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Introduction

Global warming has accelerated over the last decades. The
cause for this phenomenon is anthropogenic and how to cope
with it has become one of humanity's biggest challenges.”* To
do so, an economy based on renewable energy sources has
become essential, with solar energy as one of the most attractive
alternatives.

In nature, photosynthesis is the most efficient method to
capture and store solar energy. To achieve this, photosynthetic
organisms have complex organized structures that include tet-
rapyrrolic systems.** These molecules have high molar
absorptivity in the visible portion of the spectra, where the solar
photon flux has its maximum, leading to an efficient harvest of
sunlight. Porphyrins and metalloporphyrins (MP) also act as
catalysts at the reaction center in natural enzymes because, due
to planar coordination rigidity, two ¢rans axial positions remain
free for substrate coordination. Therefore, mimicking their
behavior in biological systems, MP are used to design sustain-
able energy solutions,® where they can act both as antennas and
reaction centers. Following this approach, MP have become the
cornerstone in systems for solar energy harvest like photo-
electrochemical (PEC) devices® and dye-sensitized solar cells
(DSSC).”” But, even if the source is renewable, energy needs to
be stored and delivered without damaging the environment."
Thus, the synthesis of clean fuels is a milestone for sustain-
ability, with water splitting as a top candidate, given the
abundance of raw material and the high energy density of
H,."*> MP were first used in oxidation reactions,'*'* but they
can also catalyze reactions such as hydrogen generation or CO,
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natural systems that harvest energy from the sun. Thus, a bioinspired approach is used, taking advantage
of ZnP sensitizing capabilities and MTTF organized structure.

reduction,” becoming an attractive alternative as catalyzers for
the production of clean fuels.'®” Among all MP, the ones con-
taining zinc are the most studied in photochemical systems
because of their relatively high thermal stability, robustness
under light exposure, straightforward synthesis, low toxicity
and photophysical properties. They also have lower oxidation
potentials than their free base analogues, which results in
a more efficient electron injection and dye regeneration.®

To achieve the spatial organization observed in nature and
generate new properties, porphyrin's structure can be modified
to tune their physicochemical properties.*® This allows them to
act as molecular building blocks in the development of multi-
functional materials with different levels of organization.>***
These structures can be obtained through self-assembly or
using a scaffold, such as TiO,, ZrO,, CeO, and other inorganic
semiconductors with robust architectures.”* The combination
of porphyrins and MP with these semiconductors produces
hybrid materials with synergetic properties and a broad range of
applications.”* TiO, based materials are some of the more
explored scaffolds. Its combination with MP have been used in
photocatalytic oxidation reactions, enhancing titania capabil-
ities for this purpose,*?* together with reduction reactions of
small molecules®” and as sensitizer in DSSC, where a 13% effi-
ciency was reached.” Furthermore, TiO, architectures can be
obtained through soft, readily scalable soft methods that enable
its use on applications at a bigger scale.*

In recent years, Soler Illia's research group comprehensively
described the preparation of MTTF with an accessible, orga-
nized pore network that are transparent in the visible range.****
MTTF are interesting scaffold materials, but they only absorb
UV light, which corresponds roughly to 4% of the total solar
spectrum. This is why dye-sensitization is used to broaden the
absorption range, take advantage of the full spectrum and
increase its efficiency as a solar cell.’® In our most recent
publication we have proved the inclusion of cationic MP inside
an MTTF-based photonic crystal to develop an optical sensor.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Excited-state decay paths for TiO, surface-attached ZnP, light emission (A), charge injection (B) and reduction of an electron acceptor EA

(<.

Therefore, MP can also be used to sensitize and perform reac-
tions within the pores. In this approach, MP absorbs photons
with energy smaller than the band-gap of the semiconductor.
Once a photon is absorbed, the dye in its excited state can follow
three pathways: (i) decay radiatively or non-radiatively (Fig. 1A);
(ii) inject electrons in the conduction band of the semi-
conductor, which travel towards the external circuit and end up
in the counter electrode (Fig. 1B); (iii) or reduce an external
electron acceptor (Fig. 1C). If the electron transfer occurs, the
dye is reestablished by a reducing agent.
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In this work, we report the preparation of a hybrid material
using ZnP for MTTF functionalization, after which its pore
network remains accessible. The obtained ZnP@MTTF shows
active photocatalytic performance for methyl viologen reduc-
tion, an electron relay suitable for hydrogen generation. It also
retains ZnP emission properties and presents dye sensitizing
capabilities. The combination of the MTTF nanoarchitecture
with the photochemical properties of ZnP makes the resulting
material a versatile platform for photocatalytic devices design.

Norm. Em. Int.

Fig.2 Schematic representation of ZnP@QMTTF synthesis (A) and FE-SEM image showing its pore structure (B). UV-Vis absorption spectra of ZnP
in solution (black, dashed line) and ZnP@MTTF (orange, solid line). (C) Normalized emission spectra of ZnP in solution (black, dashed line) and

ZnP@MTTF (orange, solid line) (D).
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Results and discussions

Synthesis of ZnP@MTTF, schematized in Fig. 24, is performed
through immersion of an MTTF film in a ZnP solution, followed
by rinsing and air-drying. Fig. 2B shows a high-resolution FE-
SEM image of ZnP@MTTF where the ordered pore array char-
acteristic of an MTTF architecture can be seen.****** These
images show no evidence of pore clogging or residues generated
outside the pores. Furthermore, XRR measurements (Fig. S1At)
show a change in accessible porosity from 34% for MTTF to
29% for vacuum-dried ZnP@MTTF, indicating that ZnP gets
inside the pores without occluding them, binding to the walls.
To further disregard changes on the film external surface
a contact angle test was performed (Fig. S2 and Table S17),
showing ZnP@MTTF and MTTF behave the same way, and
wettability properties are retained.*

After functionalization, the film acquires a yellow coloration
perceived through the naked eye (Fig. S3t). UV-Vis absorption
spectrum of ZnP@MTTF with an MTTF blank, presented in
Fig. 2C, shows the electronic transitions characteristic of MP,
corresponding to the Soret and two Q absorption bands
(Aznp@mrrr = 449 nm, 568 nm and ca. 615 nm, respectively). All
bands are red shifted compared to ZnP in solution (Az,p =
436 nm, 563 nm and 609 nm),"® but the change is larger for the
Soret band. This is due to the interaction of the positively
charged porphyrin with the surface.*” It is noteworthy that no
new absorption bands are observed, reflecting that ZnP does not
self-assemble or aggregate on the surface.?**** Likewise, ZnP
emission properties in solution are retained after its attachment
to the surface, with a change in emission intensity ratio of the
bands (Fig. 2D). ZnP@MTTF emits in the visible range when
excited in the Soret band (Fig. S4,T Agx = 449 nm, Agy, = 637 and
677 nm), red shifted compared to ZnP in solution (Ag, = 433 nm,
Aem = 628 and 667 nm)."® The excitation spectrum, monitored at
both emission maxima, exhibits the same profile as the ground-
state absorption spectra, showing the existence of a single
emitting species.

Additionally, ATR-IR spectroscopy measurements were taken
to confirm the presence of ZnP, as shown in Fig. S5.f None-
theless, as the amount of incorporated ZnP is small compared
to the TiO, matrix, ZnP signals are masked and could not be
clearly distinguished.

The amount of ZnP incorporated in the films was estimated
through UV-Vis absorption spectroscopy, as performed in our
previous work.”® ZnP content was estimated using the ellip-
soidal pore dimensions (@ = 2 nm, » = ¢ = 3.5 nm), film
thickness of ZnP@MTTF obtained from FE-SEM images (¢t =
250 nm, Fig. S6t), absorbance of its Soret band and molar
absorptivity of ZnP in solution (¢**® = 1.81 x 10° M~ ! em ™ 1).*
The obtained value is 14 pmol ZnP/g MTTF, equivalent to 7
molecules inside each pore (see ESI for details on calcu-
lationst). This value is in good agreement with the estimation
obtained using the change in porosity from XRR measures,
which gives 9 molecules per pore when comparing dry
ZnP@MTTF and MTTF. If the sample is not previously dried,
a larger value is obtained, due to increased water adsorption
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when the porphyrin is present (Fig. S1Bt). Additionally, UV-Vis
spectrum of the solution has been measured before and after
film immersion (Fig. S7t), showing MTTF preconcentrates ZnP,
removing nearly all of it from the solution. The resulting ZnP
content is consistent with the values obtained for the adsorp-
tion of metalloporphyrins in MTTF-based photonic crystals and
on the surface of TiO, nanoparticles.>***

Dense, non-porous titania was also functionalized with ZnP
as a control. Its UV-Vis absorption spectrum shows low incor-
poration of ZnP (Fig. S81), meaning that the loading in
ZnP@MTTF occurs within the pores. Moreover, if pore surface
is not considered in the ZnP content estimation, assuming
adsorption occurs outside the pores, a coverage of 6 molecules
per nm” is obtained. This means porphyrin stacking would
occur, since ZnP specific area is ~4 nm” per molecule, and
agglomerates should be observed on the surface. Stacking
would lead to the appearance of characteristic porphyrinic
aggregation bands in the UV-Vis spectrum,***** which is not
the case for ZnP@MTTF.

ZnP@MTTF capability as a photocatalytic system was also
investigated, since it has been shown that ZnP acts as a sensi-
tizer in nanoparticle supported photocatalytic systems.*> Reac-
tions where electron transfer between a donor (ED) and an
acceptor (EA) is photosensitized by MP, as shown in eqn (1) and
(2), have been widely studied as a model for solar energy
conversion and storage.*

hy

EA + ED + MP "2 EA + ED + MP* (1)
EA + ED + MP* —» EA~ + ED* + MP )
Methylviologen ~ (MV>",  N,N'-dimethy-4,4'-bipyridinium

cation) is one of the most studied EA.** MV>" is reduced to its
radical cation MV"", which additionally can reduce other
species, acting as an electron relay. This capability has been
used in H, production with MP supported on nanoparticles,
where MP in its excited state acts as the reducing agent and an
ED later restores it to its oxidized form. Thus, in the presence of
a catalyst such as Pt, MV"" re-oxidizes to MV>" generating H,

(eqn (3)).*

2MV+* + 2H,0 2 2MV? + 2H, + 20H™ (3)

Furthermore, MV"" has a deep blue color, so the photoin-
duced reduction can be followed spectrophotometrically by
measuring the MV'* absorption band at 600 nm (¢°%° = 1.37 x
10* M~ " em™').* Hence, reduction of MV>" acts as a proof of
concept for H, production. It is worth mentioning that poly(-
viologens) in solution are able to diffuse through the MTTF
porous structure,*® enabling the use of MTTF pores as photo-
catalytic nanoreactors.

Following these guidelines, ZnP@MTTF was immersed in
a MV*" solution with triethanolamine (TEOA) as the ED. Upon
irradiation using sun-like light the intense blue coloration of
MV"* appeared. Therefore, MV>" molecules are capable of
percolation to the porphyrin center inside the pores, where it is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-Vis absorption spectra of the reaction solution (A) and MV'* concentration (B) at different irradiation times for ZnP@MTTF, the arrow

indicates when irradiation is turned on.

reduced, and MV"" diffuses back to the solution. Pictures of this
experiment are shown in Fig. S9.7 The concentration of MV'"
was determined every 1 minute by measuring the absorption
spectra (Fig. 3A) and tracking the absorbance at 600 nm
(Fig. 3B). Longer irradiation times were acquired, but absor-
bance was saturated. No MV"" was observed in a control
experiment with MTTF (Fig. S101). Estimation of the initial rate
for MV** reduction was calculated using the concentration of
MV'" generated in the first 6 minutes after irradiation is turned
on. The obtained value of 809 pmol h™' pmolyp ' nearly
duplicates the one observed in similar nanoparticle supported
photocatalytic systems in suspension, which achieved a top
value of 440 pumol h™! pmolyp ™~ *.*> We believe that this proof of
concept is promising for future applications in solar fuels or the
solar-driven synthesis of organic molecules.”

MP have been widely used as photosensitizers, but their
combination with MTTF needs further studies. Consequently,
the possibility of dye sensitization in ZnP@MTTF was also
tested. For these experiments, ZnP@MTTF was prepared on
a transparent conductive FTO substrate and the setup depicted
in Fig. S111 was used. Fig. 4A presents a chronoamperometry
measured at 1.23 V (vs. RHE) with chopped illumination in the
visible range, for both MTTF and ZnP@MTTF. A glass slide was
used to filter UV light and account for the effect of ZnP as
a sensitizer, observing a 47% increase in current when
compared to bare MTTF. This behavior is observed at different
potentials in a linear sweep voltammetry with chopped
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illumination (Fig. 4B). Negative potentials have also been
explored (Fig. S13+t). Overall current seems smaller than in other
systems;*® therefore, although ZnP@MTTF can be used for
DSSC and DS-PEC devices, its more promising application is
photocatalysis. It is worth noting that experiments were per-
formed with no water oxidation catalyst included and with a low
ZnP load. Further improvements can be made to increase light
absorption and film crystallinity and conductivity, while still
using 250 nm thick films, but are outside the scope of this work.
Chronoamperometry was also performed without UV filtering
(Fig. S127), where MTTF absorption generates a larger photo-
current and the effect of sensitization can still be seen. Chro-
noamperometry at longer times showed a slight decrease in
current (Fig. S1471), probably due to partial ZnP desorption
caused by high electrolyte concentration interfering in electro-
static interactions with MTTF. Although these results are
preliminary, they provide a sound basis for demonstrating that
ZnP assists the photocatalytic performance of mesoporous
titania thin films.

Conclusions

MP dyes like ZnP hold the potential to build efficient hybrid
materials for energy harvest when combined with substrates
like MTTF, which have unique structural properties and an
organized pore network. The resulting hybrid material has
physicochemical properties that derive from the substrate
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Fig.4 Chronoamperometry at 1.23 V vs. RHE with chopped visible illumination for MTTF (black, dashed line) and ZnP@MTTF (orange, solid line)
(A). Linear sweep voltammetry of MTTF (black, dashed line) and ZnP@MTTF (orange, solid line) with chopped visible illumination.
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architecture, its optical transparency, ZnP molecular properties
and new properties that arise from the combination. Further-
more, MTTF transparency makes photophysical measurements
straightforward, and its high surface area incorporates large
amounts of ZnP in an organized structure, allowing for better
interaction with reagents. Furthermore, surface immobilization
makes catalyst removal and replacement easier.

In this work, we successfully synthesized and characterized
a new hybrid material, ZnP@MTTF. We have proved its photo-
chemical activity through the evaluation of the MV*" reduction
assay, with results that almost double the activity of similar
systems. ZnP@MTTF has the capability to produce a photocur-
rent, although it should be improved. More studies are
underway in order to optimize the device's performance for its
use in water splitting and other photocatalytic reactions. The
nanostructured hybrid material we present here can be an
alternative to the options that currently predominate, due to its
simple and low-cost synthesis, which makes it suitable for large
scale production.

Experimental
Materials and reagents

Zinc(u) 5,10,15,20-[meso-tetrakis(N-methylpyridyl) porphine]
(znP) was purchased from Frontier Scientific. TiCl,, non-ionic
block-copolymer Pluronic F127 and absolute ethanol were ob-
tained from Merck. Glass substrates were purchased from Bio-
traza. Fluorine doped tin oxide (FTO) substrates were purchased
from Delta Technologies. Triethanolamine (TEOA) and other
necessary reagents were acquired by Sigma-Aldrich. All chem-
icals were reagent grade and were used without further purifi-
cation. Water was deionized and filtered using a Millipore water
purification system (18 MQ).

Mesoporous TiO, thin films

Mesoporous titania thin films (MTTF) were obtained onto
different substrates according to literature procedures.*>*®
Initial sols were obtained by mixing TiCl,, ethanol, copolymer
template Pluronic F127 and water in a 1:40:5 x 107°:10
molar ratio. Films were deposited by dip-coating on clean
substrates (glass or FTO) at 30 °C, 25-30% relative humidity and
3.0 mm s~ ' withdrawal rate. As-prepared films were aged 24 h at
50% relative humidity. Further thermal treatment was per-
formed by heating 24 h at 60 °C, 24 hat 130 °C and 2 h at 350 °C,
with a heating ramp of 1 °C min~ . This technique gives a crack-
free MTTF, with a highly organized array of 8 nm diameter pore
with an Im3m cubic structure.*® Films with 30% pore volume
and 250 nm thickness were used in this work. The pore size and
the thickness of the films were obtained using Image-J software
for analysis of the acquired SEM images.** Fig. S7 shows SEM
images of the MTTF without modification.

Metalloporphyrin-mesoporous TiO, thin films (ZnP@MTTF)

The modification of the MTTF surface with ZnP was done by
immersion for 48 h in a 30 uM solution of ZnP in water.?* After
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adsorption, ZnP@MTTF was rinsed with deionized water and
dried in a vacuum oven at 60 °C for 6 h.

Characterization

UV-Vis absorption spectra were recorded with an HP8453 diode
array spectrophotometer in forward transmission mode using
normal incidence geometry.

ATR-IR spectroscopy was performed on a Nicolet iN10 MX
FTIR spectrometer in reflectance mode. All spectra were ob-
tained as an average of 32 scans, at a 4.0 cm ' resolution, in
a range between 4000 and 650 cm . Infrared data were pro-
cessed using EZ-Omnic software.

Field Emission Scanning Electron Microscopy (FE-SEM)
images were taken on an SEM Zeiss Supra 40 equipped with
a field emission gun from CMA-FCEN-UBA.

X-ray reflectometry (XRR) measurements were performed
with a Bruker D8 Eco equipment using an incident beam of Cu
Ko radiation. To obtain accurate density values, measurements
were performed under low-humidity conditions. This is a rele-
vant experimental aspect, as the condensation of atmospheric
moisture within the pores could lead to a severe underestima-
tion of the film mesoporosity.

Steady-state emission was measured with an Edinburgh FS5
Spectrofluorometer, at 25 °C. Aqueous solutions were measured
with air saturation, while films were measured in air using
specially designed piece. Emission and excitation correction
functions provided by the manufacturer were used.

Estimation of ZnP load in ZnP@MTTF

ZnP load was calculated as in Caraballo et al.** In order to
estimate the amount of ZnP molecules adsorbed inside the
mesopores we used the absorbance for ZnP@MTTF and the
molar extinction of ZnP in solution. From the Lambert-Beer
law, if the absorbance at 449 nm is due to ZnP and assuming
that molar absorptivity does not change appreciably:

Abs = 8436 X [Zl’lP] X IMTTF

where ¢**°® = 1.81 x 10° M~' em™" and, determining MTTF
width from SEM images, lyrrr = 250 nm = 2.5 x 10> cm.

Then, being 0.183 the absorbance at 449 nm for ZnP@MTTF,
the obtained result of [ZnP] = 4.0 x 10~> mol dm™? is equiva-
lent to 2.4 x 10~> molecules per nm ™~ within the volume of the
film. Knowing that the amount of [ZnP] = 2.4 x 10~ > molecules
per nm °, that these nanostructured films are ~34% porous
when dried and that the pore volume is 103 nm?, the number of
ZnP molecules adsorbed within the ellipsoidal pores was
determined to be 7 porphyrin molecules per pore. This result is
an estimate, as not all the pores might have porphyrin inside,
because its diffusion is limited by the tortuosity of the meso-
porous material.

Photocatalytic assay

The methylviologen (MV>") reduction assay was performed
following the procedure described by Tian et al.*> ZnP@MTTF
samples were immersed in a quartz cuvette in presence of MV>*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(100 mM in degassed H,0), TEOA (200 mM) as an electron
donor and irradiated with a Xe lamp. The setup is depicted in
Fig. $9.7 The concentration of reduced MV>" was measured by
the change in absorbance at 600 nm near the peak of its radical
anion band, every minute. No MV>" reduction was observed in
experiments performed with bare MTTF.

Photoelectrochemical assay

The photoelectrochemical measurements were conducted in
a custom made photoelectrochemical cell, with a standard 3-
electrode system (WE: ZnP@MTTF or MTTF, RE: Ag/AgCl (KC1 3
M), CE: Pt foil). The setup is depicted in Fig. S8.1 A Metrohm
Autolab potentiostat coupled with Nova software was used.
Linear sweep voltammetries were carried out at 10 mV s~ ' with
chopped illumination. The light source was a 30 W Xe lamp,
with a glass slide as UV-filter. Light was shone from the
electrode-solution interface. Current densities are referred to
the geometrical area of the samples. Potentials were converted
to the reversible hydrogen electrode (RHE), according to eqn (4):

E(vs. RHE) = E(vs. Ag/AgCl) + 0.059 x pH ()
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