 and has a thickness of 10 wm. The
specific surface area of the nanostructured TiO, electrode is
characterized by the dimeric absorbance ( see below) in the
case of solc sensitization by GaTsPc molecules. Assuming
that a monolayer, with an area of 2 nm? for each molecule,
completely covers the TiO, electrode, and that the extinction
coefficient of GaTsPc molecules is 3.27 X 107 ¢m® mol ™ at
620 nm [ 13], a specific surface area of the TiO, electrode of
370 can be obtained by the formula given in Ref. [2]. The
~ddition of PVA and Triton X-100 prevents the growth of
larger TiO; crystals and is beneficial to the formation of TiO,
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Fig. 2. Surface mbr‘bhology of the nanostructured Ti0, electrode by AFM.
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Fig. 4. Absomplion spectra of the TiQ; electrodes cosensitized with GaTsPe
and ZaTsPP dyes as 4 function of the molar ratio of GuTsPe molecules,

nanoparticles and the achievement of a larger specific surface
area of the TiQ; electrode.

The bare nanostructured TiQ, electrode exhibits the fun-
damental absorption edge of anatase at 390 nm in the UV
region (Fig. 3(a)). Fig. 4 shows the mcasured absorption
spectra of the TiO, electrode cosensitized with GaTsPc and
ZnTsPP dye molecules. The nanostructured TiO; electrode

cosensitized with GaTsPec angd ZnTsPP dye molecules reveals
the characteristic absorption of GaTsPe and ZaTsPP ia the
visible region, whereas the TiO, clectrode sensitized with
GaTsPc molecules alone reveals the charucteristic absorptien
of GaTsPc between 580 and 750 nm in the visible region:
therefore cosensitization of the electrode with GaTsPe and
ZnTsPP dycs extends the absorbance of the electrode in the
visible region (400-750 nm). The photocurrent response in
the visible region resulis from the absothunce of the dye
molecules adsorbed on the TiO, electrode, The light-har-
vesting effictency. which is defined as the fraction of incident
photons absorbed by the dys. is obtaired by integration of
the spectral overlup between the emission specirum of the
light source and the absorption bund of the cosensitized TiO:
electrode. TiO, electrodes sensitized with GaTsPe or ZnTsPP
alone harvest only 19.5% or 14.9% of the incident light
energy flux. which is smaller than that of the cosensitized
clectrode. Cosensitization markedly eahances the light-har-
vesting efficiency of the dye-seasitized TiO, electrede. as
shown in Table 1.

3.2. Molecular cggregation of GaTsPe on the cosensitized
TiOs electrode

In DMSO. the absorption spectrum of GaTsPc obeys
Beer's law over the concentration range 107 °-107" M. The
GuTsPe spectrum at a concentration of 5 X 107 M consists
of a strong sharp 7 absorption between 650 and 710 nm,
accompanied by a much weaker vibrationally coupled satei-
lite band at 606 nm as shown in Fig. 3(b). In previous studies.
the nurrow longer wavelength absorption at 675 nm has beer
attributed to 2 monomeric phthalocyanine compound. and the
broad partially resolved absorption at 606 nm has been
assigned as the characteristic absorption of the GaTsPe dimer
[13.14]. The fact that the GaTsPc electronic spectrum in
DMSO follows Beer's luw shows that GaTsPe exists mainly
as 4 monomer in DMSQ,

Compared with the GaTsPe spectum in DMSO. the
absorption spectra of GaTsPc molecules adsorbed and coad-
sorbed on the nanostructured TiO, electrode show siikiag
differences (Fig. 4). When adsorbed or coadsorbed on the
electrode, the absaeption of the GaTsPc monomer exhibits a
red shift of 5—15 nm relative to that in DMSO. The red shift
of the GaTsPe monomeric absorbance, given in Table L is
dependent on the molar ratio { MR = [ GaTsPc}/([GaTsPel
+[ZnTsPP])) of GaTsPc molecules on the vosensitized
TiO. electrode. The red shift gradually increases up toamelar
ratio of GaTsPc of 0.86. For GaTsPc molecules coadsorbed
on the TiO, electrode, a second stroag, broad and well-
resofved - absorption at 620 nm appeurs, with a mark-
cdly increased inteasity relative to the first 77" absorption
and satellite band; a peak absorbance finally occurs in the
case of pure GaTsPc molecules. The w7 transition with a
broader natural bandwidth is a result of molecular association
with cofacial phthalocyanine ring orientation [ 14,15} (ie.
face-to-face H-type aggregation). These results indicate the
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Tuble 1

Characteristics of the GaTsPe molecules adsorbed or cuadsorbed on the nanostructured TiO, electrode

Motar ratio Light-harvesting Shuort-circuit Wavelength (nm) Optical density Concentration Molar ratio of
of GaTsPc efficiency 1% ) p (%X107% mol em ) * dimer to monomer
(pAcm %) (r/r.
L™ Ay oD, oD, f I
LOO 19.5 110.0 685 620 0.780 0.941 0.605 2.87 9.49
0493 304 24611 695 620 0.829 0.790 0.643 242 753
0.86 26.5 3706 682 620 0.698 0.558 0.541 1.70 6.28
0.75 359 460.3 680 620 0622 0438 0482 1.34 5.56
0.39 279 7710 680 620 U518 0.400 0.402 1.22 6.07
021} 149 605.0 - - - - - -

*FtA) =0D{A/ e(A) [ 1.2]. where OD(A) and €( A} arce the optical density and extinction coefticient of the dyes al the given wavelength. respectively.

The subscripts **m™ and "*d"" denote the monomer and dimer.
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dimers as

occurrence of higher order molecular aggregation of GaTsPc
on the nanostructured TiO, electrode. Assuming that the
dimer is the highest order aggregate and that the extinction
coefficient of the GaTsPc monomer is egual to 1.29 % 10* cm?®
mol ! [ 13], itis concluded that GaTsPe exists mainly as a
cofacial dimer adsorbed on the nanostructured TiO, elec-
trode. The absorbunce or surface concentration is increased
with increasing molar ratio of GaTsPc molecules, as shown
in Fig. 5. The surface concentration of GaTsPc dimers and
the melar ratio of dimers to monomers on the cosensitized
TiQ, electrode are given in Table 1. In general, ZnTsPP dop-
ing decreases the surface ¢ ation of the dimer and the
molar ratio of dimers 1o monomers on the cosensitized
electrode.

Compared with the absorption of the porphyrin solution in
DMSO in Fig. 3(c), that of the film shows a red shift of 5—
10 nm in the Scratand Q bands (Fig. 4). This indicates strong
interaction between the molecules self-assembled on the TiO,
electrode. It has been confirmed that the interaction between
two porphyrin rings leads to face-to-face molecular aggre-
gation with offset centres in solution and in crystals [ 16].On
this basis, we conclude that the red shift is due to the adoption
of a face-to-face stacking orientation in ZnTsPP molecular
aggregates coadsorbed on the nanostructured TiO; electrode;

an extended and conjugated face-to-face system is formed
with 7 orbital overlap. Such an extended and conjugated
system within the molecular aggregates lowers the excitation
energy of the 7 and n—n* electron transitions, resulting
in a red shift in the Soret and Q band absorption.

3.3. Photoelectric conversion of GaTsPe molecules on the
nanostructured TiOs electrode

Fig. 6 shows the measured short-circuit photocurrent of
the TiO, electrede cosensitized with GaTsPc and ZnTsPP
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dye molecules us u function of wavelength for light incident
through the working electrode and the back electrode. The
photocurrent action spectra have been corrected for the
absorption of incident light by the ITO conducting glass sub-
strate. The photocurrent for light incident through the work-
ing electrode is generally targer than that for light incident
through the back electrode, which may be due to the light
multi-reflection of the Pt-coated ITO counter electrode and
the greater distance of transport of the photogenerated charge
carriers towards the TiO, electrade in the [atter. The photo-
current action spectrum in the former is ““in-phase”” with that
in the latter, indicating that the adsorbed dye molecules exist
as a monolayer on the nanostructured TiO, electrode or. at
least, the thickness of the adsorbed or coadsorbed layer is
smaller than the diffusion length ( 15 nm for phthalocyanine
[ 171 ) of the phatogenerated charge carriers or excitons. Oth-
erwise, the ““in-phase™” relation would not be held according
to the exciton dissociation theory developed by Ghosh et al.
[ 17]. Therefore it is assumed, reasonably, that the sensitized
dye molecules exist as a monolayer self-assembled on the
nanostructured TiO, electrode. In addition, the **in-phase”
relation between the photocurrent action spectra excludes the
possibility that the action spectrum of the former results from
the filter effect of the adsorbed multilayer of dye molecules.

For the liquid junction cell based on the dye-sensitized
TiQ; electrode, the cosensitization of the nanostructured TiO,
electrode markedly improves the short-circuit photocurrent,
as shown in Table 1, on illumination at 35.7 mW cm ™%, and.
in particular, the photocurrent response on monochromatic
illumination in the wa gth range 580-750 nm (see
Fig. 6). The spectral complementarity of the GaTsPc and
ZnTsPP dyes in absorption (see Section 3.1) and the pho-
tocurrent response improve the photoelectric conversion of
the cosensitized TiO, electrode. For sensitization with Ga-
TsPc dye molecules alone, the GaTsPc absorbance in the
region 430630 nm is not converted into photocurrent, only
that in the region 640-750 nm. For sensitization withZnTsPP
dye molecules alone, the absorbance of the ZnTsPP Soret
band in the region 400470 nm generates a strong photocur-
rent response and that of the ZnTsPP Q band in the region
500-650 nm shows a weaker photocurrent response. For the
TiO, electrode cosensitized with GaTsPc und ZnTsPP dye
molecules, a photocurrent response in the broader region of
400-750 nm is achieved, although the photocurrent resulting
from the absorbance of the ZnTsPP Soret band is smaller than
that in the sensitization with ZnTsPP dye molecules alone.
Thus an improvement in the photoelectric conversion of the
TiO, electrode is achieved.

Cosensitization decreases the surface concentration of
GaTsPc dimers (see Section 3.2) on the nanostructured TiO,
electrode and simultaneously enhances the photocurrent
response of the GaTsPc monomeric Q band. For lightincident
through the working electrode or back electrode. the absorb-
ance of the GaTsPc dimer at 620 nm is not converted into
photocurrent and only that of the GaTsPc monomer at 685
nm generates a photocurrent for sensitization with GaTsPc
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Fig. 7. Quantum efticiency (IPCE) as a function of the molar ratio of GaTsPc
on monochromatic illumination &t 685 nm for fight incident through the
working electrode.

dye molecules alone (Fig. 6). This result is in agreement
with previous observations {91, and is due to the rapid inter-
nal conversion of the photogenerated excitons resulting from
phthalocyanine molecular dimers and the anisotropy of
charge transport for phthalocyanine cc ds [18]. For
cosensitization with GuTsPc and ZnTsPP dye molecules, the
absorbances at 620 and 685 nm contribute to the generation
of a photocurrent. Since, for sensitization with ZnTsPP dye
molecules alone, the ZnTsPP absorbance at 685 nm is not
converted into a photocurrent, whereas that at 620 nm can
generate a photocurrent, the photocurrent response at 685 nm
in the cosensitized electrode is autributed to GaTsPc mono-
meric absorbance. Fig. 7 shows the dependence of the inci-
dent-photon-to-current conversion efficiency (IPCE) at 685
nm on the molar ratio of GaTsPc molecules; [PCE=
124344 X 100%/ (MR X A X P,,). where ly: and P,, are the
short-circuit current density and the incident light power at
the monochromatic wavelength respectively. The IPCE value
of 9.8% at MR =0.39 is eight times higher than that (1.1%)
for sensitization with pure GaTsPc molecules alone. How-
ever, the surface concentration of the dimer in Table | at
MR =0.39 is half that at MR=1.0, and not eight times
smaller. Therefore, in addition to the decrease in surface
concentration of the dimer, another mechanism must lead to
an increase in the photocurrent at the GaTsPc monomeric
absorbance. It is assumed that a heterodimer or heterotrimer
is formed between GaTsPc and ZnTsPP molecules during the
cosensitization of the nanostructured TiO, electrode with a
positive charge, although heteroaggregation cannot be
observed in the titration of GaTsPc and ZnTsPP in DMSO.

It has been confirmed that the face-to-face conformation of
heterodimers and heterotrimers appears in supramolecular
assemblies of porphyrins and phthalocyanines with oppo-

sitely charged, sterically unhindered substituents | 19]. The

mixed effect may be due to the formation of low-lying charge

transfer states [20] in these heteroaggregates as a result of

the extended and conjugated face-to-face system with 7
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orbital overlap between GaTsPc and ZnTsPP. This mecha-
nism needs to be investigated further.

4. Conclusions

Cosensitization with GaTsPe and ZnTsPP molecules
extends the absorbance of the electrode, and improves the
light-harvesting efficiency and short-circuit phciocurrent of
the liquid junction cell based on the cosensitized TiO; elec-
wrode. In panticular, the photocurrent response at the GaTsPc
monomeric ahsorhance is atrongly enhanced. due to the
decrease in the surface concentration of GaTsPc dimers on
the cosensitized TiO. electrode. This is not sufficient to
explain the striking enhancement in the short-circuit photo-
current on monochromatic ilumination at 685 nm. Another
mechanism may involve the possible formation of GaTsPc/
ZnTsPP heieroaggregates during cosensitization.
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