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The synthesis and optical absorption of a series of porphyrins, and the photoelectrochemical properties of TiO, solar cells sensititized
with these porphyrins was investigated. The different types of porphyrins studied are designated by numbers: the reference compound
1 (Zinc(IT) 5,15-bis(4-carboxylphenyl)porphyrin), porphyrin substituted with one triarylamine unit 2, and porphyrin substituted
with two triarylamine units 3. The UV-Vis absorption spectra reveal that the substitutions result in large redshifts in both the
Soret band (~60 nm) and the Q bands (~125 nm), as well as enhancement of optical absorption. The enhancement is even more
pronounced in the long-wavelength region of 575-725 nm, where the absorption of porphyrin 3 is eight times that of porphyrin 1.
The photoelectrochemical properties of the porphyrins were also studied by constructing porphyrin-sensitized TiO, solar cells. Under
standard AM 1.5 sunlight, the porphyrin 1 cell yields a short-circuit current of ~1.26 mA/cm?, an open-circuit voltage of ~0.564 V,
and a fill factor of ~61%. The incident photon-to-current conversion efficiency is ~24% for porphyrin 1 and ~5-7% for porphyrins

2 and 3 at the Soret peak.

Keywords: Dye-sensitized solar cells, porphyrin, photoelectrochemical processes, optical absorption

1 Introduction

Dye-sensitized solar cells (DSSCs) are a promising candi-
date for a new generation of photovoltaic devices (1, 2).
They are low-cost and suitable for large-scale production
(3-5). Central to such a DSSC device is a 10 um-thick
electrode layer made of a nanoparticulate oxide (typically
Ti0O;) 20-30 nm in diameter. The particulate structure in-
creases the surface area for dye chemisorptions to a thou-
sand times that of a flat electrode of the same size (6). When
coated with a layer of high light-absorbing dye, such as one
of the ruthenium polypyridyl complexes (N3), DSSCs can
achieve an energy conversion efficiency of 10.4% under AM
1.5 simulated sunlight (7). There are two factors that limit
even higher conversion efficiencies in DSSCs: one is the lim-
ited diffusion length of photogenerated electrons, typically
several microns; the other is the improper overlap between
the dye-absorption spectrum and the solar spectrum. With
an N3 dye an incident-photon-to-current conversion effi-
ciency of 85% can be achieved (7, 8), but its main absorp-
tion region is concentrated in the short-wavelength region
of the visible spectrum, i.e., 400-700 nm. However, the so-
lar spectrum covers ultraviolet, visible and near-infrared

*Address correspondence to: M. W. Lee, Department of Physics,
National Chung Hsing University, Taichung, Taiwan. E-mail:
mwl@phys.nchu.edu.tw

(NIR). Indeed, over 60% of the total solar photon flux is
at wavelengths A > 600 nm with approximately 50% in the
red and NIR spectrum at 600 < A < 1000 nm. This means
that the N3 dye utilizes only one half of the solar photon
flux. Hence, much effort has been devoted to develop new
dyes with broader absorption ranges, especially in the red
and NIR regions.

Porphyrin molecules, the building blocks for chlorophyll,
play a vital role in the natural photosynthetic process. Por-
phyrins absorb strongly in the 400—450 nm range (Soret or
B band) and weakly in the 500-700 nm region (Q band).
The photosynthetic components in thylakoid membranes
of the chloroplast are stacked into large antenna arrays
which enhances their light-harvesting efficiency (9). There
has been intensive research into artificial photonic assem-
blies based on porphyrins designed to mimic this natu-
ral photosynthetic process (10-12). One subject that has
attracted a great deal of attention is the employment of
porphyrins as a sensitizing dye for the TiO, electrode in
DSSCs. For example, there is the extensive investigation
of a representative system, zinc tetrakis (4-carboxyphenyl)
porphyrin (ZnTCPP) and its free-base H2TCPP (13-17).
Much work has been focused on modifying the molecu-
lar structure of porphyrin, including various metallation
and substitution groups, as well as anchoring groups, and
studying how this affects the photoelectrochemical proper-
ties of DSSCs (18, 19). The power conversion efficiencies
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reported for porphyrin DSSCs to date are typically in the
range of 0.5-3% and have recently been enhanced to 5-7%
(16-18, 20-25). Large inconsistencies exist among differ-
ent groups, indicating that many factors that influence the
performance of porphyrin DSSCs are not well understood.

Tsuda and Osuda have recently reported that the absorp-
tion bands of w-conjugated fused porphyrin arrays could
be red-shifted into the infrared region (26). In this work,
we report on the synthesis of three porphyrin derivatives,
achieved by substituting different numbers of triarylamine
units at the meso position. The effects of substitution were
investigated by measuring the UV-Vis absorption, Fourier-
transform, infrared spectra and emission spectra of the por-
phyrins. Significant redshifts in absorption bands were ob-
served in substituted porphyrins. The photoelectrochemial
properties of DSSCs sensitized with the porphyrins were
studied, and the results for the three samples compared.
Finally, we discuss possible factors that might affect the
performance of the porphyrin solar cells.

Ar

731
2 Experimental

2.1 Synthesis of the Porphyrin Dyes

The sequence of reactions for porphyrin synthesis is de-
picted in Scheme 1. Porphyrin 4 was prepared from acid-
catalyzed cyclization of dipyrrolemethane and appropriate
benzaldehyde as shown in Scheme 1 (27). Subsequent iod-
ination and metallation gave mono- and diiodoporphyrins
(28). The porphyrinyl iodides 6 and 7 were coupled with
ethynyltriarylamine by Sonogashira cross-coupling reac-
tion to give the conjugated porphyrin-triarylamine hybrids
8 and 9 (29-32). Porphyrin esters 8 and 9 were saponi-
fied by NaOH, followed by acidification to generate their
corresponding carboxylic acids 2 and 3. The molecular
structures of porphyrins 1-3 are shown in Figure 1. The
characteristics of the porphyrins are listed in the following.

Porphyrin 1 (Zinc(Il) 5,15-bis(4-carboxylphenyl) por-
phyrin): '"H-NMR (400 MHz, DMSO-d¢) 8y = 9.59 (d,
J = 48 Hz, 4H), 8.72 (d, J = 4.4 Hz, 4H), 8.29 (d,

Ar

_0._0
i i 5 Ar= @—COQCHs
\_NH HN-Z
= 4< >—COH
CHO 1 Ar 2

Ar

Ar 4

Ar ii

Ar 6
Ai/

Ar 6]

Sch 1. (i) (1) TFA, CH,Cl,, (2) DDQ, (ii)) Zn(OAc), 4H,0, CH,Cl,, CH3OH, (iii) (1) PhI(CF;CO»),, I,, CHCl;, (2) Zn(OAc), 4H,O0,
CH,Cl,, CH;0H, (iv) N,N-Bis(4-methoxylphenyl)-N-(4-ethynylphenyl)amine, Pd(PPh3),Cl,, Cul, Et3N, THF, (v) 20% NaOH(aq),

CH;0H, THE.
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porphyrin 3

Fig 1. Molecular structures of porphyrins 1-3.

J = 8.4 Hz,4H), 8.05 (d, J = 8.4 Hz, 4H), 7.87 (d, J =
8.8 Hz, 4H), 7.18 (d, J = 8.8 Hz, 8H), 7.00 (d, J = 8.8
Hz, 8H), 6.90 (d, J = 8.8 Hz, 4H), 3.78 (s, 12H); UV /Vis
(CH30H) Apax/nm (rel. ¢) = 302(27), 466(100), 676(43);
MS(FAB): 1266 m/z (M™)

Porphyrin 2: 'H-NMR (400 MHz, DMSO-d¢) 8y =
10.00 (s, 1H),9.71 (d, J = 6.4 Hz,2H),9.24 (d, J = 6.0 Hz,
2H), 8.88 (t, J = 6.0 Hz, 4H), 8.38 (d, J = 10.40 Hz, 4H),
8.22(d, J =10.40Hz,4H),7.76 (d, J = 11.40Hz, 2H), 7.14
(d, J =11.60 Hz, 4H), 6.99 (d, J = 11.60 Hz, 4H), 6.82 (d,
J =11.40, 2H), 3.72 (s, 6H) ; UV/Vis (CH30H) Apax/nm
(rel. ) =297(25),455(100), 569(9), 624(21); MS(FAB): 941
m/z (M+H)")

Porphyrin 3: 'H-NMR (400 MHz, DMSO-d¢) 8§y =
10.42(s,2H),9.54 (d, J =4.4Hz,4H),8.94(d, / = 4.4 Hz,
4H), 8.41 (d, J = 8.0 Hz, 4H), 8.35 (d, J = 8.0 Hz, 4H);
UV/Vis (CH;0H) Apa/nm (rel. &) = 410(100), 544(4),
581(2).

Lee et al.

2.2 Preparation of the TiO; Electrodes

The TiO; electrodes were prepared from a commercial col-
loidal TiO; paste: DSL 18NR-AO purchased from Dyesol
Inc. The paste was spread onto a fluorine-doped SnO; con-
ducting glass (FTO) (12 ©/square, Asahi Glass Co.) and
heated at 450°C (temperature rising rate 2°C/min) for 30
min. A thin layer of Nb,Os was coated onto the electrode
by treating it in a solution of 0.01 M of NbCls. This layer
served the dual purpose of increasing electrical conduc-
tion and enhancing optical reflection. The thickness of the
TiO,film, determined by a surface profiler, was approx-
imately 12 um. The surface morphology of the finished
TiO; electrode was examined using scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM).

2.3 Adsorption of the Porphyrin Dyes

The sintered TiO, electrode was sensitized by treating
the electrode in a 0.3 mM methanol solution of the por-
phyrin dye at a temperature of 7= 50-60°C for 24 h.
The dye-sensitized electrode was left to dry at room tem-
perature. An FTO glass with Pt foil 150 um in thickness
served as the counter electrode. The TiO, electrode and
the counter electrode were assembled and sealed by utiliz-
ing a parafilm, 25 um in thickness, as a spacer. The elec-
trolyte solution was composed of 0.5 M of Lil, 0.05 M
of I, 0.5 M of 4-tert-butylpyridine (TBP), and 0.6 M of 1-
butylmethylimidazoilium iodide (BMII) in acetonitrile and
valeronitrile. The active area of the cell was approximately
9 mm?.

2.4 Spectroscopic and Analytical Methods

UV-Vis absorption spectra were measured with a Hitachi
U-2800A spectrophotometer. The FTIR spectra were mea-
sured with a Jasco 410 spectrometer. The fluorescence spec-
tra, recorded with a Varian Cary 100 Conc spectrometer,
were measured by exciting the samples with a wavelength
of 450 nm.

2.5 Photoelectrochemical Measurements

The spectral response was determined from the incident
photon-to-current conversion efficiency (IPCE) measure-
ments. For the [IPCE measurements, the output of a 200 W
tungsten halogen lamp was guided by an optical fiber into
an Acton monochrometer, the dispersed light was then
guided by an optical fiber onto the sample. The photo-
generated current was measured using a Keithley 2400
sourcemeter. The wavelength-dependent IPCE can be cal-
culated from the following equation:

1240 - J

IPCE (% ) = x 100,




09: 28 24 January 2011

Downl oaded At:

Photovoltaic Properties of Porphyrin Dyes

Where J is the current density (mA/cm?), A is the wave-
length (nm), and P is the power of the incident light
(mW/cm?). During the IPCE measurements P was kept
at a relatively low level, typically 6 uW. The reflectivity at
the FTO surfaces resulted in a power loss of approximately
25%, which was taken into account in the IPCE calculation.

A 150 W xenon lamp (Oriel) was used as the light source
for the current-voltage (/- V) measurements. The output of
the lamp was focused by passing it through a filter that
simulates the AM 1.5 (100 mW/cm?) spectrum. It was
then irradiated onto the sample. The /- curves were mea-
sured by applying a biased voltage to the photocell, after
which the photocurrent was recorded using a Keithley 2400
sourcemeter. The conversion efficiency n can then be cal-
culated from the open-circuit voltage (V,c), short-current
density (J), the fill factor (ff), and the intensity of the
incident light (/)

_ Jsc : Voc ' ff
Ipn '

3 Results and Discussion

3.1 TiO; Electrode

SEM and AFM examination of the surface morphology of
the produced TiO; film showed a three-dimensional net-
work of interconnected particles having an average particle
size of 30 nm. Figure 2 shows the AFM images of the TiO,
film. The film was highly porous, which is required for the
adsorption of the dye. Figure 3 shows the X-ray diffrac-
tion pattern of the TiO, film. The film consists mostly of
the anatase phase and a small portion of the rutile phase.
The particle size can be further estimated from the widths
of the X-ray diffraction peaks using the Debye-Scherrer’s
equation:d = kA/~/ A2 — B2 cos? 6, where d is the particle
size, k = 0.9, X is the wavelength of the X-ray (1.542 A),0is
the diffraction angle, A4 is the width of the peak, and Bisa
background correction for the glass substrate (0.003 rad).

733

Inserting the experimental data for a pronounced peak:
260 = 25.45°, A =0.006283 rad, the average particle size d
was 26 nm.

3.2 UV-Vis Absorption Spectra

The UV-Vis absorption spectra for the three types of por-
phyrin in tetrahydrofuran (THF) solution (molar concen-
tration of 8 x 10~ M) are shown in Figure 4. The spectra
exhibit a series of visible bands due to the = — 7* tran-
sitions of the conjugated macrocycle. Porphyrin 1 (unsub-
stituted sample) has two bands in the violet region (the
Soret band): 413 nm (the strongest), 389 nm (weak), and
three weak bands in the green-yellow region (the Q bands):
506 (very weak), 543 and 581(weak) nm. The molar ex-
tinction coefficient ¢ of the largest peak of porphyrin 1
is ~10°M~'ecm™!, which is consistent with other reports
(22). In general, the absorption bands broadened and red-
shifted after substitution. The shifts in frequency for the
Soret and Q bands are tabulated in Table 1. The large
Soret band shifted from 413 to 451, then to 472 nm, a
total change of 14%. The two Q band peaks also redshifted
by a total of ~15%. The redshifts indicate a narrowing of
the energy gap, E, = Erpumo — Enomo, where Epymo and
Eygomo are the energy of the lowest-unoccupied molecu-
lar orbital (LUMO) and the highest-occupied molecular
orbital (HOMO), respectively. Theoretical calculation re-
veals that peripheral substitutions to porphyrin molecules
lead to increases of energies in both the LUMO and the
HOMO states (33). However, the increase in the former is
significantly smaller than in the latter, resulting in a smaller
energy gap. The amount of energy shift depends on the elec-
tronic properties and the location of the substituents on the
porphyrin ring; it can also be affected by the distortion of
the porphyrin ring from the planar structure.

The optical absorption of porphyrin3 is markedly more
enhanced in the visible spectral ranges of 425-725 nm than
that of the unsubstituted porphyrin 1, which has extremely
weak absorption in the same range. For instance, the molar

Fig 2. AFM images of the TiO, film.
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Fig 3. X-ray diffraction pattern of the TiO; film. The superscript
a denotes the anatase phase and r denotes the rutile phase.

extinction coefficient ¢ at the A = 676 nm peak is 25 times
larger for porphyrin 3 than the corresponding ¢ for por-
phyrin 1. The increase in absorption reflects the enhance-
ment in oscillator strength for a given electronic transition.
The area under the absorption curve represents the total op-
tical absorption, or the number of carriers, #,, participating
in the optical absorption. This effect can be understood in
terms of the optical sum rule (34)

8m2en
/ ado = 2N

2mn

where o is the optical absorption coefficient, e is the
charge, m is the mass of carrier and # is the refractive
index. Integrating the absorption curves over the whole
spectral range of 375-725 nm yields the carrier ratio:

25
413 ——porphyrin 1
- - = porphyrin 2
20l ----- porphyrin 3
5 sl
<
‘2 472
S 10} ..
<
W
0.5 . 676
389/ . ..
0.0 —

- T T T T 1 T . .I T T 1 M I. T
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig 4. UV-Vis absorption spectra of porphyrins 1-3 in a THF
solution. The inset shows enlarged B band peaks in the long-
wavelength region for porphyrins 1 and 2.

Lee et al.

Table 1. Observed electronic absorption maxima for porphyrins
1-3

A (nm)
Sample B Band A (nm) Q band
porphyrin 1 389 413 543 581
porphyrin 2 429 451 575 624
porphyrin 3 429 472 625 676

Ne(porphyrinl) - e(porphyrin2) -He(porphyrin3) = 1: 0.4: 2.1. The re-
sults indicate that porphyrin 3 is the best light absorber
in the visible range whereas porphyrin 2 is the worst. Por-
phyrin 3 absorbs more than two times more visible light
than porphyrin 1. The effect is even more pronounced in
the long-wavelength region of 575-725 nm, where the opti-
cal absorption of porphyrin 3 is eight times larger than that
of porphyrin 1.

3.3 FTIR Spectra

Fourier-transform infrared spectroscopy is a common tech-
nique for the investigation of the adsorption states of dye
molecules on the surface of TiO; nanoparticles. Figure 5(a)
shows the FTIR spectrum of porphyrin 1: (A) in an
ethanol solution, (B) adsorbed onto TiO,, over the spectral
range of 10002000 cm~'. The solution spectrum, which

(a) 102
99
* 96
[ L
93k
90% F
100 4
X
'—
80
60
d T T T v T T
900 1200 1500 1800 2100
®) wavenumber (cm™)
/C\\ /C N\ /C N\
(o] o] 0 /\0 o] /\O
Ti Ti Ti T
Unidentate Chelating Bridging-bidentate

Fig 5. (a) FTIR spectra of porphyrin 1: curve A: in an ethanol
solution; curve B: adsorbed onto TiO,, (b) Three possible car-
boxylate anchoring modes.
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corresponds to the free-state of the molecule, shows a strong
peak at 1641 cm~!, which can be attributed to the v(C=0)
stretching mode of the carboxylic acid group. The two
weak peaks at 1016 and 1113 cm™! are attributable to the
v(C—0) and v(C—N) modes of the macrocycle, respectively.
When a porphyrin molecule was adsorbed onto TiO,, the
v(C=0) mode (1641 cm™") disappeared and two new peaks
appeared at 1601 and 1371 cm™! are attributable to the
asymmetric v(—COOQyg,) and symmetric v(—COO; ) modes,
respectively. There are three probable binding modes (illus-
trated in Figure 5 (b)): unidentate, chelating and bridging
bidentate-binding a porphyrin molecule containing car-
boxylic acid groups onto a TiO, surface. On the basis of
the FTIR spectra, the unidendate mode can be ruled out,
because the stretching C=0 mode is absent in the absorbed
state. This leaves two possible modes: chelating and bridg-
ing bidentate. However, the chelating mode is known to
be unstable (35). Consequently, the carboxylate group is
most likely anchored to the TiO, surface via a bridging-
bidentrate mode.

3.4 Emission Spectra

The emission spectra for the porphyrins are shown in
Figure 6. Two emission peaks appeared at 638 and 700 nm
in all three samples. The two peaks have also been ob-
served in other porphyrins with various substitutions (36);
they can be assigned as due to relaxation from the zero and
hot vibronic levels of the lowest singlet excited state, S1. As
can be seen in the figure, substitution led to a decrease in
the intensity of the 638 nm peak and an increase in the in-
tensity of the 700 nm peak, indicating changes in oscillator
strength.

= - porphyrin 1

o - — — porphyrin 2

| 53 o porphyrin 3
638  °

Intensity (a.u)

~

ey e e B M e
450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Fig 6. Emission spectra of porphyrins 1-3.
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Fig 7. Photocurrent action spectra of porphyrins 1-3 anchored
onto TiO, films.

3.5 Photocurrent Action Spectra and Current-Voltage
Curves

The photocurrent action spectra for the porphyrin-
sensitized solar cells are shown in Figure 7. The IPCE
spectra are similar in shape, but broader than the absorp-
tion spectra in Figure 4. Porphyrin 1 (unsubstituted) has the
largest conversion efficiency, 26% at & = 410 nm. Porphyrin
3 has better IPCEs in the red-color region.

Figure 8 shows the current-voltage curves of the samples.
The performance characteristics of the cells are listed in
Table 2. Porphyrin 1 has the best performance, porphyrin
3 has the second best, and porphyrin 2 the poorest. The
open-circuit voltages of the three samples range from 0.50
to 0.56 V and vary slightly with the samples. The main
performance difference is with the current density.

The energy conversion efficiencies observed herein are
low in comparison with other works. The problem is due

— ®— porphyrin 1
= -0=-porphyrin 2
-+ &-- porphyrin 3

1.2

~ 09
o~
g
(&)
<
E o6
3
0.3 Y
OO
Obb
00 i L " " i Y 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Fig 8. Photocurrent-voltage characteristics of the solar cells sen-
sitized with porphyrins 1-3.
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Table 2. Photovoltaic performance of nanocrystalline TiO, films
sensitized by porphyrin dyes. The active area is 0.3 x 0.3 cm?

Jse
Sample Voe (V) Jee (mAlem®) ff (%) n (%)
porphyrin 1 0.564 1.26 61.1 0.61
porphyrin 2 0.501 0.75 52.3 0.26
porphyrin 3 0.524 1.05 42.6 0.45

to the low IPCEs of the porphyrins. As Figure 7 indicates,
the IPCEs of the substituted porphyrins were only ~5-7%.
In contrast, the IPCEs of high-efficiency DSSCs normally
reach 70-80%, more than an order of magnitude larger
than our results. Low IPCEs mean that the photons ab-
sorbed by the porphyrin dye do not convert to photocur-
rent efficiently. We attribute this to two effects associated
with the porphyrin dyes: (1) aggregation of the porphyrin
molecules and (2) geometrical structure of the anchoring
group. Organic dyes have been shown to aggregate strongly
on the TiO, surface. Emission quenching measurements
revealed that the aggregation reduces the injection yield of
the photocarriers from the photoexcited dye into the con-
duction band of TiO; (37, 38). The reduction can reach an
order of magnitude. In addition, the aggregation effect be-
comes stronger as the molecule size increases. This would
explain the results that the substituted porphyrins, which
are larger molecules, have lower IPCEs than the unsubsti-
tuted porphyrin. The second reason for low IPCEs is due
to the geometrical structure of the anchoring group. Elec-
tron injection efficiency depends on the substituent and
the position at which the substituent is anchored to the
porphyrin molecule. In order to produce large conversion
efficiencies, the porphyrin macrocycle, where the photocur-
rent is produced, should have strong electronic coupling to
TiO,. If an anchoring group is linked directly to the macro-
cycle, the distance is short, and the coupling is strong, and
high efficiency is expected. Indeed, this is exactly what hap-
pened in Wang’s porphyrin DSSCs (n ~5%) (22), where
the COOH group was anchored directly to the 8 position
of the macrocycle. In contrast, the COOH groups of the
present samples are remotely decoupled from the macrocy-
cle through the phenyl group, resulting in poor electronic
coupling. The orientation of the anchoring group with re-
spect to the macrocycle also affects electronic coupling.
The preferred orientation is to have the anchoring group
parallel to the macrocycle. However, the carboxyphenyl
group of the present samples is oriented perpendicular to
the porphyrin macrocycle, resulting in poor electronic cou-
pling. Hence, although the absorption bands of the sub-
stituted porphyrin have been successfully red-shifted to
the infrared region, to improve the conversion efficiency,
we need to reduce aggregation of the porphyrin molecules
and design anchoring groups with better structure in the
future.

Lee et al.
4 Conclusions

In conclusion, we have synthesized three new porphyrin
derivatives with different numbers of substitution. The op-
tical absorption spectra reveal very large redshift effects and
broadening of the absorption energies in response to the
substitution. The enhancement of the optical absorption
is most pronounced in the long-wavelength visible region.
The low energy conversion efficiency is attributed to the
aggregation of the porphyrin molecules and the geometry
of the anchoring group.
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