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Abstract

Crafting charge transfer channels at titanium dioxide (TiO2) based photoanodes remain a pressing bottleneck in
solar-to-chemical conversion technology. Despite the tremendous attempts, TiO2 as the promising photoanode ma-
terial still suffers from sluggish charge transport kinetics. Herein, we propose an assembly strategy that involves the
axial coordination grafting metalloporphyrin-based photosensitizer molecules (MP) onto the surface-modified TiO2

nanorods (NRs) photoanode, forming the composite MP/TiO2 NRs photoelectrode. As expected, the resulted unique
MPB/TiO2 NRs photoelectrode displays significantly improved photocurrent density as compared to TiO2 NRs alone
and MPA/TiO2 NRs photoelectrode. Scanning photoelectrochemical microscopy (SPECM) and intensity modulated
photocurrent spectroscopy (IMPS) were employed to systematically evaluate the continuous photoinduced electron
transfer (PET) dynamics for MP/TiO2 NRs photoelectrode. According to the data fitting, it is found that the photo-
electron transfer rate (keff) constant for the MPB/TiO2 NRs is about 2.6 times higher than that for the pure TiO2 NRs
under light irradiation. The high kinetic constant for the MPB/TiO2 NRs was ascribed to that the conjugated molecules
MPB of D-A structure can effectively accelerate intramolecular electrons transfer as well as promote electrons taking
part in the reduction reaction of I3

� to I� in the novel charge transfer channel. The results demonstrated in this study
are expected to shed some light on investigating the mechanism in the charge transfer process of artificial photo-
synthesis and constructing efficient photoelectrodes.

Keywords: Photosensitizer; TiO2 nanorods; Scanning photoelectrochemical microscopy; Photoexcited electron
transfer

1. Introduction

The rapid development of global industry and
the high energy demand have generated severe
environmental concerns such as water contami-
nation, air pollution, and greenhouse gas emis-
sions [1e3]. Therefore, there is an increasing
demand for ecofriendly and sustainable energy
sources to replace fossil fuels. In recent years, solar
energy with global distribution has been widely
used as a clean and renewable energy source in
terms of energy demand and environmental issues
[4]. Photoelectrochemical (PEC) water splitting and

photovoltaic power generation have attracted
considerable attention as renewable energy sour-
ces through the direct conversion of solar energy
[5e7]. However, the slow transfer rate of photo-
excited carriers is extremely limited in practical
applications to solve the energy crisis [8,9].
Photoelectrode is the key core part in the PEC

water splitting system. In 1972, titanium dioxide
(TiO2) films as the photoanode for PEC water
splitting was first demonstrated by Honda and
Fujishima [10]. At the present stage, TiO2 is the
most researched and used semiconductor photo-
anode due to its outstanding chemical stability
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[11,12]. However, the inherent weaknesses of TiO2,
such as low carrier mobility, large bandgap and
only responding to the ultraviolet light, have
greatly hindered the TiO2 practical application
[13e15]. Following that, numerous research efforts
have been made to realize a high solar conversion
efficiency of TiO2 [16e18]. Light absorption effi-
ciency, carrier separation and transfer rates, and
surface dynamics combine to influence photo-
anode PEC performance [19e21]. Among them, the
photoinduced electron transfer (PET) rate is key to
the efficient conversion of solar energy to chemical
energy [20,22,23].
In typical dye-sensitized solar cells (DSSCs),

nanocrystalline semiconductors (TiO2, SnO2, ZnO,
etc.) decorated with photosensitizer molecules
inject electrons upon photoexcitation into the
conduction band of the semiconductor, achieving
light energy conversion [24e26]. Sensitizers are an
important component of DSSCs and they essen-
tially determine the performance of DSSCs in
terms of light harvesting and energy conversion
[27]. Enlightened by these research progresses, we
have attempted to assemble sensitizers molecules
onto the surface of TiO2 films to improve light
absorption efficiency and facilitate electron trans-
fer. Efficient sensitizer molecules should have the
advantage of high light-harvesting capabilities in
the visible to near-infrared region, allowing effec-
tive electron injection as well as inhibiting charge
recombination [28,29]. To fulfill these re-
quirements, numerous attempts have been made
to develop organic dyes with a D-p-A structural
motif, in which an electron donor (D) and an
electron acceptor (A) are linked via a p-conjugated
system [30e32]. To date, porphyrin sensitizers with
a donor-(p bridge)-acceptor (D-p-A) structure
have been used in DSSCs, showing the promising
performance and the efficiencies which rival the
best Ru(II) polypyridal dyes in the iodide/tri-iodide
(I�/I3

�) electrolyte [33e35].
The sensitizers dye molecules are often cova-

lently immobilized on the semiconductor metal
oxide surfaces using carboxylic acid anchoring
groups [36e38]. Recently, by exploiting the metal-
ligand coordination chemistry of metal-
loporphyrins, an alternate method was established
to the covalent immobilization of dye molecules
[39]. Iron and nickel porphyrins have been exten-
sively investigated for their metal-ligand coordi-
nation dynamics [40,41]. However, zinc-based
porphyrins were chosen to be assembled on TiO2

films by metal coordination for the following rea-
sons. There is no ambiguity about the oxidation
state, 2þ, of the zinc metal; it pref ers to form a five-

coordinated complex by accepting only one axial
ligand and the d orbitals of the Zn2þ are
completely filled. Hence, zinc(II)-based porphyrin
sensitizer was chosen as the representative metal-
loporphyrin, whereas phenylimidazole was used
as the coordinating linker between the metal-
loporphyrin sensitizer and TiO2 surface, because of
its good rigid structure and a carboxyl acid
anchoring group that bound to TiO2. A key
advantage of this modular assembly approach is
that it allowed employing different sensitizers
having different redox and spectral properties, and
permitted us to verify their ability of photocurrent
generation.
Herein, two metalloporphyrin-based photosen-

sitizer molecules MPA and MPB (M ¼ Zn,
P¼Tetrapyrrole) were adopted and grafted on the
surface-modified TiO2 NRs photoanode through
the metal-ligand axial coordination assembly
strategy. The ligand 4-carboxypyridine was uti-
lized to decorate TiO2 nanorods (NRs) and as the
coordinating linker between the metalloporphyrin
sensitizers (MP) and TiO2. The MPB molecule has
D-p-A conjugated structure compared to the MPA

molecule. As-prepared MPB/TiO2 NRs array not
only achieves a high current density, but also
remarkably enhances the light absorption capacity.
It is speculated that the interfacial electron transfer
kinetics are critical to the enhancement of photo-
current signals. Therefore, the scanning photo-
electrochemical microscopy (SPECM) and
intensity modulated photocurrent spectroscopy
(IMPS) were employed to systematically evaluate
the continuous PET dynamics for the MP/TiO2

NRs photoelectrode.

2. Experimental section

2.1. Regents and materials

Iodine gas (I2) (Sigma-Aldrich, 99.9%), HCl
(36.0%e38.0%), 4-carboxyphenylimidazole (C9H8

N2O2, Aladdin, >99.9%) and tetrabutylammonium
hexafluorophosphate (C16H36F6NP, Aladdin, 96%)
were purchased from Aladdin Chemistry Co. Tet-
rabutyl titanate (C16H36O4Ti, Aladdin, 96%), tetra-
butylammonium trifluoromethanesulfonate (C17H36

F3NO3S, Alfa Aesar, 95%) and KI (Alfa Aesar, 95%)
were obtained from Sinopharm Chemical Reagent
Co. All chemicals were used in experiment without
any further purification. All solutions were prepared
with deionizedMilli-Q water. The metal porphyrins
A and B (Mark as MPA and MPB) were synthesized
according to the method reported in previous liter-
ature [25].
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2.2. Synthesis of MP/TiO2 NRs film on FTO
substrate

FTO glass substrates were first cleaned using
soap and water, then immersed in acetone and
deionized (DI) water followed by sonication for
30 min and 30 min, respectively, and then dried
with N2 gas. A thin 1D TiO2 NRs layer was then
deposited on the FTO surface by hydrothermal
synthesis [42]. In a typical procedure, the solution
containing 15 mL of DI water and 15 mL of HCl
(36.0%e38.0%) was stirred for 10 min then, 500 mL
of C16H36O4Ti was added. After vigorously stir-
ring for another 10 min, the obtained mixture
solution was poured into a 25 mL Teflon-lined
stainless steels autoclave. Among, the FTO sub-
strate was placed at an angle against the wall of
the Teflon-liner and the conducting side facing
downwards. The autoclave was kept at 150 �C for
5 h in the oven until the temperature dropped to
room temperature, and the sample was taken out
and rinsed with DI water. Finally, the TiO2 NRs
film was obtained after annealing in air at 500 �C
for 1 h.
The MP/TiO2NRs film was synthesized following

the procedures shown in Fig. 1. Briefly, the TiO2

NRs sample was firstly immersed in the 4-car-
boxyphenylimidazole ethanol solution for 12 h to
decorate TiO2 NRs film surface, and followed by
rinsing with ethanol for removal of loose bonded
group and drying at 130 �C. Then the surface-
modified FTO/TiO2 NRs electrode was again
immersed in the metal porphyrin sensitizers
dichloromethane solution (0.1 mmol$L�1) for 4 h,
and the unbound porphyrin sensitizers were
removed by washing several times with DI water
and dichloromethane, then dry in the air. The ob-
tained photoanodes are named as MPA/TiO2 NRs
and MPB/TiO2 NRs.

3. Results and discussion

3.1. Structure characterization

The method of assembling photosensitizer mol-
ecules on the electrode surface through highly
oriented metal-ligand binding is a successful
strategy to improve the photoelectric conversion
efficiency. Herein, two metalloporphyrin-based
photosensitizer molecules MPA and MPB (M ¼ Zn,
P¼Tetrapyrrole) were prepared and the synthetic
route is depicted in Fig. S1. The most critical step in
this synthesis route is the introduction of an elec-
tron-donating diarylamino group (D) attached at
the alkynyl p bridge opposite the meso-position of
porphyrin core systematically. The molecular
structures of the obtained photosensitizer mole-
cules MPA and MPB are shown in Fig. 2A. The UV-
vis absorption spectra and emission spectra of
photosensitizer molecules MPA and MPB in
CH2Cl2 solvent are shown in Fig. 2B. Both mole-
cules MPA and MPB exhibit typical porphyrin
characteristic absorption, However, MPB exhibits a
broad absorption peak, and the Soret and Q bands
are shifted to longer wavelengths compared to
MPA, which is due to the introduction of the donor
when coupling between the aromatic substituents
and the porphyrin ring, and the expansion of the
conjugate system in MPB. This further illustrates
the intramolecular charge transfer (ICT) transitions
of D-A conjugate molecular MPB.
To overcome the inherent weaknesses such as

low carrier mobility and large bandgap of TiO2,
surface modification has been intensively studied.
We designed a novel and facile strategy to
construct supramolecular light-harvesting bodies
on TiO2 NRs arrays, that is, through the axial co-
ordination of the central metal ion of zinc
porphyrin with the imidazolyl groups on the

Fig. 1. Schematic illustration for the synthetic route of MPA/TiO2 NRs and MPB/TiO2 NRs photoanodes.
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surface-modified TiO2 NRs supports, forming the
composite MP/TiO2 NRs photoelectrode. The
morphologies of TiO2 NRs, MPA/TiO2 NRs and
MPB/TiO2 NRs photoanodes were investigated by
the field emission scanning electron microscope
(FESEM). As shown in Fig. 3A, the well-aligned
TiO2 nanorods (TiO2 NRs) array with an average
length of 1.1 mm grown on the FTO glass substrate
by the hydrothermal method. Fig. 3B is a high
magnification image of the MPA/TiO2 NRs, which
reveals that the entire surface of the FTO substrate
was covered very uniformly with TiO2 NRs,

indicating that the addition of MPA will not destroy
the array of TiO2 NRs. Notably, the morphology of
MPB/TiO2 NRs is messier and clearly exhibit
coarser surface morphology than that of TiO2 NRs,
which are preliminarily attributed to the decora-
tion of MPB (Fig. 3C).
The phase of the sampleswas determinedbyX-ray

diffraction (XRD). As we all know, the FTO glass
(F: SnO2) is a transparent conductive fluorine-doped
tin oxide substrate. Thence, FTO substrates have a
tetragonal rutile phase of SnO2 (JCPDS file No.
41e1445). For TiO2 NRs film (Fig. 3D), the diffraction

Fig. 2. (A) The molecular structures of MPA and MPB. (B) Normalized absorption (solid) and emission (dashed) spectra of MPA (red) and MPB
(black) in CH2Cl2 solvent.

Fig. 3. (A-C) the scanning electron micrographs of cross-sectional views for (A) FTO/TiO2 NRs, (B) MP/TiO2 NRs and (C) MP/TiO2 NRs. (D) the
XRD patterns of FTO, FTO/TiO2 NRs, MPA/TiO2 NRs and MPB/TiO2 NRs.
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peaks at 36.1� and 63.2� could be well indexed to the
(101) and (002) crystal planes of the tetragonal rutile
phase (JCPDS file No. 21e1276), respectively [43].
This indicates that the TiO2 NRs arrays are well
crystallized throughout their length and the axis
perpendicular to the substrate. The XRD patterns of
the MPA/TiO2 NRs and MPB/TiO2 NRs exhibit no
considerable difference from that of the pristineTiO2

NRs, which was consistent with the poor crystalli-
zation of the modified photosensitizer molecules
MPA and MPB, at the same time, it also explains the
small amounts of MPA and MPB molecules being
loaded on the modified TiO2 NRs surface.

3.2. Optical properties and photoelectrochemical
performances

Fig. 4A shows the UV-vis diffusion spectra of TiO2

NRs, MPA/TiO2 NRs andMPB/TiO2 NRs samples in
order to investigate the influence of light absorption.
It is worth noting that the light absorption band edge
is located at ca. 413 nm for TiO2 NRs samples, which
is stemmed from the bandgap photoexcitation of
TiO2 NRs [44]. However, porphyrin sensitizer
moleculeMPAorMPB is covalentfixationon theTiO2

NRs surface to influence the optical property of TiO2.
The spectra of MP/TiO2 NRs and MP/TiO2 NRs
display obvious red-shift of absorption edge and
extend to the visible region comparedwith that of the
pristine TiO2NRs, revealing a better light absorption
ability, which is due to the presence of metal-
loporphyrin groups to effectively enhance the light
absorption capacity. The MPB/TiO2 NRs sample has
awider visible light absorption rangebecause aniline
was introduced into the molecular B structure as a
donor, and the intermediate p-bridge between the
donor aniline and the acceptor porphyrin ring was

used to form an effective D-p-A structure, which
broadens the absorption in the visible region and
allows a proper electron distribution on the highest
occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), effectively
facilitating charge separation and reducing charge
recombination. The inset photographs in Fig. 4A
present the prepared TiO2 NRs, MPA/TiO2 NRs and
MPB/TiO2 NRs electrodes. It can be seen that the
three electrodes have different colors, proving the
successful preparation of these electrodes.
The PEC performance of the MPB/TiO2 NRs films

was evaluated in 0.5mol$L�1 Na2SO4 solution under
AM 1.5 G illumination. For comparison, the pristine
TiO2 NRs and MPA/TiO2 NRs films were also
measuredunder the sameconditions.All theapplied
potentials versus Ag/AgCl have been converted to
the corresponding potentials versus RHE. Fig. 4B
illustrates the photoinduced linear sweep voltam-
metric (LSV) curves of TiO2NRs,MPA/TiO2NRs and
MPB/TiO2NRs photoanode. It could be seen that the
photocurrents induced from the photoelectrodes all
present a gradually rising trend when the sweep
voltage gradually increases from negative to posi-
tive. The current density of the FTO/TiO2 NRs pho-
toanode increased slowly in dark conditions but
increased significantly in light. In addition, theMPB/
TiO2 NRs electrode exhibited much better PEC
performance than the TiO2 NRs andMPA/TiO2 NRs
electrodes. The starting potential was 0.15 V and
slowly increased after 0.8 V. The MPB/TiO2 NRs
electrode produced a photocurrent density of
1.21 mA$cm�2 at 1.23 V, which are 2 and 1.35 times
those of TiO2 NRs and MPA/TiO2 NRs electrodes,
respectively, indicating that TiO2 NRs and the
porphyrin B molecules have very good matching
energy levels, which promotes charge separation

Fig. 4. (A) The UV-vis diffusion reflectance spectra of FTO/TiO2 NRs (a), MPA/TiO2 NRs (b) and MPB/TiO2 NRs (c), and the insets are photos of
the corresponding electrodes. (B) LSV curves of FTO/TiO2 NRs in dark, FTO/TiO2 NRs, MPA/TiO2 NRs and MPB/TiO2 NRs under AM 1.5G
100 mW·cm�1.
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and enhances light capture. An additional reason for
the increased photocurrent density of theMPB/TiO2

NRs electrode is the presence of an electron-pushing
group (alkoxy chain) in the MPB molecule, which
promotes charge transfer within the porphyrin MPB

molecule and accelerates photogenerated electron
transfer. The photo response capability and stability
of all the photoanodes were investigated by current-
time curves at 1.23 V vs. RHE under chopped light
illumination. As displayed in Fig. S3B, the as-pre-
pared photoanodes show fast photocurrent re-
sponseswhen the light switches on. Gratifyingly, the
MPB/TiO2 NRs photoanode still exhibits the highest
photocurrent density without noticeable decline.
The highest photocurrent of about 3.5mA$cm�2 was
obtained. Amperometric i-t curves were recorded to
research the stability of the catalyst (Fig. S2A). Dur-
ing the 1900s of PEC measurements, all of the sam-
ples retained relatively good stability, and no
observable color change occurred on the material
during the electrolysis (Fig. S2B).

3.3. Mechanism analysis

To figure out the reason for the enhanced PEC
properties of MPB/TiO2 NRs, the band structures of
MPA, MPB and TiO2 NRs were firstly studied. The
HOMO and LUMO levels of MPA and MPB can be
determined by cyclic voltammetry (CV), which is
shown in Fig. S3, and the data are summarized in
Table S1. The HOMO values of MPA, MPB were
close to each other and found to be �3.22 eV and
�3.026 eV, respectively. The conduction band en-
ergy (ECB) of TiO2 is �4.4 eV at vacuum energy
levels according to the literature. The LUMO levels
of MPA and MPB are significantly lower than the
conduction band edge energy level of the TiO2

electrode in Fig. 5A, indicating that the electron
injection process is energetically favorable,
providing the greater driving force for electron in-
jection from MPA or MPB to TiO2. Additionally, The

HOMO values of MPA and MPB were reported to
be higher than the energy level of I3

�/I� (�4.58 eV)
[39]. It suggests that the MPA and MPB sensitizers
could thermodynamically accept the released elec-
trons from I� to I3

� process. Thus, the schematic
diagram of the photoexcited electron transfer pro-
cess for the MPB/TiO2 NRs photoanode under light
irradiation is displayed in Fig. 5B. In detail, under
the irradiation of visible light, TiO2 NRs can effec-
tively absorb visible light, and produce a large
number of photogenerated electron-hole pairs. The
photogenerated electrons on CB of TiO2 NRs are
transferred to SPECM probe, and can react with the
generated I3

� to form I� by reduction reaction. The
probe molecule, I�, is oxidized to I3

� at the substrate
probe. This process is repeated, and thus improves
the PEC performance of the MPB/TiO2 NRs
photoanode.
To gain an in-depth understanding into the

charge transfer mechanism in MPB/TiO2 NRs
photoanode, the electrochemical impedance
spectra (EIS) have been measured to understand
the charge transfer of all photoanodes in more
detail. Based on a previous report, the smaller the
semicircle diameter, the better carrier transmission
characteristics and better interface charge trans-
port kinetics [45]. As shown in Fig. 6A, compared
with the TiO2 NRs and MPA/TiO2 NRs, the MPB/
TiO2 NRs photoanode shows the smallest radius,
which could be contributed to the role of the
donor-acceptor conjugated structure in the MPB

molecule to provide continuous electron transfer,
accelerating the separation of photogenerated
holes. Therefore, it is suggested that the conju-
gated molecules of D-A structure play an impor-
tant role in improving the transportation of
photogenerated charges.
To further unveil the underlying mechanism for

the enhanced PEC of MPB/TiO2 NRs photoanode,
the intensity modulated photocurrent spectroscopy
(IMPS) was used to estimate the PET lifetime from

Fig. 5. (A) Energy level (eV) plot of HOMO and LUMO molecular orbitals for MPA, MPB sensitizers and TiO2. (B) Schematic diagram of the
photoexcited electron transfer process for the MPB/TiO2 NRs photoanode under light irradiation.
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the equation td ¼ (2pfmin)
�1 (Fig. 6B) [46], where td

is the transition time and fmin is the characteristic
minimum frequency. The transition time represents
the velocity of PET across the fixed distance,
implying the recombination possibility of electron
and hole [47]. Fig. 6C shows the IMPS analysis data
of TiO2 NRs, MPA/TiO2 NRs and MPB/TiO2 NRs
photoanodes. The order of td values is as follows:
MPB/TiO2 NRs (0.4386 ms) > MPA/TiO2 NRs
(0.175 ms) > TiO2 NRs (0.1 ms) (Fig. 6D). Therefore,
the average photoinduced electron transfer time
(td) estimated from the lowest imaginary part fre-
quency is longer for the MPB/TiO2 NRs photo-
anode, which is due to the push-pull conjugated
structure of MPB molecular to modulate the
continuous migration of electrons from MPB mole-
cule to TiO2 substrate. In detail, the modification of
MPB molecule on TiO2 NRs surface via axial coor-
dination of metal ligands porphyrins mainly im-
proves the continuous photoinduced electron
transfer efficiency, resulting in a higher photoelec-
tron density in MPB/TiO2 NRs, however, taking into
account the low conductivity of porphyrin-base
organic semiconductors, higher electron concen-
tration will increase the repulsion between

electrons, thereby, prolonging the time that elec-
trons pass through the TiO2 NRs film to the back-
side of the FTO. Although more time is needed to
collect electrons, the number of electrons reaching
the back of the electrode increases, resulting in high
photocurrent, which is consistent with the above-
mentioned measured photocurrent analysis results.
For gaining deep insights into the electron migra-

tion process and PET dynamics information on the
TiO2NRs surface assembledwithmetalloporphyrin-
based photosensitizer molecules, the self-construc-
tion SPECM platform was adopted to in situ quanti-
tatively investigate the “fast” and “slow” electron
transfer dynamics for different integrated systems
interfaces [48e50] (Fig. 7A). Firstly, the cyclic vol-
tammetric curve was recorded in the electrolyte of
1.1 mmol$L�1 I3

� and 0.1 mol$L�1 TBAS to evaluate
Pt ultramicroelectrode (UME). Subsequently, in the
four-electrode system, the different probe approach
curves were recorded by tip current-distance re-
lationships for the various substrates under light
illumination (Fig. 7B). Typically, SPECM probe
current presented an increasing trend as the tip
approached the different surfaces of photoanodes
(TiO2 NRs, MPA/TiO2 NRs and MPB/TiO2 NRs)

Fig. 6. (A) Electrochemical impedance spectra of TiO2 NRs, MPA/TiO2 NRs and MPB/TiO2 NRs photoanodes. (B) Principle of the IMPS setup. (C)
Intensity modulated photocurrent spectra and (D) transit time plots of TiO2NRs, MPA/TiO2 NR and MPB/TiO2 NRs photoanodes.
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under visible-light irradiation, which is called “pos-
itive feedback”phenomenon.Thisphenomenonwas
attributed to that photogenerated electrons can be
prone to takepart in the reduction reactionof I3

� to I�

in the novel charge transfer channel. However, it is
worthmentioning that themagnitude of the positive
feedback was highest in the case of the MPB/TiO2

NRs substrates. In detail, the probe molecule, I�, is
oxidized to I3

� at the substrate, and the generated I3
�

is reduced to I� at the SPECMprobe. In this way, the
process is reciprocated to get highest positive feed-
back approach curves. Among, the I3

�/I� redox
couple not only was regarded as the probe molecule
of quantitative analysis, but also as a scavenger,
which can effectively improve the separation effi-
ciencyof thephoto-generated charge in the interface.
Coupled with data fitting, the kinetic rate con-

stant (Keff) values for different samples can be ob-
tained through the previous theoretical model
equations and the theoretical simulation for the
PET kinetics is introduced in detail (S Equations
(1)e(5)). In Fig. 7B, it is found that the Keff was
performed in the following order: MPB/TiO2

NRs > MPA/TiO2 NRs > TiO2 NRs. The value of
Keff is 11.94 � 10�2 cm$s�1 for MPB/TiO2 NRs,
which is about 2.6 times higher than that of pure
TiO2 NRs (4.592 � 10�2 cm$s�1). This fast electron
transfer kinetics of MPB/TiO2 NRs can be attrib-
uted to intramolecular charge transfer (ICT) tran-
sitions of D-A conjugate molecular MPB compared
to MPA/TiO2 NRs, Similarly, the push-pull type
structure of MPB molecule contributes to the
transport of electrons.
Light is the sole driving force for the charge

transfer across the substrate/electrolyte interface.
Therefore, the impact of studying light wavelength
and illumination intensity on MPB/TiO2 NRs sub-
strates PET dynamics are essential. SECM
approach curves were recorded at various wave-
lengths ranging from 419 to 515 nm as shown in

Fig. 8A. It is found that the “positive feedback” is
observed at wavelengths of 469, 487, 515, 546, and
531 nm, and meanwhile the “negative feedback” is
seen at wavelength of 419 nm. The probe current
will be decreased under dark condition called
negative feedback, because the photogenerated
electrons are hard to participate in the reduction
reaction of I3

� to I�. Similarly, the same simulating
processes are performed to give the rate constant
(keff) at specific light wavelengths and the values
are summarized in Fig. 8B. It is observed that the
highest PET rate (keff) for the MPB/TiO2 NRs ma-
terial is mainly presented at 531 nm. Interestingly,
the wavelength of 531 nm is well matched with the
strongest DRS absorption range of MPB/TiO2 NRs
(Fig. 4A). It has been proved that undoubtedly the
photoinduced electron transfer kinetics by SECM
measurement can truly and effectively evaluate the
fast and slow behaviors of electronic transmission
at the electrode micro interface.
In addition, we also investigated the effect of

light intensity on the regular probe approach
curve. Probe approach curves for MPB/TiO2 NRs
substrates were recorded at different intensities
and are shown in Fig. 8C. These probe approach
curves all show the positive feedback phenomenon
when illumination intensity was varied from the
lowest of 20% to the highest of 100%. The tip
current magnitude was greater under the light
intensity of 80%. According to the data fitting, the
quantitative kinetics results revealed that the large
rate constant (keff) could be achieved as show in
Fig. 8D. Importantly, the highest keff value for MPB/
TiO2 NRs was achieved at the light intensity of
80%. The results demonstrated that the light
intensity is not the only factor that influences the
keff and the blind strengthening of the illumination
intensity is not always to accelerate the electron
transfer rate, further demonstrating that the
material exhibiting greater keff value at a particular

Fig. 7. (A) Principle of the SPECM setup, (B) probe approach curves, and (C) rate constant (Keff) plot at a Pt UME (RG ¼ 4) toward different films
surfaces under UV-vis illumination. The inset in (B) shows the cyclic voltammograms of Pt UME in 1.1 mmol·L�1 I3

� þ 0.1 mol·L�1 TBAS
acetonitrile solutions at scan rate 50 mV·s�1.
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intensity is considered to be the better
photocatalyst.

4. Conclusions

In this work, we have successfully assembled the
metalloporphyrin-based photosensitizer molecules
(MP) on the TiO2 NRs-modified surface by using a
coordination ligand method. The resulted unique
MPB/TiO2 NRs photoelectrode displayed the
significantly improved photocurrent density of
1.23 mA$cm�2, which is 2.41 times higher than the
pristine TiO2 NRs. Such a remarkable photocurrent
density for the MPB/TiO2 NRs could be attributed
to the conjugated molecules MPB of D-A structure
which can effectively accelerate the PET process.
The photoexcited electron migration behavior and
accumulation were visualized through SPECM.
Simultaneously, the electron-transfer kinetic rate
constant (Keff) of MPB/TiO2 NRs was obtained to be
11.94 � 10�2 cm$s�1 under visible light illumina-
tion. Furthermore, the rate constant of electron
transfer reached the maximum at a wavelength of
531 nm with an illumination intensity of 80% for
MPB/TiO2 NRs, which further reveals that the PET

behavior is the prime source for the enhanced
photocurrent density. In a word, it is expected to
provide new thread for gaining deep insight into
the mechanism of the PET process for the metal-
ligand coordination of metalloporphyrins and to
optimize the PEC performance.
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