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Abstract

Self-assembled films (SA films) of 3,4,9,10-perylenetetracarboxylic acid (PTA) (Film P) and II B group metal-ion-bridged PTA (Film
PMP, M = Zn2+, Cd2+, or Hg2+) were fabricated on nanocrystalline TiO2 electrodes and characterized with UV–VIS and IR spectra
and XPS. Compared with Film P sensitized solar cell, Grätzel cells based on individual PMP electrodes are more efficient regarding
photocurrent generation. Synchrotron radiation photoelectron spectroscopy (SRPES) study reveals that those HOMO energy levels of PMP
films are greater than that of Film P. The higher HOMO energy levels will lead to higher excited state energy levels that benefit electron
injection, and hence, increase efficiencies for photocurrent generation. In view of the invariable valence of Zn2+, Cd2+, and Hg2+ ions,
electron injection should be attributed to ligand, but not to the central metal ions, like the case of Ru(II)–bipyridyl complex. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Grätzel type solar cells are heavily investigated currently
[1–17] due to the high overall energy conversion efficiencies
of up to 10% [18–20]. Especially Ru(II)-polypyridyl com-
plexes are playing an important role in the study of mimick-
ing processes in the photosynthetic reaction center [21–27],
from which the basic mechanisms for dye-sensitized so-
lar cell were proposed. For dyes worthy applications in
dye-sensitized solar cells, high photo-stability is required;
otherwise, they will have no good prospects for application.
3,4,9,10-Perylenetetracarboxylic acid (PTA) is no doubt a
promising sensitizer for nanocrystalline TiO2 electrodes due
to its strong absorption in the visible, high photo-stability
[28,29] and ideal adsorption properties. Derivatives of
3,4,9,10-perylenetetracarboxylic dianhydride have been so
far used as functional materials in such fields as organic
photoconductors [30], solar energy conversion [31], liquid
crystal displays [32,33], and photoelectron molecular de-
vices [34]. Additionally, Ferrere et al. [35] have reported
the dye sensitization of nanocrystalline tin oxide by PTA,

∗ Corresponding author. Tel.: +86-10-62757156; fax: +86-10-62751708.
E-mail address: hch@chemms.chem.pku.edu.cn (C.-H. Huang).

but few studies on PTA sensitized solar cells based on
nanocrystalline TiO2 film have been reported so far.

Moreover, four carboxylic acid groups attached to the op-
posite sides of perylene renders the possibility of its alter-
native self-assembly on the surface of TiO2 through metal
ions. PTA can adsorb on TiO2 through coordination of Ti4+
with two carboxylic acid groups on one side. The other two
carboxylic acid groups on the other side can coordinate with
suitable metal ions that successively bind a new layer of
PTA through coordination bond. Complexes (PMP) can be
formed as a result of self-assembly. Therefore, comparison
of photoelectric response between PTA sensitized and PMP
sensitized solar cells is an interesting topic. Herein, we re-
port the fabrication of alternative self-assembled (SA) films
of PTA on porous TiO2 films through II B group metal ion
as a bridge. After studying photoelectric conversion proper-
ties of nanostructured TiO2 electrode sensitized with PTA
itself or SA films of metal-ion-bridged PTA, some interest-
ing results were obtained.

Mononuclear complexes with ligand PTA are difficult to
synthesize in conventional solution reactions because car-
boxylic acid groups on both sides can coordinate with metal
ions in opposite directions and usually they form poly-
mer, however, this can be achieved through self-assembly
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technique. The self-assembly method is a good way to ob-
tain artificial novel materials according to one’s idea, and
their relatively organized structure makes it convenient to
carry out characterization and property studies.

2. Experimental details

2.1. Materials

Propylene carbonate (PC), 3,4,9,10-perylenetetracarbo-
xylic dianhydride and titanium tetraisopropoxide were pur-
chased from Acros. The redox electrolyte used in this work
was 0.5 M LiI + 0.05 M I2 in PC. 3,4,9,10-Perylenetetracar-
boxylic acid (PTA) was prepared by hydrolysis of
3,4,9,10-perylenetetracarboxylic dianhydride [36] and its
purity was confirmed by elemental analysis and IR spec-
trum. Compounds LiI, I2, ZnCl2, CdCl2, and HgCl2 were
all of analytical reagent grade (Beijing Chemical Factory,
China). Adequate quantity of ZnCl2, CdCl2, or HgCl2 was
dissolved in ethanol, respectively, and 1 mM stock solutions
were formed. Optically transparent conducting glass (CTO
glass, fluorine-doped SnO2 overlayer, transmission greater
than 70% in the visible, sheet resistance 20 �/sq) was
obtained from the Institute of Nonferrous Metals of China.

2.2. Preparation of TiO2 Film

Conducting glass substrates were pretreated [12–15]
prior to preparation of nanocrystalline TiO2 electrode. The
CTO glass substrates were immersed in a saturated solu-
tion of KOH in 2-propanol overnight, rinsed with acetone,
ethanol and doubly deionized water successively, and dried
in an air stream. The total amount of 100–150 g dm−3 TiO2
colloid was prepared by following the reported procedure
[18]. In order to improve the ohmic contact between TiO2
particles and CTO glass, three drops of 1×10−3 M titanium
tetraisopropoxide in 2-propanol was spread on the conduct-
ing glass (2 cm × 8 cm) and dried naturally in air at room
temperature. The 7 �m thick nanostructured TiO2 films
were fabricated by spreading the adhesive TiO2 colloid
onto the first layer and annealed at 450◦C for 30 min. For
IR measurement, 2 �m thick TiO2 film was deposited on
single-crystal silicon (face1 0 0. Transmission is about 20%
in the IR region studied). Film thickness was determined
with DEKTAK 3 profilometer.

2.3. Fabrication of self-assembled films

1. Film P: after TiO2 film was soaked in 3 × 10−4 M solu-
tion of PTA in DMSO for 3 h, coloration was completed.
Thereafter, the electrode was withdrawn from the so-
lution, washed with ethanol for at least six times, and
dried in airflow. The TiO2 film that adsorbed monolayer
of PTA molecule was denoted as Film P.

2. Film PM: Film P was soaked in 1 mM solution of ZnCl2,
CdCl2, or HgCl2 in ethanol, respectively, and Film PM
was formed after 3 h. After completion of fabrication,
washing and drying procedures are the same as above.

3. After Film PM was soaked in 3 × 10−4 M solution
of PTA in DMSO for 3 h, Film PMP was fabricated.
Immediately following the fabrication are the washing
and drying procedures as described above.

Note that 3,4,9,10-perylenetetracarboxylic dianhydride
cannot be adsorbed to the surface of nanocrystalline TiO2
under the experimental condition. Therefore, PTA, but not
the dianhydride, was chosen as sensitizer.

2.4. Photoelectrochemical measurement

The photoelectrochemical experiments were performed in
a standard 2-electrode-system described elsewhere [19,37]
with 7 �m thick TiO2 electrodes unless specified. The
dye-coated film was used as working electrode with effec-
tive area of 0.14 cm2. The counter electrode was ITO glass
on which 200 nm thick layer of Pt was deposited by sput-
tering. A thin layer sandwich-type solar cell was fabricated
by clamping both electrodes tightly followed by introduc-
ing one drop of the redox electrolyte into the interelectrode
space. A 500 W xenon lamp (Ushio Electric, Japan) served
as a light source in conjunction with an IRA-25S filter to cut
off infrared light. A set of band-pass filters (Schott, USA)
was set into the path of the excitation beam to adjust the
excitation wavelength. Light intensities were measured with
a Light Gauge Radiometer/Photometer (Coherent, USA)
when an IRA-25S filter, a GG420 cut-off filter (for white
light output only) or a band-pass filter (for monochromatic
light output only), and a sheet of CTO glass were set in
the light beam. Here, an IRA-25S filter was used to filter
off infrared light to protect the electrode from heating, and
a GG420 cut-off filter was used to cut off the light with
wavelength less than 420 nm to avoid the excitation of TiO2
by ultraviolet light. Note that light intensities measured in
this work have been corrected for scattering and absorption
by CTO glass as a result of a sheet of CTO glass set in the
light beam when light intensities were measured.

2.5. Instrumentation

The UV–VIS spectra were measured with a Shimadzu
model 3100 UV–VIS–NIR spectrophotometer, and IR
spectra were recorded on a Nicolet MAGNA-IR 750 Spec-
trometer. In order to minimize the systematic error, a series
of SA films (i.e. from P to PMP) were fabricated succes-
sively on the fixed nanocrystalline TiO2 film, and each
fabrication of SA film was followed by UV–VIS or IR mea-
surement immediately. XPS was performed on VGESCA
LAB 5 Multitechnique photoelectron spectrometer (VG.
CO., UK) using Al K� as radiation. Synchrotron radia-
tion photoelectron spectroscopy (SRPES) was measured on



Z.-S. Wang et al. / Journal of Photochemistry and Photobiology A: Chemistry 140 (2001) 255–262 257

Fig. 1. Relationship of maximum absorbance of Film P with sensitization duration. TiO2 film used here was about 2 �m thick. Absorbance has been
corrected for the absorption of TiO2 film and glass support.

photon–electron spectrometer (vsw Scientific Instruments
Ltd., Eng.) through synchrotron radiation. Under ultravac-
uum (3–4 × 10−8 Pa), photoelectron spectra were recorded
under 62 eV synchrotron radiation light, from which the
first ionization energy, the HOMO energy level, was derived
for different SA films.

3. Results and discussion

3.1. Film P

3.1.1. Adsorption behavior
A nanocrystalline TiO2 film was soaked into a PTA

solution in DMSO, and withdrawn from the solution for
absorbance determination at variable time intervals. The
sensitized film was washed thoroughly with anhydrous
ethanol and dried in airflow followed by the measurement.
Fig. 1 shows the relationship of maximum absorbance and

Fig. 2. The UV–VIS spectra for PTA in DMSO (dotted line) and Film P (solid line). TiO2 film used here was about 2 �m thick. Absorption for TiO2

film and glass support has been deducted for Film P.

the sensitization-duration. Adsorption can be divided into
three stages. Since pores in the TiO2 film are all unoccupied
at the initial stage of adsorption, adsorbance is increased
rapidly, Then the adsorption rate is slowed down with the
increase of adsorbance. Finally, adsorption reaches satu-
ration when all active surface is occupied. One can see
from Fig. 1 that the optimal duration for sensitization is
greater than 40 min. In order to ensure adsorption saturation,
3 h-sensitization was chosen in this work.

3.1.2. UV–VIS spectra
The absorption spectra of PTA in DMSO and Film P are

shown in Fig. 2. The PTA exhibits four characteristic peaks
in the visible. The strong absorption in the visible is resulted
from the large planar structure with �-conjugation system.
Upon adsorption of PTA on porous TiO2 film, only two
peaks appear in the spectrum due to the overlap of absorption
peaks. Comparison of the spectrum of Film P with that of
PTA in DMSO reveals that absorption is well extended to the
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Fig. 3. The IR spectra for (a) PTA (solid); (b) Film P; (c) Film PZn; and
(d) Film PZnP. IR spectrum of PTA (solid) was measured by means of
microscope IR and spectra of SA films were measured directly on TiO2

films deposited on single-crystal silicon (face 1 0 0). Absorption intensity
of spectra is normalized to the peak intensity of C=C stretch in order
to compare the relative intensity of the bands in the wavenumber region
between 1900 and 1250 cm−1.

red region. The red shift of absorption threshold indicates the
charge-transfer transition involved between PTA and Ti4+
ion, and the effect is interpreted in terms of an increase in
the delocalization of the � orbital of the PTA ligand upon
adsorption of PTA to the surface of TiO2 [19].

3.1.3. IR spectra
The carboxylic acid is known to interact with TiO2

surfaces through chemical bond formation to the surface,
chelating or bridging modes, or physical adsorption [38].
Interfacial binding between the dye molecules and TiO2 sur-
face was characterized by IR spectra of the SA-film-coated
TiO2 films. Fig. 3(a) shows the microscope IR spec-
trum of PTA powder. Absorption peaks at 1591, 1284
and 1693 cm−1 (Table 1) were attributed to C=C stretch
mode of perylene and C–O and C=O stretch modes of the

Table 1
The IR absorption properties and major XPS peaks of metal-ion-bridged SA films

PTA P PZnP PCdP PHgP

Binding energy (eV) 1044.8 (Zn2p1/2),
1021.7 (Zn2p3/2)

411.6 (Cd3d3/2), 102.0 (Hg4f5/2),
404.8 (Cd3d5/2) 96.9 (Hg4f7/2)

IRa

ν (C=C) (cm−1) 1591 1597 1597 1597 1597

ν (C=O) (cm−1) 1693 1776 1776 1776 1776
– 1759 1759 1759
– 1744 1744 1744

1734 1732 1732 1730

ν (CO) + δ (COOH) (cm−1) 1284 1319 1319 1319 1319
1302 1302 1302 1302

a The IR spectrum of PTA was measured by means of microscope IR. The IR spectra for SA films were measured directly on TiO2 film deposited
on single-crystal silicon.

Fig. 4. Photocurrent action spectra for (a) Film P; (b) Film PHgP; (c)
Film PCdP; and (d) Film PZnP.

carboxylic acid group in dimer, respectively. The spectrum
of Film P (Fig. 3(b) has two peaks at 1776 and 1734 cm−1,
respectively, which are the characteristic absorption peaks
of carboxylic acid group in monomer: the former for free
groups and the latter for coordinated ones. Consequently, it
is inferred that monolayer of PTA is adsorbed onto TiO2.
Similarly, there are two peaks for C–O stretch modes at 1319
and 1302 cm−1, respectively. 1319 cm−1 is assigned to free
carboxylic acid groups and 1302 cm−1 for coordinated ones
in the case of interaction mode as O=C–O–Ti [38]. Two
carboxylic acid groups on one side of PTA can interact with
TiO2 surfaces and the other two groups are free in the ideal
case. However, it is not the case. The peak at 1776 cm−1

is stronger than that at 1734 cm−1. Therefore, it is implied
that more free carboxylic acid groups than coordinated ones
exist in Film P. This result can be rationalized by the fact that
in some cases only one of the four carboxylic acid groups
is involved in coordination due to the steric hindrance.

3.1.4. PTA sensitized photocurrent generation
Fig. 4(a) shows the action spectrum of PTA sensitized

solar cell, where IPCE is plotted as a function of incident
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Fig. 5. Relationship between short-circuit photocurrents and light inten-
sities for (a) Film P and (b) Film PZnP. Sandwich-type solar cells were
under illumination of white light from a Xe lamp whose infrared and
ultraviolet light was cut off with an IRA-25S and a GG420 cut-off filters.

wavelength [19]. The PTA anchored to the TiO2 surface is
responsible for the photocurrent generation owing to the re-
semblance of action spectrum to UV–VIS spectrum. Under
monochromatic incident light, sandwich-type solar cell gen-
erated steady anodic photocurrents, and the maximum IPCE
(26.9%) appeared at 480 nm. One can infer from the low
IPCE data that charge recombination, resulted from the mis-
match between excited state energy level of PTA and the
conduction band energy level of TiO2 and or the large rate
constant for the back reaction with respect to electron injec-
tion, is serious in this system. It is expected that IPCE will be
increased significantly after reducing charge recombination.

The effect of light intensity on the short-circuit photocur-
rents was examined, as seen in Fig. 5(a). The short-circuit
photocurrents increase nonlinearly with light intensities. Es-
pecially photocurrents increase less than expected with in-
creasing light intensity from 24 mW cm−2. The relationship
of photocurrents with light intensities indicates that diffusion
is not fast enough to reduce dye cations; this is also a reflec-
tion of serious charge recombination present in this system.

4. Film PM and Film PMP

4.1. XPS spectra

The XPS is a powerful means to detect metal ions in films.
Characteristic XPS peaks observed for the three metal ions
confirms the existence of metal ions in the corresponding
PMP films, and they are listed in Table 1. For Film PZnP,
peaks at 1044.8 and 1021.7 eV are assigned to Zn2p1/2 and
Zn2p3/2, respectively. The distance of 23.1 eV between the
two peaks further confirms the existence of Zn2+ in Film
PZnP. Similarly, the characteristic XPS peaks for Cd2+ and
Hg2+ were also observed for Film PCdP and PHgP, respec-
tively, as seen in Table 1.

4.2. IR-spectra

Three PM films show similar features of IR spectrum so
do the three PMP films. The data for major IR peaks of
PMP films are listed in Table 1. In order to discuss spectrum
changes conveniently, IR spectra for Film PZn and PZnP,
as representatives, are also shown in Fig. 3. Compared with
Film P, there are more kinds of carboxylic acid groups in
Film PZn. The carboxylic acid groups can coordinate with
Ti4+ or Zn2+ ion and can be free. The two more peaks ap-
pearing at 1759 and 1744 cm−1 (Fig. 3(c)) should be related
to the C=O stretch modes resulted from the coordination of
PTA and Zn2+ ion. Different coordination bond lengths and
different interaction modes between carboxylic acid groups
and TiO2 surface or Zn2+ ions will result in more than
one peak for the C=O stretch modes. That the 1776 cm−1

also appears in Film PZn further supports some carboxylic
acid groups uninvolved in coordination due to the steric hin-
drance; this is understandable in the case of nanopores. For
Film PZnP, another layer of PTA is adsorbed through two
carboxylic acid groups on one side coordinating with Zn2+,
and the other two groups on the other side are free. Con-
sequently, four peaks at 1776, 1759, 1744 and 1732 cm−1

appear in the spectrum of PZnP film (Fig. 3 (d)). Interest-
ingly, the relative intensity of the 1302 cm−1 peak increases
from Film P to Film PZn as a result of relatively increased
number of coordinated carboxylic acid groups, and then de-
creases from Film PZn to Film PZnP as a result of relatively
decreased number of coordinated carboxylic acid groups.

4.3. UV–VIS spectra

Electronic spectra for Film PZn and PZnP are present in
Fig. 6. The pronounced increase in absorbance from Film
PZn to Film PZnP indicates that TiO2 adsorbs another layer
of PTA, both layers of PTA connected through coordina-
tion bonds between carboxylic acid groups and Zn2+ ions.

Fig. 6. The UV–VIS spectra for Film PZn (dotted line) and Film PZnP
(solid line). Absorbance has been corrected for the absorption of TiO2

film and glass support. TiO2 film used here was about 2 �m thick.
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Table 2
Adsorbed amount of PTA, IPCE data and energy levels for different SA films

P PZnP PCdP PHgP

Molecules/film (cm2)a 4.27 × 1016 6.22 × 1016 (45.7%)b 6.49 × 1016 (52.0%) 6.28 × 1016 (47.1%)
IPCEmax (%) 26.9 56.8 52.6 40.4
HOMO energy level (eV) −6.79 −6.53 −6.57 −6.64
Excited energy level (eV) −4.20 −3.94 −3.98 −4.05

a TiO2 films used here were 7 �m thick, extinction coefficient of PTA in 0.1 M NaOH aqueous solution was measured to be 4.46 × 104 M−1 cm−1.
b Values in parentheses stand for the increase in adsorbed amount of PTA from Film P to Film PMP.

Film P only contains monolayer of PTA confirmed by the
IR spectrum of Film P (see IR analyses). Metal ions are
adsorbed by coordinating with carboxylic acid groups and
subsequently connect another layer of PTA through coordi-
nation bond too when Film PM is dipped in PTA solution.
As absorbance of PTA on the surface of TiO2 cannot be in-
creased by prolonging sensitization duration (see Fig. 1), the
notable increase of absorbance for Film PZnP with respect
to Film PZn confirms another layer of PTA adsorbed to the
first layer through coordination interaction. MLCT band is
not observed from the UV–VIS spectra for both Film PM
and Film PZnP. However, this cannot exclude the possibility
of complex formation because MLCT band can be covered
up by the strong absorption of PTA in the visible.

In order to compare the adsorbance of PTA on TiO2
surface from Film P to Film PMP, PTA was desorbed to
0.1 M NaOH aqueous solution. The amount of PTA was
calculated by measuring the absorbance of the above so-
lutions (shown in Table 2). One can see from Table 2 that
amount of PTA can be increased from Film P to Film PMP
by about 50%. This remarkable increase in amount of PTA
from Film P to Film PMP further confirms that another layer
of PTA is adsorbed as a result of existence of metal ions.

4.4. Photocurrent action spectrum

In order to investigate the effect of metal ion on electron
transfer, action spectra for different PMP electrodes were
also measured with sandwich-type solar cells. IPCEs are
increased to different extent upon formation of PMP films
depending on the metal ions, as seen in Fig. 4. One can see
from Table 2 that the maximum IPCE at 480 nm is in the
following order: PZnP > PCdP > PHgP > P. For PZnP
and PCdP electrodes, the maximum IPCE of PZnP or PCdP
is approximately doubled with respect to that of electrode
P. Obviously, the increased absorbance (∼50%) cannot be
responsible for the increased IPCE completely, but the lat-
ter can be interpreted by the difference of HOMO energy
levels for different SA films. In fact, PMP film can be con-
sidered as a kind of complex, which of course differs from
the ligand. Metal ions play a different role in complexes
that, hence, have different HOMO energy levels. Therefore,
the different PMP films show discrepancy in photocurrent
generation. The HOMO energy levels relative to vacuum
measured with SRPES for different SA films are listed in

Table 2, from which one can see that the HOMO energy
levels relative to vacuum are −6.53, −6.57, −6.64 and
−6.79 eV for PZnP, PCdP, PHgP and P, respectively. Excited
state energy levels can be estimated through HOMO energy
levels and the maximum absorption wavelength at 480 nm
(2.59 eV, corresponding to excitation energy), −4.20 eV for
Film P, −3.94 eV for Film PZnP, −3.98 eV for Film PCdP,
and −4.05 eV for Film PHgP. The excited state energy
levels for all SA films are higher than the bottom of the
conduction band (−4.40 eV) of TiO2, indicating electron
injection from dyes to the conduction band of TiO2 is ther-
modynamically possible. The higher excited state energy
levels for PMP films, compared with Film P (−4.20 eV),
can increase the driving force for electron injection and
IPCE is, therefore, increased. For the four electrodes, the
higher the excited state energy levels the larger the IPCE.

4.5. Photovoltage–current characteristics

Under irradiation of white light (94.6 mW cm−2) from
a Xe lamp, photocurrents and their corresponding photo-
voltage were measured by adjusting variable resistance. The
performance parameters for solar cells based on individual
electrodes are listed in Table 3. The fill factor is defined as
expression (1):

FF = VoptIopt

VocIsc
(1)

where Vopt and Iopt are, respectively, voltage and current for
maximum power output. Also η is defined as the following
equation:

η = IscVocFF

Pin
(2)

Table 3
Performance parameters for sandwich-type solar cellsa

P PZnP PCdP PHgP

Isc (mA cm−2) 4.14 6.65 6.04 5.42
Voc (mV) 250 308 299 289
FF 0.410 0.385 0.375 0.397
η (%) 0.445 0.83 0.72 0.66

a Conditions: 94.6 mW cm−2 white light from a Xe lamp; Infrared light
and ultraviolet light were cut off with an IRA-25S filter and a GG420
cut-off filter.
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Fig. 7. The I–V curves for (a) electrode P and (b) electrode PZnP.
Conditions as in Table 3.

where Pin is the power of incident white light. Isc, Voc and
η are all in the following order: PZnP > PCdP > PHgP >

P, which accords with the IPCE order. Among the four SA
films, Film PZnP has the highest short-circuit photocurrent
(6.65 mA cm−2), open-circuit photovoltage (308 mV) and
overall yield (0.83%). The I–V curves for Film P and Film
PZnP, as an example, are shown in Fig. 7.

The effect of light intensity on short-circuit photocur-
rent was also examined, as seen in Fig. 5 (b). Unlike Film
P, short-circuit photocurrents increased linearly with light
intensities for Film PZnP, indicating that photocurrent gen-
eration is not limited by diffusion of the iodide or triiodide
ions within the nanocrystalline film in the light intensity
range studied. One can see from the above analyses that
when suitable metal ion was introduced into the interspace
of two-layer PTA through coordination bond, photocurrent
generation can be improved significantly due to the increase
of HOMO energy level.

Four samples for each type of SA film were measured un-
der the same conditions in all photoelectrochemical experi-
ments of this work, and results remained almost unchanged
within the range of experimental deviation. Therefore,
photoelectrochemical measurements were reproduced well.

5. Conclusion

Complexes of II B group metal ions were successfully
formed through alternative self-assembly of PTA and metal
ions on nanocrystalline TiO2 film. Compared with film P,
IPCE is increased significantly upon the formation of Film
PMP. The increased IPCE can be interpreted by the increase
of HOMO energy level when the complex is formed. For this
system, higher HOMO energy levels correspond to higher
excited state energy levels, therefore, the driving force for
electron injection is increased. It is noted for PMP electrodes
that electron should be injected from PTA, but not the central
metal ion, to the conduction band of TiO2 because the metal
ions used in this work are all of invariable valence. The result

provides a new way to improve photoelectric properties for
dyes like PTA and is worthy further study.
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