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A series of meso-tetraphenylzincporphyrins have been prepared to examine the effects of the porphyrin
substituents and adsorption conditions on photovoltaic properties of the porphyrin-sensitized TiO, cells. The
cell performance strongly depended on the linking bridge between the porphyrin core and the TiO, surface,
the bulkiness around the porphyrin core, and the immersing solvents and times for the porphyrin adsorption.
In particular, the high cell performance of the porphyrin-sensitized TiO, cells was achieved when protic
solvent (i.e., methanol) and short immersing time (0.5—1 h) were used for the conditions of the dye adsorption
on TiO,, which is in sharp contrast with Ru dye-sensitized TiO, cells. The highest cell performance was
obtained with 5-(4-carboxyphenyl)-10,15,20-tris(2,4,6-trimethylphenyl)porphyrinatozinc(Il) as a sensitizer and
methanol as an immersing solvent with an immersing time of 1 h: a maximal incident photon-to-current
efficiency of 76%, a short circuit photocurrent density of 9.4 mA cm 2, an open-circuit voltage of 0.76 V, a
fill factor of 0.64, and a power conversion efficiency of 4.6% under standard AM 1.5 sunlight. These results
will provide basic and valuable information on the development of dye-sensitized solar cells exhibiting a

high performance.

Introduction

Photoinduced electron transfer (ET) processes are of vital
importance in versatile biological and chemical systems.! For
instance, a cascade of photoinduced ET along a well-arranged
donor—acceptor array in the photosynthetic reaction center is
essential for the conversion of solar energy into chemical
energy.” A variety of synthetic donor—acceptor systems have
been prepared for better understanding of the controlling factors
in ET processes.>™ In this context, extensive efforts have been
devoted to develop interfacial photoinduced ET systems for
photochemical and photovoltaic energy conversion,®® including
dye-sensitized nanocrystalline metal oxides*'? and bulk hetero-
junction blend films.!!'"!* Specifically, Griitzel et al. developed
solar cells based on the sensitization of highly porous TiO, by
molecular dyes with power conversion efficiencies (7) of
7—11%, making practical applications feasible.’

To date, ruthenium(II) bipyridyl complexes have proven to
be the most efficient TiO, sensitizers.”!? Nevertheless, the rather
complex molecular structures with multiple binding moieties
to the TiO, surfaces make it difficult to disclose the close
relationship between the molecular structure and photovoltaic
function. Attempts to employ different kinds of dyes have
achieved significant success, but the cell performance is still
lower or comparable to that of ruthenium dye-sensitized TiO,
cells.’>"23 Although the substituent effects of molecular dyes
relating to bridge influences, electronic coupling, and aggrega-
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tion on the photochemical and photovoltaic properties have been
examined,? the relationship between the molecular structure
and photovoltaic properties has remained elusive.

For photovoltaic cells with meso-tetraphenylporphyrin-
sensitized TiO, electrodes, different incident photon-to-current
efficiency (IPCE) and # values have been reported depending
on the substituents and adsorption conditions.!”"?? Durrant et
al. reported that, despite the differences in redox potential and
photophysics between carboxylated porphyrin sensitizers such
as ZnTCPP and its free-base H,TCPP and the ruthenium
polypyridyl N3 dye (Figure 1), the efficiency of electron
injection into a conduction band (CB) of TiO, and the kinetics
of electron injection and charge recombination are virtually
similar for all these sensitizers.?* Furthermore, the charge
recombination rate between electrons in the CB and oxidized
porphyrins is in the range of several milliseconds, which is
sufficiently slow to permit the regeneration of the porphyrin
ground state by the iodide in the electrolyte.?* In spite of these
observations, porphyrins are known to be inefficient sensitizers
compared with ruthenium polypyridyl dyes. As such, the effects
of porphyrin substituents and adsorption conditions on the
photovoltaic properties of porphyrin-sensitized TiO, electrodes
have not been fully understood.

In this paper, we report the effects of porphyrin substituents
and adsorption conditions (i.e., immersing solvent and time)
on the photovoltaic properties of porphyrin-sensitized TiO, cells.
5,10,15,20-Tetraphenylporphyrinatozinc(Il) (ZnP) was chosen
as a sensitizer, because systematic substituents on the meso-
phenyl groups allow us to evaluate such effects (Figure 2).2?
One carboxy group is attached on the meso-phenyl ring to ensure
the single anchorage of the porphyrin molecule on a TiO, surface
where the porphyrin geometry is susceptible to the molecular
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Figure 1. Molecular structures of carboxylated porphyrins and ruthenium polypyridyl dyes.
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Figure 2. Molecular structures of carboxylated porphyrins used in this
study.

structure as well as the adsorption conditions. Therefore, the
variations on the molecular structure and the adsorption condi-
tions will have a large impact on molecular packing, geometry,
and aggregation of the porphyrin molecules on the TiO,
electrodes, eventually affecting the photovoltaic properties. The
photovoltaic properties are also compared with those of the
N719-sensitized TiO, cell under the same conditions (Figure

1).
Results and Discussion

Synthesis and Characterization. 5,10,15,20-Tetraphenyl-
porphyrinatozinc(I1)>~? compounds bearing a carboxylic group,

4-CF;, 4-H,'328 4-Me, 4-OMe,” 2,4,6-Me 5!70c2282 2 4 6.
Et, and BP (Figure 2), were prepared by condensation of pyrrole
with the corresponding benzaldehydes in the presence of
BF;+OEt, followed by base hydrolysis in a mixture of THF
and water and subsequent treatment with zinc acetate. Their
molecular structures were verified by 'H NMR and MALDI-
TOF and high-resolution FAB mass spectrometries (see the
experimental details in the Supporting Information).

Spectroscopic and Electrochemical Studies. The UV —visible
absorption spectra of zincporphyrins used for the photovoltaic
measurements were measured in CH,Cl, and the absorption
maxima for the Soret and Q bands of the porphyrins are listed
in Table 1. For instance, the UV —visible absorption spectrum
of 2,4,6-Me reveals characteristic strong Soret and moderate Q
bands (Aps = 420, 548, 586 nm) (Figure 3, solid line). All
porphyrins show approximately the same shape and the peak
positions in the Soret region, as well as in the Q bands region.
The fluorescence spectra of the porphyrins were also measured
in CH,Cl,, and the emission maxima are summarized in Table
1. The fluorescence spectrum of 2,4,6-Me exhibits emission with
two peaks (Aem = 595, 645 nm) arising from the porphyrin core
(Figure 3, dashed line). The shape and the peak positions of
the spectra are analogous for all compounds. These results imply
that the electronic structures of the porphyrin core are not
perturbed largely by the substituents at the meso-phenyl groups.

The one-electron oxidation potentials (E.x) due to the por-
phyrins are determined by using cyclic voltammetry in CH,Cl,
containing 0.1 M n-BuyNPF; as a supporting electrolyte (Table
1). From the absorption, emission, and electrochemical data,
the excited state redox potentials (E,*) are approximated by
extracting the zero excitation energy (Ey—o) from the potentials
of the ground state couples (Table 1). Driving forces for electron
injection (AGiy) from the porphyrin excited singlet state to the
CB of TiO, (—0.5 V vs. NHE)?? and charge recombination
(AG,,) between the resulting porphyrin radical cation and the
electron in the CB of TiO, are determined from the values in
Table 1. Note that the corresponding values of N3 dye are also
listed in Table 1 for comparison.’® Both of the processes are
thermodynamically feasible and the difference in the driving
forces is virtually negligible for 4-Me, 2,4,6-Me, 2,4,6-Et, and
BP, whereas a series of the 4-substituted tetraphenylzincpor-
phyrins (4-CF3, 4-H, 4-OMe, and 4-Me) reveals slight differ-
ence in the driving forces depending on the electron-donating
or -withdrawing substituents.

Film Preparation. Nanoporous films were prepared from
colloidal suspension of TiO, nanoparticles (P-25) dispersed in
distilled water (experimental details are given in the Supporting
Information).?>3! The suspension was deposited on a conducting
glass by using the doctor blade technique. The films were
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TABLE 1: Optical and Electrochemical Data and Driving Forces for Electron Transfer Processes on TiO,

dye Aabs?/mm Aem?/mm EyIV Eo_o'l eV Eo* €IV AGyleV AG.8leV
4-CF; 418, 547, 583 596, 644 1.08 2.10 —1.02 —0.52 —1.58
4-H 418, 547, 583 597, 646 1.03 2.10 —1.07 —0.57 —1.53
4-Me 420, 548, 588 596, 648 0.99 2.10 —1.11 —0.61 —1.49
4-OMe 422, 552, 589 602, 649 1.02 2.08 —1.06 —0.56 —1.52
2,4,6-Me 420, 548, 586 595, 645 1.00 2.10 —1.10 —0.60 —1.50
2,4,6-Et 422, 550, 588 597, 648 1.00 2.09 —1.09 —0.59 —1.50
BP 420, 549, 585 595, 646 0.98 2.10 —1.12 —0.58 —1.48
N3 1.09" 1.75" —0.64" —0.14" —1.59"

@ Wavelengths for the maxima of Soret and Q bands in CH,Cl,. * Wavelengths for emission maxima in CH,Cl, by exciting at the Soret
wavelength. ¢ First oxidation potentials determined by using cyclic voltammetry in CH,Cl, containing 0.1 M n-BuyNPFg as a supporting
electrolyte (vs. NHE). ¢ Ey_, values were estimated from the intersection of the absorption and emission spectra. ¢ Excited state oxidation
potentials approximated from E,, and Ey_o (vs. NHE). / Driving forces for electron injection from the porphyrin excited singlet state (E,*) to
the CB of TiO, (—0.5 V vs. NHE). ¢ Driving forces for charge recombination from the CB of TiO, to the porphyrin radical cation (E,,). " From
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Figure 3. Absorption (2.0 x 107% M, solid line) and fluorescence
(dashed line) spectra of 2,4,6-Me in CH,Cl,. Absorption spectrum of
2,4,6-Me on the TiO, electrode (dotted line) is also shown for
comparison. The thickness of the TiO, electrode was adjusted to be
700—1000 nm to obtain the shape and peak position of the spectra
accurately. The porphyrin-modified TiO, electrodes were obtained from
the fert-butyl alcohol—acetonitrile mixed (1:1, v/v) solution of 2,4,6-
Me (0.2 mM) for an immersing time of 12 h.

annealed at 673 K for 10 min, followed by similar deposition
and annealing (723 K, 2 h) for the 10-um-thick TiO, films. The
TiO, electrodes were immersed into various solvents containing
0.2 mM dye at room temperature. Finally, the dye-modified
electrodes were rinsed with the same solvent as for the
adsorption (denoted as TiO,/ZnP or N719). Total amounts of
the dyes adsorbed on the TiO, films were determined by
measuring the absorbance of the dyes that were dissolved from
the dye-modified TiO, films into DMF containing 0.1 M NaOH.
For instance, taking into account the surface area of P-25 (54
m? g 1),223! the porphyrin packing densities (I') on the actual
surface area are determined to be 1.3 x 107! mol cm™2 for
Ti0,/2,4,6-Me and 1.8 x 107'° mol cm™? for TiO»/4-H when
2,4,6-Me and 4-H are adsorbed onto the TiO, surface in terz-
butyl alcohol—acetonitrile mixture (1:1, v/v) for 12 h, respec-
tively (Table 2). The adsorption conditions are typical for
evaluating the cell performance of the N-719-sensitized solar
cell. Dye molecules bearing carboxylic groups are known to
adsorb onto a TiO, surface, leading to the formation of
monolayers on the surface.” Assuming that (i) the porphyrin
molecule is a rectangular hexahedron and (ii) the porphyrin
molecules bearing one carboxylic group are densely packed onto
the TiO, surface to which the carboxylic group binds, the
minimum occupied areas of one molecule on the TiO, surface
are calculated to be ca. 140 A2 (7 x 20 A2?) for TiO,/2,4,6-Me
and ca. 90 A% (5 x 18 A?) for TiO,/4-H. Accordingly, the T

values are estimated to be 1.2 x 107'° mol cm™? for TiO»/2,4,6-
Me and 1.8 x 107! mol cm™2 for TiO,/4-H, which agree well
with the experimental values (Table 2). In the case of MeOH
as an immersing solvent and the immersing time of 12 h, similar
results are obtained for Ti0,/2,4,6-Me and TiO,/4-H (Table 2).
Good agreement between the experimental and calculated I"
values in the other types of porphyrins corroborates that
porphyrin molecules are densely packed on the TiO, surface.

Spectroscopic Characterization of Porphyrin Films on
TiO,. To gain further insight into the structures of the porphyrin
monolayers on the TiO, surface, UV —visible absorption spectra
of the TiO,/2,4,6-Me electrode were measured under different
adsorption conditions (Figure 3 and Figure S2 in the Supporting
Information). The thickness of the TiO, substrate was adjusted
to be 0.7—1.0 um to obtain the shape and peak position of the
whole spectra accurately. The split Soret bands can be attributed
to the excitonic interaction between the porphyrins,?* which is
consistent with closely packed monolayers of the porphyrins
on the TiO,. The peak positions and the shape of the Soret and
Q bands of TiO,/2,4,6-Me are slightly different depending on
immersing solvents (i.e., tert-butyl alcohol—acetonitrile mixture
vs. MeOH) and times (i.e., 12 h vs. 1 h), which would affect
the photovoltaic properties in the present cell.

Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy is known to be a useful tool for gaining
the information on the binding mode of the molecules adsorbed
on the TiO, substrate.?? In this study, the interpretations for the
ATR-FTIR spectra of the porphyrin monolayers are aided by
comparison with the FTIR spectra of the corresponding por-
phyrin powder in a KBr pellet. Figure 4 depicts the FTIR spectra
of 2,4,6-Me measured as a pure solid and the ATR-FTIR spectra
of Ti0,/2,4,6-Me obtained from MeOH as an immersing solvent
and the immersing times of 12 and 1 h. The FTIR spectrum of
2,4,6-Me obtained from a solid sample reveals the characteristic
band of v(C=O0) of the carboxylic acid group at around 1700
cm™! (Figure 4a).'%¢¢2232 This diagnostic for the v(C=O0)
disappears for the ATR-FTIR spectra of TiO,/2,4,6-Me (Figure
4b,c). The ATR-FTIR spectra of TiO,/2,4,6-Me exhibit a
marked increase in the symmetric carboxylate band, v(COOy"),
at around 1400 cm™!,16¢22232 The disappearance of »(C=0) and
the increased intensities of ¥(COQO;™) corroborate that a proton
is detached from the carboxylic acid group during the adsorption
of the porphyrin on the TiO, surface, leading to the bidentate
binding of the carboxylate group to the TiO, surface.** This is
consistent with the previous assignment that a carboxylic acid
of analogous porphyrins is bound to a TiO, surface via a
bridging bindentate mode!é*® together with the fact that X-ray
photoelectron spectroscopy measurement for alike tetraphe-
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TABLE 2: Surface Coverage of Dyes on TiO,
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exptl I for different immersing solvent and time/107'° mol cm™

2

t-BuOH:CH;CN t-BuOH:CH;CN MeOH MeOH MeOH caled I/
electrode (1 h) (12 h) (0.5 h) (1 h) (12 h) 1071 mol cm ™2
TiO,/4-CF3 1.4 1.3 1.2 1.4 1.3 1.5¢
TiO./4-H 0.53 1.8 0.29 0.51 1.6 1.8¢
TiO,/4-Me 1.4 14 1.5 1.5 1.5 1.6°
TiO,/4-OMe 1.4 1.6 0.93 1.4 1.5 1.5¢
TiO»/2,4,6-Me 1.0 1.3 0.85 1.2 1.2 1.2¢
Ti0,/2,4,6-Et 0.71 0.69 0.72 0.86 0.84 0.78¢
TiO./BP 1.2 1.1 1.1 1.1 1.2 1.2¢
TiO,/N719 0.42 2.0 0.26 0.36 1.6 1.9
“ Assuming that the porphyrin molecules bearing one carboxylic group are densely packed onto the TiO, surface to which the carboxylic
acid binds.
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Figure 4. (a) FTIR spectra of 2,4,6-Me measured as a pure solid.
ATR-FTIR spectra of the Ti0,/2,4,6-Me electrode obtained from MeOH
for (b) 12 and (c) 1 h. The thickness of the TiO, electrode was 10 um.

nylporphyrin with a carboxylic acid group provided evidence
for the bidentate binding of the carboxylate group to the TiO,
surface.??

Photovoltaic Properties of Porphyrin-Sensitized TiO,
Cells. To establish the cell performance of a reference system
(i.e., Ru dye) under the present conditions using P-25, first we
examined immersing time dependence of the # value for the
adsorption of N719 (0.2 mM) in tert-butyl alcohol—acetonitrile
mixture (1:1, v/v). Current—voltage characteristics were mea-
sured by using a 10-um-thick TiO, electrode modified with
N719 and a Pt counter electrode under AM 1.5 conditions
(Supporting Information). All experimental values were given
as an average from six independent measurements. The 7 value
is increased gradually with increasing the immersing time to
reach a maximum 7 value (#,,.x) of 6.5% for 12 h (Figure 5A).
Further increase of the immersing time (>12 h) does not change
the n value. The I' value is also increased with increasing the
immersing time to become saturated for 12 h (2.0 x 107! mol
cm™2). The minimum occupied area of one molecule on the
TiO, surface is calculated to be ca. 88 A2 (11 x 8 A2) for TiOy/
N719. Accordingly, the T value is estimated to be 1.9 x 1071°
mol cm™2 for TiO,/N719, which is consistent with the experi-
mental value (Table 2). The saturated I" value is comparable to
the previously reported I" value in which Ru dyes are organized
on the TiO, surface as a densely packed monolayer.”** Accord-
ingly, the time profile of the # value correlates well with that
of the I value. It is noteworthy that the # value optimized for
the immersing time (i.e., 12 h) slightly decreases in the order
of tert-butyl alcohol—acetonitrile mixture (1:1, v/v) (6.5%),
CH,Cl, (6.1%), and MeOH (5.5%), as shown in Figure 5B and

Current / mA cm™

1 1 1 1 1 : 1\
0 01 02 03 04 05 06 07 08

Voltage / V.

Figure 5. (A) Immersing time profiles of the 7 value (close circle)
and of the surface density (I') of the N719 dye adsorbed on a TiO,
electrode (open circle) in fert-butyl alcohol and acetonitrile mixture
(1:1, v/v). (B) Current—voltage characteristics of N719-sensitized TiO,
cells: (a) fert-butyl alcohol and acetonitrile mixture (1:1, v/v), 12 h
(solid line, 7 = 6.5%); (b) CH,Cl,, 12 h (dashed line, 7 = 6.1%); and
(c) MeOH, 12 h (dotted line, 7 = 5.5%). Conditions: Electrolyte 0.1
M Lil, 0.05 M L, 0.6 M 2,3-dimethyl-1-propylimidazolium iodide, and
0.5 M 4-tert-butylpyridine in acetonitrile; input power AM 1.5 under
simulated solar light (100 mW cm™2). For the N719-sensitized cell
optimized by using P-25, the short-circuit photocurrent density (Js) of
14.0 mA cm™2, open-circuit photovoltage (V,.) of 0.74 V, and fill factor
(ff) of 0.63 yield a power conversion efficiency (77), derived from the
equation 7 = Jy. X V. x ff, of 6.5%.

Table 3. The cell performance of the N719-sensitized cell
optimized for the immersing time is listed in Table 3.

Next, we examined photovoltaic properties of the porphyrin-
sensitized TiO, cells using 2,4,6-Me as a representative example.
For the 2,4,6-Me-sensitized solar cell, the # value displays strong
dependency of the immersing solvents (Figure 6), as contrasted
with the weak solvent dependence of the N719-sensitized TiO,
cell. The cell performance of the 2,4,6-Me-sensitized cell for
the immersing time of 12 h in each solvent is also summarized
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IPCE (APCE)/%

cell solvent time/h? 420nm 560nm Jo/mA cm™? Voo/mV ff 1nl%
TiO,/4-CF; t-BuOH/MeCN* 1 53 (53)¢ 44 (48) 6.4 0.68 0.64 2.8
MeOH 1 58 (58) 43 (45) 6.6 0.67 0.68 3.0
TiO,/4-H t+-BuOH/MeCN* 1 24 (34) 8.0 (31) 3.0 0.60 0.64 1.2
t+-BuOH/MeCN* 12 —¢ —¢ 1.1 0.51 0.54 0.32
MeOH 1 25 (31) 7.0 (25) 3.1 0.58 0.66 1.2
MeOH 12 —¢ —¢ 1.1 0.53 0.58 0.34
TiO,/4-Me t+-BuOH/MeCN* 1 50 (50) 40 (42) 6.9 0.67 0.66 3.0
MeOH 0.5 62 (62) 46 (47) 8.3 0.68 0.68 3.8
TiO,/4-OMe t+-BuOH/MeCN* 1 60 (60)¢ 34 (37) 6.7 0.67 0.67 3.0
MeOH 1 65 (65) 42 (44) 8.3 0.66 0.63 3.5
TiO,/2,4,6-Me t+-BuOH/MeCN* 1 63 (63)¢ 52 (56) 7.6 0.69 0.64 34
t+-BuOH/MeCN* 12 64 (64) 30 (32) 5.0 0.64 0.66 2.1
EtOH 12 —¢ —¢ 6.9 0.72 0.65 3.2
MeOH 1 76 (76) 58 (60) 9.4 0.76 0.64 4.6
MeOH 12 74 (74) 52 (53) 8.3 0.72 0.62 3.7
DMF 1 68 (68)¢ 46 (53) 7.1 0.66 0.66 3.1
DMF 12 —¢ —¢ 1.7 0.55 0.60 0.55
CH,Cl, 12 —¢ —¢ 3.0 0.57 0.67 1.1
TiO,/2,4,6-Et t+-BuOH/MeCN* 1 63 (63)¢ 52 (54) 7.7 0.71 0.61 3.3
t+-BuOH/MeCN* 12 —¢ —¢ 6.0 0.64 0.63 2.4
MeOH 0.5 76 (76)¢ 52 (54) 8.6 0.69 0.63 3.7
MeOH 12 —¢ —¢ 7.1 0.66 0.62 2.9
DMF 12 —¢ —¢ 2.3 0.62 0.64 091
CH,Cl, 12 —¢ —¢ 3.6 0.60 0.66 1.4
TiO./BP t+-BuOH/MeCN* 1 57 (57) 40 (41) 5.6 0.64 0.66 24
MeOH 1 61 (61) 41 (42) 6.0 0.65 0.66 2.6
TiO,/N719 t+-BuOH/MeCN* 12 72¢ 14.0 0.74 0.63 6.5
MeOH 12 —¢ —¢ 13.5 0.67 0.61 5.5
CH,Cl, 12 —¢ —¢ 13.5 0.73 0.62 6.1

@1:1, v/v. ” Short immersing time giving the highest 7 value. ¢ Not measured. ¢ At 430 nm. ¢ At 520 nm.

10 Fa, n=4.6 % 1

¢, 1=3.2 %

[d, n=2.1%

e, n=1.1%
2 Lf, n=0.55 %

Current / mA cm’

0

0 01

02 03 04 05 06 07 0.1
\oltage / V

Figure 6. Current—voltage characteristics of 2,4,6-Me-sensitized TiO,
cells under AM 1.5 conditions. Conditions for the immersing solvent
and time: (a) MeOH, 1 h; (b) MeOH, 12 h; (¢) EtOH, 12 h; (d)
t-BuOH—MeCN mixture (1:1, v/v), 12 h; (e) CH,Cl,, 12 h; and (f)
DMF, 12 h. Conditions for the photovoltaic measurements: electrolyte
0.1 M Lil, 0.05 M I, 0.6 M 2,3-dimethyl-1-propylimidazolium iodide,
and 0.5 M 4-tert-butylpyridine in acetonitrile; input power AM 1.5
under simulated solar light (100 mW cm™2). For the 2,4,6-Me-sensitized
cell optimized with P-25, J,. of 9.4 mA cm™2, V. of 0.76 V, and ff of
0.64 yield n of 4.6% (curve a).

in Table 3. The # value with 2,4,6-Me for the immersing time
of 12 h increases in the order of DMF (0.55%), CH,Cl, (1.1%),
tert-butyl alcohol—acetonitrile mixture (1:1, v/v) (2.1%), EtOH
(3.2%), and MeOH (3.7%). The I" values for 2,4,6-Me (1.2 x
107 mol em 2 for EtOH and MeOH, 1.3 x 107'° mol cm 2
for tert-butyl alcohol—acetonitrile mixture (1:1, v/v)) are
virtually the same when the protic solvents are used. On the
other hand, they (I' = 5.3 x 107'" mol cm ™2 for DMF, 8.7 x
10" mol cm 2 for CH,Cl,) are considerably lower in the case

of the nonprotic solvents. It is concluded that the low porphyrin
density on the TiO, surface for the adsorption in the nonprotic
solvents is responsible for the low 7 value relative to the 7 value
obtained with the adsorption from protic solvents. The high
porphyrin density for the adsorption in the protic solvents
indicates the significant contribution of the protic solvents for
the formation of a densely packed porphyrin monolayer on the
TiO, surface.?”* Similar photovoltaic behavior as a function
of immersing solvents was reported for the other porphyrins.??

To further improve the performance of the 2,4,6-Me-
sensitized TiO; cell, immersing time dependence of the # value
for the adsorption of 2,4,6-Me was examined in MeOH, which
yielded the maximum # value among all the immersing solvents
under the same conditions. The # value is increased rapidly
with increasing the immersing time to reach a 7,,x value of
4.6% for 1 h and then decreases gradually to reach a constant
71 value of 3.7% (Figure 7). In accordance with the initial trend,
the I value also increases rapidly with increasing the immersing
time, but levels off at the immersing time of 1 h (I' = 1.2 x
107'° mol cm™?). Similar behavior of # and I values as a
function of the immersing time is noted when a mixture of tert-
butyl alcohol and acetonitrile (1:1, v/v) is used as the immersing
solvents for 2,4,6-Me (Figure S3, Supporting Information) or
the other porphyrins that are adsorbed on the TiO, electrode in
MeOH (Figure S4, Supporting Information). It should be noted
here that the 7.« value (4.6%) and the maximum incident
photon-to-current efficiency (IPCE) (IPCE,,,x = 76%) of the
2,4,6-Me-sensitized TiO, cell are much larger than the corre-
sponding values of the other porphyrin-sensitized TiO, cells used
in this study, exhibiting the highest cell performance when
MeOH as the immersing solvent and the immersing time of
0.5 or 1 h are used (Table 3). Furthermore, the 7,,x value of
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Figure 7. Immersing time profiles of # value (close circle) and of the
surface density (I') (open circle) for 2,4,6-Me adsorbed on the TiO,
electrode in MeOH.
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Figure 8. Photocurrent action spectra of (a) 2,4,6-Me-sensitized solar
cell (solid line, MeOH for 1 h) and (b) N719-sensitized solar cell
(dashed line, -BuOH—MeCN mixture (1:1, v/v) for 12 h) under the
optimized conditions: electrolyte 0.1 M Lil, 0.05 M I, 0.6 M 2,3-
dimethyl-1-propylimidazolium iodide, and 0.5 M 4-fert-butylpyridine
in acetonitrile; input power AM 1.5 under simulated solar light (100
mW cm™?).

the present cell with 2,4,6-Me is ~70% that of the ruthenium
dye (N719)-sensitized TiO, cell (6.5%) under the present
optimized conditions with P-25. The photocurrent action
spectrum of the 2,4,6-Me-sensitized TiO, cell (Figure 8) is
largely similar to the absorption spectrum of 2,4,6-Me on the
TiO, electrode (Figure 3). Note that integration of the IPCE
values for the 2,4,6-Me-sensitized TiO, cell with respect to
wavenumber is ~70% that of the N719-sensitized TiO, cell,
which parallels the ratio of the 7. values in the two cells.
The similar ratio (~70%) reveals that the light-harvesting
property of 2,4,6-Me-sensitized TiO, cell limits the cell
performance. Both device structure and dye are known to have
a large impact on the 7 value of dye-sensitized solar cells.%!>1¢
Griitzel et al. reported the highest # values of 4—7% among
porphyrin-sensitized solar cells'® and of 10—11% for the N719-
sensitized solar cell® under their optimized conditions with use
of a TiO, double layer electrode. Thus, further increase in the
cell performance of porphyrin-sensitized TiO, cells may be
possible by improving the device fabrication as well as the light-
harvesting property. It should be pointed out that the cell
performance of the porphyrin-sensitized TiO, cells strongly
depends on the immersing solvents and the times, which is in
marked contrast with Ru dye-sensitized TiO, cells. The high
cell performance in Ru dye-sensitized TiO, cells may originate
from the robust geometry of ruthenium dyes on the TiO, through
more than two anchoring groups, while the rather flexible
geometry of the porphyrin on the TiO, through the single
anchoring group may cause the susceptible cell performance,
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which is influenced by the porphyrin substituents as well as
the adsorption conditions.

Comparison of Photovoltaic Properties. It is intriguing to
compare the cell performance of 4-CF3-, 4-H-, 4-Me-, 4-OMe-,
2,4,6-Me-, 2,4,6-Et-, and BP-sensitized cells under the same
conditions. The results are summarized in Table 3. We consider
the following points for the photovoltaic properties.

First, the cell performance of 2,4,6-Me- and BP-sensitized
TiO, cells is compared to evaluate the electronic coupling effect
on the photovoltaic properties. When the porphyrins are
adsorbed in MeOH for 1 h, the #,,,x and adsorbed photon-to-
current efficiency (APCE) values of a BP cell ( = 2.6%,
IPCE,.,x = 61%) are smaller than those of a 2,4,6-Me cell (77im.x
=4.6%, IPCE,,.x = 76%). A similar difference is noted for the
comparison of BP (9.« = 2.4%, IPCE,,,.,x = 57%) and 2,4,6-
Me cells (max = 3.4%, IPCE.x = 63%) when adsorbed in
tert-butyl alcohol—acetonitrile mixture (1:1, v/v) for 1 h. Taking
into account the same molecular structure of 2,4,6-Me and BP
except for the spacer moiety (phenyl vs biphenyl) and full
monolayer coverage of the porphyrins on the TiO, surface, the
electronic coupling between the porphyrin and the TiO, has a
large impact on the cell performance. Analogous spacer length
dependence of the # value on zincporphyrins with conjugated
phenylethylnyl spacers was reported.'s"

Second, the driving force effects on the photovoltaic proper-
ties of 4-CF3-, 4-OMe-,4-H-, and 4-Me-sensitized TiO, cells
are evaluated. Under the adsorption conditions exhibiting the
highest values (i.e., MeOH for 0.5 or 1 h), the 77,,,x and IPCE,
values are rather similar for 4-CF3 (17,.x = 3.0%, IPCE,,,x =
58%), 4-OMe (1max = 3.5%, IPCE,,,x = 65%), and 4-Me cells
(Nmax = 3.8%, IPCE,,,.,x = 62%) except for the case of 4-H (7.«
= 1.2%, IPCE,.,x = 25%). A similar trend is observed for the
Nmax values of 4-CF3 (1 = 2.8%), 4-OMe (H1ax = 3.0%),
4-H cell (max = 1.2%), and 4-Me cells (§mx = 3.0%) when
adsorbed in tert-butyl alcohol—acetonitrile mixture (1:1, v/v)
for 1 h. Although the driving force for electron injection (AGiy;)
from the porphyrin excited singlet state to the CB of the TiO,
electrode increases with introducing the electron-donating
substituents (—0.52 eV for 4-CF3, —0.56 eV for 4-OMe, —0.57
eV for 4-H, —0.61 eV for 4-Me), the 7.« and IPCE,,,x values
are unlikely to correlate with the driving force for the electron
injection. The considerably low 7, value of the 4-H cell may
be rationalized by the rather low porphyrin density of 4-H on
the TiO, in comparison to that of the other porphyrins at the
short immersing time of 0.5 or 1 h (Table 2). Additionally, a
strong aggregation tendency of 4-H on the TiO, due to the small
steric hindrance also would be responsible for the low 7 value
of the 4-H cell, taking into account the remarkable decrease in
the # value for the long immersing time (Table 3 and Figure
S4 in the Supporting Information).

The steric effect on the photovoltaic properties is examined
for 4-Me-, 2,4,6-Me-, and 2,4,6-Et-sensitized TiO, cells. For
example, under the adsorption conditions exhibiting the highest
values (i.e., MeOH for 0.5 or 1 h), the 7., and IPCE,,,x values
of the 2,4,6-Me cell (,.x = 4.6%, IPCE,,x = 76%) are larger
than those of the 4-Me (#,.x = 3.8%, IPCE,,.x = 62%) and
2,4,6-Et cells (Nnax = 3.7%; IPCE .x = 76%). Similar results
are obtained for the #,,,x values of 4-Me (.x = 3.0%), 2,4,6-
Me (max = 3.4%), and 2,4,6-Et cells (. = 3.3%) when
adsorbed in tert-butyl alcohol—acetonitrile mixture (1:1, v/v)
for 0.5—1 h. Large steric repulsion between the o-methyl or
-ethyl substituents and the porphyrin ring in 2,4,6-Me and 2,4,6-
Et results in orthogonal orientation of the phenyl groups against
the porphyrin ring, making large bulkiness around the porphyrin
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rings. In such a case, even in the densely packed state, the rather
well-separated porphyrin cores of 2,4,6-Me would reduce the
intermolecular interaction between the porphyrins on the TiO,
surface, thereby leading to a decrease of radiationless processes
from the porphyrin excited singlet state and a subsequent
increase of the electron injection efficiency, in turn an increase
of the 7 value with use of 2,4,6-Me relative to that of 4-Me.*
The decrease in the 7 value of the 2,4,6-Et cell relative to that
of the 2,4,6-Me cell may be caused by the small porphyrin
density (' = (0.71—0.72) x 107! mol cm™2) on the TiO,
electrode compared with the T value (I' = (1.0—1.2) x 1071°
mol cm™?) of 2,4,6-Me on the TiO, electrode as the result of
the difference in the sizes of ethyl and methyl groups.

Finally, the photovoltaic properties are investigated as a
function of the adsorption conditions (i.e., immersing solvent
and immersing time). For all porphyrins with an increase in
the immersing time, the 7 value is increased rapidly to reach
the maximum for 0.5—1 h and then decreased. Such behavior
may be rationalized by an increase of the porphyrin aggregation
with increasing the immersing time. Despite similar full
monolayer coverage of the porphyrins, the cell performances
of the porphyrin-sensitized TiO, electrodes are in the order of
tert-butyl alcohol—acetonitrile < EtOH < MeOH as an immers-
ing solvent. Although the reason is not clear at present, protic
solvents may involve the adsorption process of the porphyrin
on the TiO, surface, altering the binding mode and geometry
of the porphyrin on the TiO, surface.’

Conclusions

We have systematically examined the effects of porphyrin
substituents and adsorption conditions on the photovoltaic
properties of the porphyrin-sensitized TiO, cells for the first
time. The cell performance of the porphyrin-sensitized TiO, cells
was affected greatly by the steric bulkiness around the porphyrin,
the electronic coupling between the porphyrin core and the TiO,
surface, the immersing solvent, and the immersing time. In
particular, the high cell performance of the porphyrin-sensitized
TiO, cells was realized when protic solvent (i.e., methanol) and
short immersing time (0.5—1 h) were used for the conditions
of the dye adsorption on TiO,. This unique behavior is in marked
contrast with little dependence of the cell performance on Ru
dye-sensitized TiO, cells as a function of the immersing solvent
and time. The TiO, electrode cell with 5-(4-carboxyphenyl)-
10,15,20-tris(2,4,6-trimethylphenyl)porphyrinatozinc(Il) as a
sensitizer exhibited the maximum cell performance: IPCE value
of 76%, short circuit photocurrent density of 9.4 mA c¢cm™2, open
circuit voltage of 0.76 V, fill factor of 0.64, and power
conversion efficiency of 4.6% under standard AM 1.5 sunlight.
These results will provide basic and important information on
the development of dye-sensitized solar cells with high
performance.
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