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Can a light harvesting material be always common in photocatalytic
and photovoltaic applications?
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HIGHLIGHTS

e Developed light harvesting nano-
hybrid i. e Protoporphyrin IX on TiO,.
e Cu(Il) metalation of PPIX enhanced
photocatalytic activity of nanohybrid.
e Cu(Il) metalation of PPIX decreased
photovoltaic efficiency of nanohybrid.
o Excited state dynamical processes were
investigated by ultrafast spectroscopy.
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ABSTRACT

Nanomaterials and nanohybrids hold promising potency to enhance the performance of photovoltaic as
well as photocatalytic efficiency by improving both light trapping and photo-carrier collection. In the
present study, we have synthesized Protoporphyrin IX-Titanium dioxide (PP-TiO,) nanohybrid as a model
light harvesting nanohybrid for potential applications in photovoltaics and photocatalytic devices. We
observed that the light harvesting nanohybrid shows efficient photocatalytic activity when copper (II)
ion is centrally located within the porphyrin moiety. In contrast, presence of copper (II) ion within the
porphyrin moiety decreases photovoltaic efficiencies. High-resolution transmission electron microscopy
(HRTEM), X-ray diffraction (XRD), and steady-state absorption and emission spectroscopies have been
used to analyze the structural details and optical properties of this nanohybrid. Time-resolved fluores-
cence technique has been applied to study the ultrafast dynamics which is key to photocatalytic and
photovoltaic activities. The reason behind the outstanding photocatalytic performance of the nanohybrid
after copper metalation, is found to have additional stability against photobleaching while enhanced
back electron transfer after copper metalation decreases its photovoltaic efficiency.

© 2017 Elsevier B.V. All rights reserved.

* Corresponding author.

1. Introduction

Recently, use of solar harvesting nanomaterials is found to be
important to improve photocatalysis and dye sensitized solar cells
efficiencies taking full advantage of the main part of the solar
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spectrum [1-8]. However, practical applications of the nano-
materials have been limited because of a serious drawback due to
several interfacial dynamical processes at the interface of the
sensitizer and host semiconductor [9—12]. It is well-known that the
electron transfer on the interface between the sensitizer and the
semiconductor is of great significance to the photocatalytic and
photovoltaic efficiencies [ 13—16]. Thus, efficient electron transfer at
the interface due to coupling between the sensitizer and semi-
conductor cause a rapid photoinduced charge separation and a
relatively slow charge recombination, and hence an improved ef-
ficiency of solar energy harvesting can be achieved [17,18]. There-
fore, study of interfacial carrier dynamics of light harvesting
nanohybrid is very much important in order to understand the
alteration of photocatalysis and photovoltaic efficiencies. Yang et al.
developed an organic-inorganic hybrid material where interfacial
charge separation between TiO; and conjugated structure facili-
tates to improve the photocatalytic efficiency [19]. In this direction,
extensive efforts have been devoted like metal-ion doping, non-
metal doping, noble metal deposition, narrow bandgap semi-
conductor coupling, conducting polymer sensitization, and dye
sensitization to modify the semiconductor in order to get better
light harvesting ability [20—25]. In one of our recent studies, we
have developed an efficient light harvesting heterostructure based
on poly(diphenylbutadiyne) (PDPB) nanofibers and ZnO nano-
particles which is helpful in photocatalysis [26]. Previously, we
sensitized ZnO nanorods with hematoporphyrin which exhibit
twin applications in efficient visible light photocatalysis and dye
sensitized solar cell [27]. We have also demonstrated how presence
of naturally abundant iron(III) and copper(Il) ions significantly alter
visible light photocatalytic activity of PP-ZnO nanohybrid [23].
Recently, we have shown dipolar coupling between porphyrin and
plasmonic nanoparticles facilitates enhanced solar energy conver-
sation when they are embedded on a host semiconductor matrix
[28]. Towards this direction, nanohybrid systems seem to be ideal
to achieve enhanced light-harvesting and charge-transfer which is
usually helpful to get better solar energy conversion.

Porphyrin, a well known photosensitizer has been extensively
used as a light harvesting material upon sensitization with semi-
conductor due to low cost, low toxicity and environmental compat-
ibility compared to ruthenium-based inorganic dyes [29—32]. Thus,
porphyrin based light harvesting nanomaterials have a wide appli-
cation in photocatalysis, dye sensitized solar cell, photodynamic
therapy [28,33—35]. In our previous study, we observed that attach-
ment of Protoporphyrin with ZnO nanoparticles has a potential
application in drug delivery vehicle of cancer drugs [33]. Nolan et al.
showed that tetra(4-carboxyphenyl)porphyrin (TCPP)—TiO, com-
posite is very much efficient in the photo-degradation of the phar-
maceuticals [36]. However, to the best of our knowledge, effect of
interfacial carrier dynamics in dual application of photovoltaic and
photocatalysis using same porphyrin based light harvesting nano-
hybrid are sparse in the existing literature and one of our motives in
this present work.

In the present study, we have synthesized Protoporphyrin IX-
Titanium dioxide (PP-TiO2) nanohybrid as a model light harvest-
ing nanohybrid for potential applications in photovoltaics and
photocatalytic devices. We observed that the presence of Cu (II) ion
within the porphyrin moiety of the nanohybrid can alter overall
photocatalytic and photovoltaic activity. Picosecond-resolved
fluorescence studies of the nanohybrids in the absence and pres-
ence of metal ion have been employed to investigate the ultrafast
interfacial charge transfer dynamics upon photoexcitation. We have
further investigated that presence of copper within porphyrin
moiety shows excellent photocatalytic activity for the degradation
of Methylene Blue (MB) used as a model organic pollutant. We have
fabricated DSSCs with the nanohybrid which exhibit much lower

power conversation efficiencies compared to their counterparts.
2. Experimental section
2.1. Reagents

TiO,, protoporphyrin IX (PP), methylene blue (MB), platinum
chloride (HaPtClg), lithium iodide (Lil), iodine (I) and 4-tert-butyl-
pyridine (TBP) were purchased from Sigma-Aldrich. Ultrapure wa-
ter (Millipore System, 18.2 MQ cm) and ethanol (>99% for HPLC,
purchased from Sigma-Aldrich) were used as solvents. All other
chemicals used in the study were of analytical grade and were used
without further purification. Fluorine-doped tin oxide (FTO) con-
ducting glass substrates, acquired from Sigma-Aldrich were cleaned
by successive sonication with soap water, acetone, deionized (DI)
water, and ethanol for 20 min, each with adequate drying prior to
their use.

2.2. Sensitization of TiO, with PP and Cu(Il)PP

A 0.5 mM PP (C34H36N405) solution was prepared in dimethyl
sulfoxide (DMSO) under constant stirring for 1 h. Sensitization of PP
with TiO, nanoparticles was done by addition of TiO, nanoparticles
into PP followed by overnight stirring. Next, the nanohybrid was
filtered out and washed several times with DMSO in order to
remove unbound PP. Finally, as synthesized nanohybrid was dried
in an oven and put in dark until further use. The synthesis of Cu(II)
PP was carried by addition of 1:1 PP (0.5 mM) and copper sulphate
pentahydrate (CuSO4-5H,0) followed by overnight stirring. Next
sensitization with TiO, nanoparticles was performed in the similar
method as described above.

2.3. Characterization methods

Transmission electron microscopy (TEM) grids were prepared by
applying a diluted drop of the samples to carbon-coated copper
grids. The particle sizes were determined from micrographs recor-
ded at a magnification of 100000x using an FEI (Technai S-Twin,
operating at 200 kV) instrument. X-ray diffraction (XRD) patterns of
the samples were recorded by employing a scanning rate of 0.02°
S~1in the 20 range from 20° to 80° using a PANalytical XPERTPRO
diffractometer equipped with Cu Ko radiation (at 40 mA and 40 kV).
For optical experiments, the steady-state absorption and emission
were carried out with a Shimadzu UV-2600 spectrophotometer and
a Jobin Yvon Fluoromax-3 fluorimeter, respectively. FTIR spectra
were recorded on a JASCO FTIR-6300 spectrometer, using a CaF,
window. The current density-voltage characteristics of the cells
were recorded by Keithley under an irradiance of 100 mW cm™2 (AM
1.5 simulated illuminations, Photo Emission Tech). The wavelength-
dependent photocurrent is measured using a homemade setup with
a Bentham monochromator and dual light (tungsten and xenon)
sources. Photovoltage decay measurements were carried out after
illuminating the cells under 1 Sun. The photovoltage decays after
switching off the irradiation were monitored by an oscilloscope
(Owon) through computer interface. The decays were fitted with
exponential decay functions using origin software. For steady state
and time resolved optical studies, we have followed the method-
ology as described in our earlier work [23,37].

2.4. Fabrication of DSSCs

For the fabrication of DSSCs, at first TiO, paste was coated on a
FTO glass substrate. The photoanode was annealed at 450 °C for 1 h.
After that photoanode were immersed in a 0.5 mM PP, (Cu)PP so-
lutions separately for 24 h at room temperature. For preparation of
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Fig. 1. (a) HRTEM images of TiO, NPs. (b) X-ray diffraction patterns of TiO,, PP-TiO, and
(Cu)PP-TiO,. (c) FTIR spectra of PP, PP-TiO, and (Cu)PP-TiO,. (d) FTIR spectra of PP, PP-
TiO,, and (Cu)PP-TiO,.

counter electrode, the platinum (Pt) was deposited on the FTO
substrates by thermal decomposition of 10 mM platinum chloride
(in isopropanol) at 385 °C for 30 min. The two electrodes were
placed on top of each other with a single layer of 60 pm thick Surlyn
(Solaronix) as a spacer between the two electrodes. A liquid elec-
trolyte composed of 0.5 M lithium iodide (Lil), 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 elec-
trolyte from the cell. In all our experiments, the active area of the
DSSCs was fixed at 0.64 cm?.

2.5. Photocatalytic performance measurements

The photocatalytic activity of the samples were evaluated in
terms of photodegradation of methylene blue (MB) taken as a
model pollutant in water. The photodegradation reaction of MB
(initial concentration Co = 0.5 x 10~> M) was carried out in a 10 mm
optical path quartz cell reactor containing 2 mL of a model MB
solution with a concentration of 0.5 g L' of the photocatalyst in
deionized water (DI). The suspension was irradiated with a mercury
lamp, A > 400 nm (under Visible light) and absorbance data were
collected continuously by UV—Vis spectroscopy. The percentage
degradation (% DE) of MB was determined using Equation:

Ip—1
0

%DE = x 100 (1)

where I is the initial absorption intensity of MB at Aax = 660 nm
and I is the absorption intensity after irradiation.

3. Results and discussion

Fig. 1a shows the HRTEM image of the TiO, nanoparticles. The
average size of TiO, nanoparticle was found to be 25 nm. The HRTEM
image of TiO, nanoparticles shows the high crystallinity of the
nanoparticles. The inter-planar distance between the fringes is

found to be about 0.327 nm which is consistent with (110) planes of
bulk TiO; [38]. The X-ray diffraction patterns (As shown in Fig. 1b)
indicate that there is no significant change in the 20 angle of the
signals for the sensitized TiO, nanohybrids compared to the un-
modified TiO. Intactness of the crystal planes of TiO, upon sensi-
tization with PP and Cu(II)PP also evident from this study. Fourier-
transform infrared (FTIR) spectroscopy was used to confirm the
binding mode of PP on the TiO; surface. For free PP, stretching fre-
quencies of the carboxylic group are located at 1696 and 1402 cm ™!
for the antisymmetric and symmetric stretching vibrations,
respectively, as shown in Fig. 1c. In PP-TiO,, the perturbation of
stretching frequencies of the carboxylic groups providing clear ev-
idence for binding of the carboxylic groups with TiO, NPs. The dif-
ference in stretching frequencies, A = ya5 - Ysym is a useful parameter
in identifying the binding mode of the carboxylate ligand [39]. For
PP-TiO, nanohybrid, the observed A value (198 cm™') is found to be
smaller compared to free PP (294 cm™!) which indicates that the
binding mode of PP on TiO; is bidentate in nature. Similar bidentate
covalent binding of (Cu)PP with TiO, is also observed from FTIR
study. The perturbation of N-H stretching frequency confirms the
successful metalation within the porphyrin moiety. In the presence
of Cu (II) ion, the stretching frequency of N-H bond is perturbed (as
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Fig. 2. (a) UV-Vis absorption spectra of PP, PP-TiO, and (Cu)PP-TiO,. (b) Room tem-
perature fluorescence spectra of PP and (Cu)PP. The inset shows excitation spectra
monitored at 630 nm.
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shown in Fig. 1d), which indicates the binding of Cu (II) ion with the
pyrrole nitrogen atoms of the PP [23].

The structure of PP has extensive delocalized 7 electrons which
exhibits a Soret band (405 nm) and Q bands (500—700 nm) due to its
T—7* electronic transitions [40,41]. The PP—TiO, nanohybrid ex-
hibits a 5 nm bathochromic shift of the Soret band compare to the
absorption of PP as shown in Fig. 2a. Such bathochromic shift sig-
nifies different changes within the porphyrin molecules upon
attachment with a solid surface. Kar et al. have proposed a 16 nm red
shift in the absorption of PP molecule upon attachment with ZnO

Table 1

Lifetimes of picosecond time-resolved PL transients of PP, PP-TiO, and (Cu)PP-TiO,
detected at 630 nm PL maxima uopn excitation at 409 nm wavelength. The values in
parentheses represent the relative weight percentages of the time components.

System 71 (ps) T2 (ps) 3 (ps) Tavg (1S)
PP 11300 (100%) 113
(Cu)PP 11400(100%) 1.4
PP-TiO, 300(59%) 9800(41%) 42
(Cu)PP-TiO, 300(57%) 9712(43%) 43

3 4 5 6
Time (ns)

Fig. 3. Fluorescence decay profiles of PP, (Cu)PP, PP-TiO,, and (Cu)PP- TiO, measured at 630 nm wavelength upon excitation at a wavelength of 409 nm.

nanoparticles [23]. Sarkar et al. demonstrated that attachment of
Hematoporphyrin molecule with TiO, nanoparticles exhibits a 3 nm
bathochromic shift [27]. However, after metalation with copper (II)
ion, steady-state emission of PP is significantly decreased (as shown
in Fig. 2b), indicating non-radiative processes that can be attributed
to fast intersystem crossing to the excited triplet state. Kim et al. also
reported a several charge transfer transitions which are responsible
for the quenching of the emission of PP [42].

Picosecond resolved emission transients have been used in order
to investigate the excited state electron transfer dynamics of the
nanohybrids [17,34]. The fluorescence decay of PP, (Cu)PP, PP-TiO,
and (Cu)PP-TiO; are shown in Fig. 3 and associated time constant
value are tabulated in Table 1. The average life time of both PP and
(Cu)PP have comparable timescale. Thus excited state electron
transfer from PP to Cu (II) ion is ruled out from our Picosecond-
resolved fluorescence data. However, decrease in average life time
was observed for PP-TiO; in compare to PP and (Cu)PP. This is due to a
significant faster component (200 ps) in case of PP-TiO, compare to
PP showing excited state electron transfer from PP to TiO,. Presence
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Fig. 4. (a) UV—Vis spectra for degradation of MB under visible light illumination by
(Cu)PP-TiO,. (b) Photocatalytic degradation of MB in presence of TiO,, PP-TiO, and (Cu)
PP-TiO, and only MB under visible light illumination. (c) Photocatalytic degradation of
MB by (Cu)PP-TiO, at different wavelength. (d) Photodegradation of MB by (Cu)PP-TiO,
under conventional condition, presence of H,0, and N into the solution. A recycla-
bility studies of (e) PP-TiO; and (f) (Cu)PP-TiO, under visible light illumination are also
shown.

of Cu (II) ion within porphyrin moiety the fluorescence decay of (Cu)
PP-TiO; remain essentially unaltered.

The photocatalytic activities of the nanohybrids were evaluated
by photodegradation of the model organic contaminant MB under
visible light irradiation. During the photocatalytic reaction, MB
forms a well-known colorless product leucomethylene blue (LMB)
as shown in Eq. (2) [43,44].

2MB + 2e~ + H' = MB + LMB 2)

Fig. 4a shows the time dependent UV—Vis spectra of MB in
presence of the (Cu)PP-TiO, nanocomposite in a neutral aqueous
solution under visible-light irradiation. Fig. 4b shows changes in MB
concentration as a function of time in presence and absence of
photocatalysts under visible light irradiation. MB does not undergo
decomposition reaction prior to illumination. The direct visible-
light illumination without any catalyst is leading to insignificant
decomposition of MB molecules within our experimental time
window. The pure TiO; nanoparticles exhibit <5% degradation of MB
under the same conditions. In contrast, PP-TiO, shows an enhanced
photocatalytic activity: 60% of MB degraded after 60 min illumina-
tion. (Cu)PP-TiO3 nanohybrid showed almost complete degradation
of MB (99%) within the same experimental time window. Thus re-
sults demonstrate that presence of Cu (II) ion within porphyrin
moiety further enhanced photocatalytic activity. The photocatalytic
degradation efficiency of the light harvesting nanohybrid i.e. (Cu)
PP-TiO; is reasonably good compared to the earlier reported litera-
ture [45—48]. Fig. 4c shows photocatalysis of methylene blue (MB) at
different wavelengths by (Cu)PP-TiO». Insignificant photocatalysis at
650 nm (MB absorbance maxima 660 nm) indicates that MB is un-
able to photosensitize (Cu)PP-TiO,. Thus photocatalysis
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Fig. 5. (a) Wavelength dependent photocurrent response curves of different DSSCs (b)
Current density—voltage curves under 100 mW cm 2 simulated AM 1.5G solar light
irradiation. (c) Open circuit voltage decay profiles of different DSSCs.

predominately takes place via sensitization of (Cu)PP-TiO,. To
explain reasons behind the enhanced photocatalytic behavior of the
catalyst and underlying degradation mechanism, we further studied
the photocatalytic activity of (Cu)PP-TiO, in the presence of a radical

Table 2
Photovoltaic performance of DSSCs in presence and absence of copper ion within the
protoporphyrin macrocycle.

Cell Jsc (uA/cm?) Voc (V) FF (%) Efficiency (%)
PP-TiO, 885.94 0.50 47.19 0.21
(Cu)PP-TiO, 550.55 0.32 34.17 0.05
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Table 3

Dynamics of photovoltage transients of DSSCs fabricated using different active
electrodes. The values in parentheses represent the relative weight percentages of
the time components.

Active electrode 74 (ms) 7, (ms) Tavg (S)
PP-TiO, 0.42(63.1%) 3.0(36.9%) 137
(Cu)PP-TiO, 0.13(36.4%) 0.76(63.6%) 053

initiator (H0,) and radical quencher (N, bubbling) separately
(Fig. 4d). Radical initiator and radical scavenger experiments were
carried out to confirm the dominance of active species involved in
the degradation process [49]. In fact, in the presence of H,0,, in-
creases generation of OH- under solar light illumination which
eventually increases the photocatalytic activity of (Cu)PP-TiO, for
degradation of MB. The observation demonstrates the role of reac-
tive oxygen species (ROS) in the degradation of MB. We further
observed that the photodegradation efficiency of (Cu)PP-TiO; de-
creases with Ny bubbling in the solution. The result implies that O,
primarily acts as an efficient electron trap, leading to the generation
of O3 radicals during photocatalytic reaction [50]. Under visible light
irradiation, the sensitizer (PP) injects electrons into the conduction
band (CB) of TiO, and the subsequent degradation of MB takes place
is initiated by CB electrons being transferred to it through reactive
oxygen species (ROS). From the application point of view, photo-
chemical stability and photocorrosion of the photocatalysts are also
important parameters for evaluating their performance as it could
reduces the cost of the process appreciably during photocatalytic
reaction [51-53]. In order to further study photocatalytic perfor-
mance of the as prepared nanohybrids, recycling experiment was
carried out under repeated irradiation. Fig. 5e—f shows the repeated
photocatalytic activity of different nanohybrids. The results indicate
that there is insignificant decrease about the photodegradation ef-
ficiency for the CuPP-TiO, rate, which remains similar after four
consecutive cycles, implying highest stability of the catalyst during
the photodegradation of MB. On the other hand, after four cycles,
photocatalytic activity reduced to 30% (PP-TiOy). The relatively
efficient photocatalysis by the (Cu)PP-TiO, nanohybrid may be
correlated with the additional structural stability due to presence of
copper ion within the PP moiety [46,54,55]. The results also

demonstrate that CuPP-TiO, is highly stable photocatalyst for
practical application.

The light-harvesting ability of a sensitizer is a key parameter
that determines the ability of solar energy capture and thus affects
the photocurrent generated by the solar cell [56,57]. The photo-
current measurements on the fabricated PP-TiO, and (Cu)PP-TiO,
DSSC are shown in Fig. 5a. The photocurrent spectra are found to be
closely resembled with the absorption spectra of PP. The observa-
tion demonstrated that PP sensitizers on the photoanode surface
are indeed responsible for photocurrent generation. In order to
investigate the photovoltaic performance, we have fabricated
DSSCs based on the porphyrin sensitizers. The J—V characteristics of
the PP—TiO, DSSC with Cu (II) as central metal are shown in Fig. 5b.
The solar cell parameters are shown in Table 2. The results
demonstrated that presence of copper within the porphyrin moiety
decreases overall photovoltaic efficiency. Different photovoltaic
efficiency in presence of Cu (II) ion within the porphyrin moiety
have been investigated by monitoring the temporal decay of the
open circuit voltage which has been monitored for different cells in
the dark following a brief period of illumination as shown in Fig. 5c.
The open circuit voltage decay reflects the timescales (as shown in
Table 3) for the recombination processes of the electrons at the
conduction band of the semiconductor with the oxidized electro-
lytes. Inclusion of copper within the porphyrin moiety eventually
increase the back electron transfer, thus can substantially affect the
photovoltaic performance i.e. reduces its efficiency [28,58,59].

There are several reports which indicate that a promising light
harvesting nanohybrid is very much efficient for photocatalysis and
photovoltaic applications due to synergetic effect of many factors
like hierarchical structure, surface area, rapid photoinduced charge
separation and a relatively slow charge recombination [60—63]. In
our present study, the developed PP-TiO, light harvesting nano-
hybrid is very much efficient for MB degradation in presence of Cu
(II) ion within the core of porphyrin moiety. A tentative photo-
catalytic mechanism of (Cu)PP-TiO, was deduced and a schematic
illustration shown in Scheme 1. Under visible light illumination,
excitation of electron from HOMO to LUMO takes place by PP
molecule attached on TiO, surface. Then transfer of electron to the
CB of TiO; takes place which eventually reacts with dissolve oxygen
and water to produce ROS. However, presence of Cu (II) ion within

H,0, 0,

Degraded >ROS> 677/
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Efficient Photocatalysis

FunctionalfNanohybrid
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== transfer

\TINO T|020’T| -

L —
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Scheme 1. Schematic representation of the overall mechanistic pathways for photocatalytic and photovoltaic efficiency by (Cu)PP-TiO; (see text).
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porphyrin moiety increases stability of (Cu)PP-TiO2 nanohybrid
against photo bleaching and thus promote generation of ROS that
are responsible for enhancement in photocatalytic activity. To
further study the effect on photovoltaics by (Cu)PP-TiO, nano-
hybrid, we observed that light harvesting nanohybrid is inefficient
for DSSC application. We note that although nanohybrid is suffi-
ciently stable against photobleaching, the enhanced back electron
transfer due to the recombination of photoinjected electrons at the
CB of TiO, with redox electrolyte contribute significantly. The
enhancement in back electron transfer is therefore responsible for
poor photovoltaic device as it diminish the charge carriers to be
collected into their respective contacts. Based on the above obser-
vation a schematic illustration is proposed as shown in Scheme 1.

4. Conclusion

In the present study, PP-TiO, has been used as a light harvesting
nanohybrid for photocatalysis and DSSCs application. The pico-
second resolved fluorescence quenching successfully explains the
excited state electron transfer dynamics in the nanohybrid. In the
Protoporphyrin sensitizers, the presence of centrally located Cu (II)
ion can substantially affect the photovoltaic and photocatalytic
performance. Presence of copper ion within the porphyrin moiety
increases the photocatalytic activity but decreases the DSSC effi-
ciency. The outstanding photocatalytic activity of the (Cu)PP-TiO;
nanohybrid is concluded to be structural stability, whereas faster
back electron transfer is found to be responsible for poor photo-
voltaic performance. These results highlight that different ultrafast
processes are equally crucial in light harvesting nanohybrid upon
photoinduced charge separation. The present work also demon-
strates that exciting potential light harvesting nanohybrid may not
always simultaneously be used in visible-light photocatalysis and
photovoltaics.
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