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Role of central metal ions in hematoporphyrin-
functionalized titania in solar energy
conversion dynamics
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In this study, we have investigated the efficacy of electron transfer processes in hematoporphyrin (HP) and
iron hematoporphyrin ((Fe)HP) sensitized titania as potential materials for capturing and storing solar
energy. Steady-state and picosecond-resolved fluorescence studies show the efficient photoinduced electron
transfer processes in hematoporphyrin-TiO, (HP-TiO,) and Fe(i)-hematoporphyrin-TiO, (Fe(i)HP-TiO3)
nanohybrids, which reveal the role of central metal ions in electron transfer processes. The bidentate
covalent attachment of HP onto TiO, particulates is confirmed by FTIR, Raman scattering and X-ray
photoelectron spectroscopy (XPS) studies. The iron oxidation states and the attachment of iron to porphyrin
through pyrrole nitrogen atoms were investigated by cyclic voltammetry and FTIR studies, respectively.
We also investigated the potential application of HP-TiO, and Fe(m)HP-TiO, nanohybrids for the photo-
degradation of a model organic pollutant methylene blue (MB) in aqueous solution under wavelength
dependent light irradiation. To further investigate the role of iron oxidation states in electron transfer
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1. Introduction

The conversion of solar energy to chemical energy during photo-
synthesis involves the transfer of electrons in porphyrin based
chlorophyll chromophores embedded in the thylakoid membranes
of the chloroplast." To clarify the complex mechanism of photo-
synthesis, the photochemistry of porphyrins and their metal com-
plexes has long been an interesting subject of investigation.”®
Electron transfer, the most elementary chemical reaction, widely
occurs in biological systems.”® The complexity of electron transfer
reactions in nature has led researchers to build up simplified
model systems to understand the essential steps of the enzyme
mechanism in living organisms.'®"? A significant effort has also
been devoted in recent times to the understanding of electron
transfer mechanisms as a means of capturing and storing solar
energy. The increasing demand for the complete photocatalytic
mineralization of organic pollutants in water into harmless
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sensitized titania and their implications for dye-sensitized device performance.

products through redox reactions necessitates the exploration
of efficient catalysts able to mimic natural enzymatic systems.

Iron porphyrins under sunlight induce reversible redox
processes of the metal centre, mimicking some significant
biochemical sequences in the catalytic cycle of the cytochrome
P-450 oxygenases.””™ To reveal the fundamental role of
electron transfer processes in biological systems, photoredox
reactions of iron porphyrins are very important. The metallo-
porphyrin excited states that show photochemistry are those
involved in charge transfer transitions, either from the axial
ligand to the metal centre or from the porphyrin itself to the
metal. Due to strong absorption of porphyrins in the region of
400-450 nm (Soret band or B) as well as 500-700 nm (Q bands),
they find applications in many fields such as photodynamic
therapy for the treatment of cancer'® and photovoltaic conver-
sion of solar energy.'”>* The reaction mechanism of porphyrin
metallation in solution consists of the following steps: defor-
mation of the porphyrin ring, outer sphere association of the
solvated metal ion and the porphyrin, exchange of a solvent
molecule with the first pyrrolenine nitrogen atom, and chelate-
ring closure with the expulsion of more solvent molecules
followed by deprotonation of nitrogen atoms, which leads to
the formation of the metalloporphyrin.”* The metallation reac-
tions are generally slow processes which can be attributed to
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the distortion of the porphyrin ring needed to form the first
bonds to the metal.>>>¢

Porphyrins anchored on nanocrystalline TiO, offer a number
of advantages due to its isolation on a solid support: enhance-
ment of its reactivity, inhibition of degradative intermolecular
self-reactions and mimicking the proteic environment of the
hemeprotein. Colloidal TiO, suspensions have been reported
extensively for environmental remediation under ultraviolet
band light irradiation.>”*° Bandgap excitations in TiO, occur
only at wavelengths less than 380 nm, which prevent it from
being a potential visible light harvester. Dye sensitization has
been successfully applied to extend the spectral response of
TiO, in the visible region. Organic dyes can serve as both a
sensitizer and a substrate to be degraded.****> Many dyes,
however, do not sustain the oxidative stress generated on
the semiconductor surface.®® For efficient photocatalysis, the
dye has to be stable and regenerative. For example, Zhao et al.
have reported the degradation of the pollutant 4-chlorophenol
by Pt(dcbpy)Cl, (dcbpy = 4,4’-dicarboxy-2,2'-bipyridine) incor-
porated titania under visible light.>* Porphyrins and metallo-
porphyrins have been used for the visible light sensitization of
TiO, and applied for the degradation of 4-nitrophenol, acetaldehyde,
rhodamine B, acid chrome blue K, and atrazine.>*™*° Though
the photocatalysis using porphyrin and metalloporphyrin func-
tionalized titania is well documented in the literature, knowl-
edge of the fundamental electron transfer dynamics is sparse.
The key time scales for the photoinduced ultrafast electron
transfer processes in iron porphyrin and its derivatives have
great importance due to their biological relevance and also the
time scales are the key factor for efficient solar energy conver-
sion. Previously, Zewail and coworkers®’ have reported the
femtosecond dynamics of Co(u) tetraphenylporphyrin (CoTPP)
and ZnTPP where intramolecular electron transfer from the
porphyrin a,, (JI) to Co(d,,) occurs as Co(m) (d”) facilitates the
existence of a low-lying charge transfer (CT) state but in the case
of Zn, there is no low-lying CT state as Zn has no unoccupied
d orbitals. Granados-Oliveros et al.*® have investigated the photo-
degradation of atrazine in aqueous solution and under visible light
irradiation in the presence of tetra(4-carboxyphenyl)porphyrin
(TcPP) with different metal centres (Fe(u), Cu(u), Zn(n) and metal
free) adsorbed on the TiO, surface. Photocatalytic activity was
found only after the addition of hydrogen peroxide and com-
plexes like TcPPFe and TcPPCu containing a central metal ion
with unfilled d orbitals show higher photocatalytic activity. Wang
et al.** have reported the efficient degradation of 4-nitrophenol
by using 5,10,15,20-tetra-[4-(3-phenoxy)-propoxy|phenyl porphyrin
and 5,10,15,20-tetra-[2-(3-phenoxy)-propoxy]-phenyl porphyrin
with Cu(u) as the central metal ion under visible light irradia-
tion. They have proposed that the excited electron at the
porphyrin LUMO goes to the CB of TiO, and then it reduces
Cu(u) to Cu(1) and Cu() can be reoxidized to Cu(u) by dioxygen
species or by hydrogen peroxide produced in solution.

In this work, we have synthesized highly stable nanomaterials,
hematoporphyrin-TiO, (HP-TiO,) and Fe(m)-hematoporphyrin-
TiO, (Fe(m)HP-TiO,) nanohybrids. Steady-state and picosecond-
resolved fluorescence measurements show the ultrafast charge
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transfer processes in HP-TiO, and Fe(m)HP-TiO, and we have
explored the role of Fe(m) ions in photoinduced electron transfer
processes. The attachment of HP molecules to TiO, nanoparticles
has been investigated by using FTIR, Raman scattering and XPS
studies. The iron oxidation states and the attachment of iron to
porphyrin through pyrrole nitrogen atoms have been investigated by
cyclic voltammetry and FTIR studies, respectively. The photocatalytic
activity of these nanomaterials has been studied under wavelength
dependent light irradiation. Photocurrent measurements show the
role of iron oxidation states in electron transfer processes.

2. Experimental section

Analytical grade chemicals were used for synthesis without
further purifications. Fluorine-doped tin oxide (FTO) conduct-
ing glass substrates, acquired from Asahi Glass Company, Japan,
were cleaned by successive sonication with soap water, acetone,
ethanol and deionized (DI) water for 15 min each with adequate
drying prior to their use.

2.1. Sensitization of HP and Fe(mu)HP dyes on the
TiO, NP surface

A 0.5 mM HP C;,H3N,O6 (Sigma) solution was prepared in
anhydrous ethanol under constant stirring at room temperature
for 1 h. The sensitization of TiO, NPs (Anatase P25) with HP dye was
carried out in the dark and at room temperature by adding TiO, NPs
into a 0.5 mM HP solution with continuous stirring for 12 h. After
the sensitization process, the solution was centrifuged for a few
minutes and the supernatant clear solution of unattached dyes was
removed. Then the sensitized material was washed with ethanol
several times to remove any unattached dye. The nanohybrid was
then dried in a water bath and stored in the dark until further use.
The Fe(u)HP was prepared by adding ferric chloride (Sigma) to the
ethanolic solution of HP and stirred for 12 h. The sensitization was
done by the same method as described above.

2.2. Characterization methods

Transmission electron microscopy (TEM) grids were prepared
by applying a diluted drop of the TiO, samples to carbon-coated
copper grids. Particle sizes were determined from micrographs
recorded at a magnification of 100 000x using an FEI (Technai
S-Twin, operating at 200 kV) instrument. For optical experiments,
the steady-state absorption and emission were determined
using a Shimadzu UV-2450 spectrophotometer and a Jobin Yvon
Fluoromax-3 fluorimeter respectively. Picosecond-resolved spec-
troscopic studies were done using a commercial time correlated
single photon counting (TCSPC) setup from Edinburgh Instru-
ments (instrument response function (IRF = 80 ps), excitation at
409 nm). The observed fluorescence transients were fitted by
using a nonlinear least square fitting procedure to a function

(X(t) = [(E(t")R(t — t')dt") comprising convolution of the IRF

N
(E(¢)) with a sum of exponentials <R(l) = A+ Be /T ) with
i=1

pre-exponential factors (B;), characteristic lifetimes (r;) and a
background (4). Relative concentration in a multi-exponential
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N
expressed as 7,y = Y ¢;7;. FTIR spectra were recorded on a JASCO

i=1

FTIR-6300 spectrometer, using a CaF, window. Raman scattering
measurements were performed by using a LabRAM HR,
Jobin Yvon fitted with a Peltier-cooled charge-coupled device
(CCD) detector. An air cooled argon ion laser with a wavelength
of 488 nm was used as the excitation light source. XPS measure-
ments were carried out using an XPS instrument (Omicron
Nanotechnology) with Al K (1486.6 eV). The binding energies
of the resultant XPS graphs were calibrated with respect to the
C 1s feature at 284.6 eV. The spectra were deconvoluted to
the individual components following the Gaussian-Lorentzian
function using Casa XPS software. Electrochemical experiments
were performed using a CH analyser potentiostat (CHI1110C).
For cyclic voltammetry, a three electrode system consisting of a
platinum working electrode, a platinum counter electrode and a
reference electrode was employed. All the potentials reported in
this paper are referenced to the Ag/Ag"” couple.

2.3. Materials and methods for the VLP process

For the photocatalysis study, HP-TiO, and Fe(u)HP-TiO, nano-
hybrids were dispersed in DI water and an aqueous solution of
MB in DI water was used as a test contaminant. A 60W UV source
was used as the irradiation source in this study. A high pass
optical filter (395 nm) was used for visible light irradiation. The
mixture of a photocatalyst and a contaminant was irradiated
for 1 hour and absorbance data were collected continuously
using an ocean optics high resolution spectrometer through a
computer interface. The percentage degradation (%DE) of MB
was determined using eqn (1):
-1

I
%DE =->—~ x 100 1)
Iy

where I is the initial absorption intensity of MB at A, = 660 nm
and I is the absorption intensity after 1 hour of continuous
photo-irradiation.

2.4. Langmuir-Hinshelwood (L-H) kinetic model for
photocatalytic degradation of MB

The Langmuir-Hinshelwood equation can describe the dependence
of [MB] on the degradation rates:

ry = 4C kG, @
t  1+KGC

where C, is the initial concentration of the MB solution, ¢ is the

irradiation time, &;, 4 is the Langmuir-Hinshelwood rate constant,

and K is the Langmuir adsorption coefficient of the MB molecules.

At lower initial concentrations of MB (KC, « 1), eqn (2) can be

simplified to an apparent first order equation:

Ry = k1 -14KCo = kappCo (3)
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where k,pp, is the apparent first-order rate constant. If the initial
concentration of MB is sufficiently high (KC, > 1), eqn (2) can
be simplified to a zero order rate equation:

Ro = ki (4)

2.5. Fabrication of a dye-sensitized solar cell (DSSC) for
photocurrent measurements

Photocurrent measurements were done in a dye-sensitized
solar cell (DSSC) set up. For the fabrication of DSSCs, platinum
NPs deposited on FTO substrates were used as counter electrodes.
The platinum (Pt) nanoparticles were deposited on the FTO
substrates by thermal decomposition of 5 mM platinum
chloride, H,PtCls, H,O, Fluka, solution in isopropanol at 385 °C
for 30 min. HP coated TiO, NPs were used as the photoelectrodes
and the two electrodes were placed on top of each other with a
single layered 50 pm thick Surlyn 1702 (Dupont) as a spacer
between the two electrodes. A liquid electrolyte composed of
0.5 M lithium iodide (LiI), 0.05 M iodine (I,) and 0.5 M 4-tert-
butylpyridine (TBP) in acetonitrile was used as the hole conductor
and filled in the inter-electrode space by using capillary force,
through two small holes (diameter = 1 mm) pre-drilled on the
counter electrode. Finally, the two holes were sealed by using
another piece of Surlyn to prevent the leakage of electrolyte
from the cell. In all our experiments, the active area of the DSSC

was fixed at 1 cm?.*?

3. Results and discussion

3.1. Characterization of HP-TiO, and Fe(m)HP-TiO,
nanohybrids

A typical high-resolution transmission electron microscopic
(HR-TEM) image of TiO, NPs showing the polycrystalline
nature of the particles is shown in Fig. 1a. The lattice fringe
of a TiO, NP is illustrated which shows an interplanar distance
of ~0.365 nm, corresponding to the spacing between two (101)
planes of anatase TiO,.** The particle sizes are estimated by
fitting our experimental TEM data over 55 particles which
provides the mean diameter of ~6 nm (Fig. 1a, inset). In order
to determine the complex formation between the anchoring
group of HP and semiconductor NPs, we have conducted
studies using UV-vis spectroscopy as shown in Fig. 1b which
shows visible light absorption between 400 and 700 nm in HP
solution. A strong peak is observed at 397 nm for the Soret band
together with Q bands between 500-700 nm. The four weak Q
bands have been assigned to the splitting of doubly degenerate
states into the vibration components.** The HP-TiO, nano-
hybrid exhibits a 3 nm bathochromic shift of the Soret band
compared to absorption in HP. The bathochromic shift of the
Soret band is related to different physical and chemical
changes in the porphyrin molecular structure when it is incor-
porated into solids or under specific conditions, in solution.
Castillero et al. have proposed that the red shift with respect to
the water solution can be attributed to a change in the
environment of the monomeric porphyrin due to the anchoring
onto the TiO, surface.*® Sarkar et al. have shown that the HP
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Fig. 1 (a) HRTEM image of TiO, NPs. Inset shows the size distribution of the TiO, NPs. (b) UV-Vis absorption of HP (red), HP-TiO, nanohybrids (dark green), Fe()HP

(dark blue) and Fe(i)HP-TiO, nanohybrids (dark red) in ethanol. (c) Room temperature PL spectra (excitation wavelength was at 409 nm) of bare HP (red), HP-TiO,
nanohybrids (dark green), Fe(n)HP (dark blue) and Fe(i)HP-TiO, nanohybrids (dark red) are shown. Inset shows the excitation spectra monitored at 625 nm.
(d) Fluorescence decay profiles of HP (red), HP-TiO, nanohybrids (dark green), Fe(i)HP (dark blue) and Fe(i)HP-TiO, nanohybrids (dark red) in ethanol.

exhibits a 12 nm bathochromic shift when it attaches to ZnO
nanorods.> Thus the change in the absorption spectra
indicates the formation of the HP-TiO, complex.

As shown in Fig. 1c, the HP presents intense fluorescence
emission from two pi orbitals, which encompass the basic tetra-
pyrrole structure upon excitation with a 409 nm laser line. For the
HP-TiO, nanohybrid, there is a considerable decrease in the inten-
sity of the emission peaks in the range of 600-710 nm as compared
to bare HP. The decrease in emission intensities can be attributed
to quenching by TiO, NPs, suggesting an efficient non-radiative
photoinduced process from the HP to the nanoparticles. The inset
of Fig. 1c shows the quenching in fluorescence intensity in the
excitation spectra of HP upon binding to TiO, when monitored
at the emission peak (625 nm). The decrease in emission and
excitation intensities of HP is also seen in the case of Fe(ur)HP
and Fe(m)HP-TiO, nanohybrids. In Fe(m)HP, intramolecular
electron transfer occurs from excited HP to Fe(m) leading to the
reduction of Fe(m) to Fe(u).?

The fluorescence decays of free HP, Fe(u)HP, HP-TiO, and
Fe(m)HP-TiO, in ethanol were obtained upon excitation of

409 nm laser and monitored at 625 nm (Fig. 1d). The decay curve
of free HP is fitted with single exponential decay with a lifetime of
11.39 ns (Table 1). In the case of HP-TiO, nanohybrids, the decay
curve of HP deviated from single exponential to bi-exponential
showing a shorter lifetime 0.40 ns (71%) and longer lifetime
10.68 ns (29%) components. The observed decrease in lifetime could
be correlated to the electron transfer process from HP molecules
to TiO, NPs. The apparent non-radiative rate constant (k) is
determined by comparing the lifetimes of HP in the absence (t,)
and in the presence (7) of TiO,, using the following equation:

1 1

@ ) ©)

The rate of the electron transfer process from the excited state
of HP to the conduction band of semiconductors is estimated
to be 2.08 x 10% s™'. The k,, value indicates that the electron
transfer process is an ultrafast phenomenon, and it is quite
similar to the values reported in the literature.*® In the case of
Fe(m)HP, the decay curve of HP is composed of two components,
one shorter 0.14 ns (78%) and one longer 8.43 ns (22%) lifetime

knr =

Table 1 Dynamics of picosecond-resolved luminescence transients of HP, Fe()HP, HP-TiO, and Fe()HP-TiO, nanohybrids®

Sample 7, (ns) 7, (ns) 73 (ns) Tavg (NS) Far x 10% (s7Y)
HP (bare) 11.39 + 0.01 (100%) 11.39 + 0.01

HP-TiO, 0.40 + 0.003 (71%) 10.68 + 0.02 (29%) 3.38 + 0.01 2.08 + 0.010
Fe(im)HP 0.14 4 0.002 (78%) 8.43 £ 0.02 (22%) 1.96 + 0.003 4.22 4 0.007
Fe(u)HP-TiO, 0.09 + 0.002 (76.4%) 0.40 + 0.02 (12.5%) 9.74 + 0.03 (11.1%) 1.19 + 0.01 7.52 + 0.060

“ The emission (monitored at 625 nm) was detected with 409 nm laser
parenthesis indicate relative weightages.
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component. The shorter lifetime could be correlated to the
electron transfer process from HP to Fe(u) ions. In comparison, the
decay curve for Fe(m)HP-TiO, has three components, two
shorter and one longer component. The shortest component
0.09 ns (76.4%), which is comparable to the shorter component
of the decay of Fe(u)HP, shows a preferable electron migration
pathway from HP to Fe(m) and the second shorter component,
0.40 ns (12.5%), which is similar to that in the case of HP-TiO,,
could be correlated to the electron transfer process from HP to
TiO, NPs. It is clear from the lifetime components that the
photoinduced excited electrons in HP of Fe(u)HP-TiO, prefer-
ably transfer to the Fe(m) ions via a nonradiative pathway and
the electron transfer rate is estimated to be 7.52 x 10° s™".

The Fourier transform infra-red (FTIR) technique is used
to investigate the binding mode of the carboxylate group of HP
on the TiO, surface. For free HP, stretching frequencies of
the carboxylic group are at 1720 cm™ " and 1449 cm ™" for anti-
symmetric and symmetric stretching vibrations, respectively, as
shown in Fig. 2a. When HP is attached to TiO,, the stretching
frequencies of carboxylic group are located at 1656 and 1453 cm™*
for antisymmetric and symmetric stretching vibration, respec-
tively. The difference between carboxylate stretching frequencies,
A = Vs — Vgym is useful in identifying the bonding mode of the
carboxylate ligand.*” The observed 4 value for the hybrid material
is 203 cm ™" which is smaller than that for free HP (271 cm ™).
This suggests that the binding mode of HP on TiO, is pre-
dominantly bidentate. The FTIR spectrum of Fe(m)HP-TiO,
shows that in the presence of iron, HP binds to the TiO, NPs
through a bidentate covalent bond. FTIR was also used to investi-
gate the attachment of the iron ion to the HP molecule. For free HP,
the stretching frequency of the N-H bond is at 3435 cm %,
as shown in Fig. 2b. In the case of the HP-TiO, nanohybrid, the
N-H stretching frequency of the HP remains unperturbed as
HP anchors onto the TiO, surface through the carboxylic group.
In the presence of iron, the N-H bond is perturbed and
becomes broad which indicates that the Fe ion binds to the
HP through the pyrrole nitrogen atoms of the porphyrin. After
reduction of Fe(ur) to Fe(u), FTIR spectra show that the N-H
bonds remain broad which indicates that Fe is still inside the
porphyrin ring. The iron oxidation states are evaluated by cyclic
voltammetry experiments, as shown in Fig. 3. In the presence of
Fe(w), a potential for Fe(ur)/Fe(u) redox couple is observed at
0.99 V vs. Ag/AgCl reference electrode. After treating the Fe(u)HP
by sodium borohydride, a reduction potential at —0.35 V was
observed which can be attributed to the Fe(u)/Fe(0) redox couple.
It is clear that the Fe(u) is reduced to Fe(u) after treating with
sodium borohydride.

According to factor group analysis, anatase TiO, has six Raman
active modes (A;q + 2By + 3E,)."® As shown in Fig. 4a, the Raman
spectrum of anatase TiO, exhibits six peaks at 150 cm ™" (E,),
198 cm ™' (Ey), 396 cm ™' (Byg), 515 em™ ! (Ay), 520 em ™! (Byy),
640 cm ™' (E,). The Raman spectrum of HP does not show any
peak in the wavenumber range of 100-700 cm ™. After binding
of HP on the TiO, surface, the characteristic bands of TiO, are
all present but slightly blue shifted and broadened which is
indicative of its good retention of the crystal structure and shape.
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Fig. 2 (a) FTIR spectra of HP (red), TiO, NPs (dark pink), HP-TiO, (dark green)
and Fe(n)HP-TiO, (dark red). The spectra of HP-TiO, and Fe(m)HP-TiO, nano-
hybrids are taken on TiO, background. (b) FTIR spectra of HP (red), HP-TiO, (dark
green), Fe(n)HP-TiO, (dark red) and Fe(i)HP-TiO, (dark cyan).
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Fig. 3 Cyclic voltammograms of HP (red), Fe(mHP (dark blue) and Fe(i)HP
(dark cyan). The CVs were measured in aqueous solution at 0.1 V s~ scan rate
and Ag/AgCl as reference electrode.

In order to see the differences between the spectra more clearly, the
wavenumbers and the full width at half maximum (FWHM) of the
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Fig. 4 (a) Raman spectra of TiO, NPs (dark pink) and HP-TiO, nanohybrids (dark
green). Inset shows the peaks at 150 cm™". (b) XPS of the Ti (2p) regions of TiO,
(dark pink) and HP-TiO, (dark green).

bands are given in Table 2. Fig. 4a inset shows that the Raman
band of TiO, at 150 cm™ " is shifted to 153 cm™ " after binding with
HP. The blue shift and broadening of Raman bands of TiO, upon
binding with HP can be attributed to the attachment of the
carboxylic group to Ti(wv) that are located at the TiO, surface.

The X-ray photoelectron spectra of the Ti (2p) regions for
bare TiO, and HP sensitized TiO, are shown in Fig. 4b. The Ti
(2pss2) binding energy values of TiO, and HP-TiO, are 458.54
and 458.29 eV respectively. The Ti (2ps/,) peak for HP-TiO, is
shifted to lower binding energy which suggests that the Ti atom
as the acceptor coordinates with the oxygen atom in the HP and
that the oxygen atom provides electrons.>” This suggests that
HP molecules are adsorbed on the surface of TiO, with carboxyl
as the coordinating group.

3.2. Photocatalytic activity of HP-TiO, and Fe(u)HP-TiO,
nanohybrids

The irradiation of the HP and Fe(m)HP sensitized TiO, suspen-
sion with visible light (1 > 395 nm) led to the degradation of MB

Table 2 Raman bands and FWHM of TiO, and HP-TiO,

Sample Raman band (cm™) FWHM (cm™%)
TiO, 150 21

396 33

515 27

640 38
HP-TiO, 153 24

397 36

517 29

642 42
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Fig. 5 Photocatalytic degradation of MB in the presence of TiO, NPs, HP-TiO,
and Fe()HP-TiO, nanohybrids under (a) UV light and (b) visible light.

in aqueous solution as shown in Fig. 5b. The sensitizer upon
excitation with visible light injects electrons to the TiO, CB and
the subsequent degradation of MB is initiated by transferring
CB electrons to MB. The CB electrons can be transferred to MB
adsorbed on the TiO, surface which leads to the reduction of
MB to its leuco form. Thus proximity between MB and the TiO,
surface plays an important part in photodegradation. The CB
electrons can also induce reactive oxygen species (ROS) formation.
This sort of remote bleaching is well evidenced in the literature. For
example Li et al. used porphyrin sensitized TiO, photocatalysts to
degrade acid chrome blue K and the degradation mechanism
was shown to follow the ROS pathway.?”

The photocatalytic degradation of MB in the presence of
HP-TiO, nanohybrids, Fe(m)HP-TiO, nanohybrids and TiO,
under ultraviolet and visible light was investigated. Under ultra-
violet irradiation, 58% MB is degraded in the presence of TiO,
whereas in the presence of HP-TiO, nanohybrids only 30% MB
is degraded after 1 h irradiation of light, as shown in Fig. 5a.
Under UV irradiation, the TiO, valence band (VB) electrons are
excited to the conduction band which can reduce dioxygen to
superoxide, eventually leading to the production of hydroxyl
radicals (OH*). The HP molecules that are attached to TiO,
surface cannot simply withstand this severe oxidative stress and it
is also degraded. HP acts as an electron scavenger and decreases
the MB degradation rate. In the presence of Fe(m)HP-TiO,
nanohybrids, 83% MB is degraded after 1 h of UV irradiation.
The higher degradation rate can be attributed to the presence
of Fe(ur)HP which can improve the separation of photoinduced
e -h" pairs.?® The Fe(m) ion plays an important role in the
electron transfer process. Under UV light, TiO, VB electrons are
excited to the CB and Fe(m) could be reduced to the Fe(un) by
capturing the CB electrons of TiO,. The reoxidation of Fe(u) to
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Fe(m) occurs by reducing oxygen to superoxide, eventually leading
to the production of hydroxyl radicals (OH®). The following set of
reactions explains the enhanced photocatalytic behavior in the
presence of Fe(m).

Fe(m)HP-TiO, + hv — Fe(m)HP-TiO, (e, , h") (6)
Fe(u)HP-TiO, + e, — Fe(u)HP-TiO, (7)
Fe(u)HP-TiO, + O, — Fe(m)HP-TiO, + O, (8)

Under visible light irradiation, the HP-TiO, nanohybrid shows
highly efficient photocatalytic activity. After 1 h of irradiation
it degrades 60% of MB, whereas under same conditions bare
TiO, degraded only 16% of MB. Visible light excites the HP
molecules attached to TiO, and then the electrons from the
LUMO of the HP are injected into the CB of TiO,. Since the rate of
electron injection is much faster than the back electron transfer
(from TiO, to HP), which leads to a null reaction, the electrons
in the CB can be transferred onto a substrate on the TiO,
surface. For example, Desilvestro et al. reported that the rate of
electron injection (kipj = 3.2 x 107 s™') in the Ru'"L;-TiO,
system is 80 times faster than the back electron transfer
(ks = 4 x 10° s7').*° The regeneration of the sensitizer in the
presence of suitable electron donors is a prerequisite for the
development of practical photosensitization systems. Water in
the media acts as an electron donor to regenerate the surface bound
sensitizer molecules, which eliminate the need for any undesirable
sacrificial electron donors. In the presence of Fe(u)HP-TiO,,
no MB degradation occurred after 1 h under visible light
irradiation. In this case, the photoexcited electrons of the HP
are transferred to the Fe(w) ions instead of TiO,, which is
evident from the TCSPC studies as shown in Fig. 1c. The back
electron transfer from Fe(n) to HP takes only a few femto-
seconds (~ 50 fs).”° Thus Fe(m)HP-TiO, shows no photocatalytic
activity under visible light irradiation.

In Fig. 6, MB degradation rate on the HP sensitized TiO, and
bare TiO, surface under visible-light and UV-light, respectively, are
investigated as a function of MB concentration. The R, versus C,
curves are fitted using eqn (2). The values of K and k;_y are given
in Table 3. The Langmuir adsorption coefficient of MB molecules
for bare TiO, (0.08 pumol dm™?) is much higher than that for
the HP-TiO, nanohybrid (0.05 pmol dm*) which is obvious
because in HP-TiO, nanohybrids, the TiO, surface sites
are less available for MB attachment as HP is already attached
to it. The Langmuir-Hinshelwood rate constant for HP-TiO,
(1.90 pmol dm ™ min ") is higher compared to bare TiO, suspen-
sion (0.80 pmol dm > min ). This phenomenon can be attributed
to the higher quantum yield of porphyrin sensitized TiO, than
that of bare TiO, suspension.’"*?

3.3. Photocurrent measurements and the role of iron
oxidation states

The photocurrent measurement of HP-TiO, and (Fe)HP-TiO,
nanohybrids were carried out in order to better understand the
electron transfer processes in terms of short circuit current in a
solar cell. Photocurrent measurements were done by using the
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Fig. 6 Degradation rate (Ro) versus initial MB concentration (Cp) plots (with 10%
error bar): (a) in the presence of TiO, NPs under UV light and (b) in the presence
of HP-TiO, nanohybrids under visible light.

Table 3 Kinetic fitting parameters of Langmuir-Hinshelwood model®

[MB] R, (umol K k-1 (pmol
Sample (umol dm™®) dm ® min™") (umoldm®) dm ® min™?")
Bare TiO, 2.37 0.129 0.08 0.80
7.11 0.285
11.85 0.387
16.59 0.476
23.70 0.515
HP-TiO, 2.37 0.157 0.05 1.90
3.55 0.210
5.93 0.371
711 0.556
9.48 0.680
14.22 0.710

“ Ry is the degradation rate, k;_y is the Langmuir-Hinshelwood rate
constant, and K is the Langmuir adsorption coefficient.

DSSC set up as shown in Fig. 7a. The light source (10 mW c¢cm?)
was turned on and off every 20 s and the obtained current
values were continuously recorded. Fig. 7b shows the photo-
current response of HP, Fe(m)HP and Fe(u)HP sensitized
TiO,, where in the presence of Fe(u), photocurrent was found
to decrease when compared to the electrodes sensitized
with HP. This agrees well with our observations from the
TCSPC and photocatalysis experiments. Photoexcited electrons
from HP are transferred to Fe(w) instead of TiO, in the case
of Fe(m)HP sensitized TiO, which leads to a decrease in
the photocurrent response. When Fe(m) is reduced to Fe(u),
the photocurrent increases which indicates that the electrons
from the excited HP could be favorably transferred to the
TiO, CB.
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Fig. 7 (a) Schematic representation of photocurrent measurement set up using
dye-sensitized solar cell geometry. (b) Photocurrent responses of HP (red), Fe(in)HP

(dark blue) and Fe()HP (dark cyan) sensitized TiO, without any bias voltage under
10 mW cm~? incident power irradiation from a light source.

4. Conclusion

In summary, we have investigated the efficacy of electron transfer
processes in hematoporphyrin (HP) and iron hematoporphyrin
((Fe)HP) sensitized titania as a means of harvesting solar energy.
The efficient quenching of HP fluorescence in steady state and
picosecond-resolved fluorescence measurements in the presence
of Fe(m) ions and TiO, NPs suggest that photoinduced electron
transfer takes place from the LUMO of the HP to the Fe(m) and
CB of TiO, in Fe(ur)HP-TiO, and HP-TiO, nanohybrids, respec-
tively. These studies reveal the role of central metal ions in the
electron transfer processes. Under UV light irradiation, the
Fe(u)HP-TiO, nanohybrid shows higher photocatalytic activity
due to the cooperative functions of Fe(m)HP and TiO, in
generating active species. HP-TiO, nanohybrids show higher
photocatalytic activity under visible light due to the absence of
Fe(m) ions which obstruct the electron transfer from HP to TiO,.
The bidentate covalent binding between TiO, and carboxylic groups
of HP has been confirmed by the FTIR, Raman scattering and XPS
studies. The iron oxidation states and the attachment of iron to
porphyrin through pyrrole nitrogen atoms have been investi-
gated by cyclic voltammetry and FTIR studies, respectively.
Photocurrent measurements show the role of iron oxidation
states in electron transfer processes.
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