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A stable system containing a Pt metalated porphyrin as a molecular
solid photocatalyst in acidic aqueous solution is able to produce
hydrogen efficiently, under visible light irradiation. The system shows
a H, evolution rate of 467.3 pmol g~* h™™,

Solar hydrogen as a renewable energy solution is expected to be
one of the leading options in the near future. This type of fuel
could solve many environmental problems such as pollution and
energy storage. Molecular hydrogen could start a revolution of
“clean” energy as one of the most suitable solar fuels, providing
high energy capacity and being environmentally friendly. More-
over, hydrogen fuel cells do not produce any CO, during opera-
tion, which eliminates environmental hazards. Hydrogen can be
obtained in many ways such as electrolysis of water, petroleum
cracking and photocatalytic hydrogen production from water.
Among all the above the latter is simple, environmentally friendly
and consumes less energy. Photocatalytic systems typically
consist of a catalyst (C), a photosensitizer (PS) and a sacrificial
electron donor (SED)." Porphyrins are a class of compounds that
are used by nature in photosynthesis and other important bio-
logical reactions. Therefore, these molecules have been reported
in the literature as photosensitizers in many hydrogen evolution
systems.>™* Porphyrin dyes have strong light absorption in the
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visible region and are able to produce hydrogen in organic
solvents or water,” and also in their mixtures.® As catalysts for
hydrogen evolution, metal nanoparticles (mainly Pt) and meta-
lated complexes, are commonly used.*”*® Recently, many
hydrogen evolving systems have been developed and comprised
of just a photocatalyst (PC) and a SED.""” These types of pho-
tocatalysts possess elaborated architectures that are quite diffi-
cult to prepare. Among these materials, porphyrin metal organic
frameworks (MOFs) have been excessively used as photosensi-
tizers for hydrogen evolution.’®*” The main drawbacks of these
systems are their poor stability in water and their complex
synthetic procedures. In the literature there is only one example
of a Pt porphyrin-based conjugated polyelectrolyte with quater-
nary ammonium salts in the side chains. This conjugate showed
a significant photocatalytic H, evolution of 5.39 mmol g~* h™".
Moreover, there is an example of a platinum porphyrin photo-
catalyst with a pyridyl group anchored onto TiO, electrode.****
This Pt metalated porphyrin is effective catalyst towards the
photoelectrochemical hydrogen production from water. Since
there are limited reports of a simple Pt porphyrin-based photo-
catalyst it is vital to synthesize and study such simple molecules
as photocatalysts for H, evolution reaction. In most reports
porphyrin molecules were mainly used a photosensitizers as
a part of a metal organic framework or attached onto a semi-
conductor or assembled into a supramolecular architecture and
Pt is photo deposited as catalyst.*”>*¢

Herein we prepared a simple solid photocatalyst comprised
of just a molecular platinum metalated porphyrin able to
produce hydrogen in pure water in the presence of a sacrificial
electron donor. Therefore, we synthesized three porphyrins Pt-
TEPP, Pt-TBPP and Pt-TPP (Fig. 1) with different substituents at
the meso position, possessing diverse electronic properties.
These structural modifications can alter and optimize their
energy bands, their absorption spectra and their packing
arrangements in water. The presence of a Pt atom at the center
of the porphyrin ring can improve the electronic structure and
capability of the photocatalyst. The Pt-TEPP porphyrin proved to
be more effective compared to the other two, since upon visible

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Chemical structures of the photocatalysts.

light irradiation, was able to convert the protons of water into
H,. Moreover, in this study the experimental conditions were
appropriate tuned in order to improve the H, production.

The preparation of all porphyrin derivatives were performed
following already published procedures.” The final step
involved the metalation of the porphyrin macrocycle with plat-
inum, leading to the formation of the final products.*® The mass
(MALDI-TOF) and UV-Vis spectra of all the compounds are
shown in Fig. S1-S4.1 The molecular structure of Pt-TEPP was
also determined by single crystal X-ray diffraction analysis
(Tables S1-S37). A view of its molecular structure is given in Fig.
S5.1 All bond distances and angles were found to be within the
usual range for analogous meso substituted Pt(II) porphyrins
(Tables S2 and S31).

The concept of the present study is to use simple chromo-
phores with immobilized platinum in the core of the porphyrin
ring, as photocatalysts for H, evolution. Moreover, an alterna-
tive procedure that was studied herein is the photo deposition
of platinum nanoparticles onto the free-base porphyrin dye.

In order to investigate the morphology and the elemental
composition of Pt-TEPP photocatalyst, scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS)
were utilized, respectively. The SEM images showed a uniform
morphology of the photosensitizer (Fig. 2a), featuring a large
surface area, which might benefit the photocatalytic hydrogen
production of the system.”***' The EDS studies verified the
elemental presence of the desired materials in the structure of
the photocatalyst such as platinum, carbon, nitrogen and
oxygen (Fig. S61). In addition, SEM images for porphyrins Pt-
TBPP and Pt-TPP were obtained (Fig. S71). The morphology of
both porphyrins was different compared to Pt-TEPP, featuring
amorphous-like areas.

X2,000 10pm

£75.20kV.

Fig. 2 SEM images of photocatalyst Pt-TEPP (a) before and (b) after
the photocatalysis.
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Table1 Oxidation and reduction potentials of Pt-porphyrins vs. NHE*?

E1/2 Ox E1/2 Red
Porphyrins \%) W)
Pt-TEPP 1.72 —-0.91
Pt-TBPP 1.59 —1.08
Pt-TPP 1.62 —1.05

The absorption spectrum of Pt-TEPP was obtained in
dichloromethane and in the solid state (Fig. S87). The spectrum
in solution is characteristic of a metalated Pt porphyrin,
featuring an intense Soret band at 402 nm and two Q bands at
510 and 540 nm. The spectrum of the solid Pt-TEPP was slightly
broadened and red shifted. The Soret band appeared at 428 nm
and the Q-bands at 553 and 594 nm.

Cyclic voltammetry was contacted in order to compare the
energy levels of the three photocatalysts and their redox
potentials are shown in Table 1 (Fig. S9f). The ground state
oxidation potentials (E;, Ox) that correspond to the HOMO
levels of the porphyrins Pt-TEPP, Pt-TBPP and Pt-TPP were
calculated 1.72, 1.59 and 1.62 V, respectively. The measured
reduction potentials (E;;, Red) that correspond to the LUMO
levels are —0.91, —1.08 and —1.05 V for Pt-TEPP, Pt-TBPP and
Pt-TPP, respectively. From the above measurements it can be
concluded that the lower LUMO value of Pt-TEPP compared to
the other two porphyrins, may increase the electron transfer
rate from the photoexcited porphyrin to the central Pt atom/
catalyst. This could enhance the photoinduced hydrogen
production of the Pt-TEPP photocatalyst.

The molecular dipole moments of the three porphyrins were
calculated using Density Functional Theory and were found |u|
= 0.674 D, 0.045 D and 0.027 D for Pt-TEPP, Pt-TBPP and Pt-
TPP, respectively. The Pt-TEPP exhibits the largest dipole
among the porphyrins, creating a difference in potential
between the platinum and the terminal meso substituents (Fig.
S107). Therefore, the ester groups with the higher electronega-
tivity result in larger molecular dipoles.

Subsequently, photocatalytic hydrogen production experi-
ments were conducted; in order to asses the catalytic perfor-
mance of each derivative. The platinum porphyrins were used
as photocatalysts in aqueous solution in the presence of
ascorbic acid (AA) 1 M as a sacrificial electron donor, at pH = 4.

Initially, we examined the influence of the quantity of the
photocatalyst, towards the H, evolution activity. To this end
different amounts (1 mg, 3 mg and 5 mg), of the Pt-TEPP pho-
tocatalyst were added in 5 mL of aqueous solution in the pres-
ence of 1 M AA. As shown in Fig. S11,f when 3 mg of Pt-TEPP
was used the system proved to be more efficient producing
almost three times more H, (2601 umol g~ ) compared to 1 mg
(750 umol g *) and 5 mg (120 umol g~ ). This can be attributed
to better and more stable dispersion of the solid photocatalyst
when 3 mg of Pt-TEPP were employed.

Interestingly, by altering the pH values of the aqueous
solution at pH = 3 and pH = 5, no modification in the hydrogen
production was observed. The amount of H, that was produced
as a function of the reaction time is shown in Fig. 3. In order to
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Fig. 3 Hydrogen evolution of Pt-TEPP and TEPP/Pt photocatalysts in
aqueous solution of 1 M AA.

understand the need of platinum metalated porphyrin, the
same free base porphyrin was used as a photosensitizer and Pt
nanoparticles as catalysts. The added amount of Pt was the
same as the Pt present in 3 mg of Pt-TEPP. Under the same
experimental conditions, no H, was observed after 6 h of light
irradiation (Fig. 3). The system was stirred for additional 24
hours in order to obtain well defined Pt nanostructures,* but
still no H, was produced. Therefore, the presence of Pt in the
porphyrin ring is essential for H, production in this type of
system.

After 6 h of irradiation the rate of H, production was 467.3
umol g~ ' h™" when 3 mg of Pt-TEPP photocatalyst was used in
water at pH = 4.

The performance of our photocatalyst compared to recently
reported porphyrin-based systems and the corresponding
activities are listed in Table S4.F As shown in Table S4,T in some
cases our system is more effective compared to other porphyrin
based photocatalysts that work well only in the presence of Pt
cocatalyst (entries 6 & 7). The photocatalytic stability of Pt-TEPP
was investigated by repeating photocatalytic hydrogen produc-
tion experiments. The system was irradiated for 6 h and then
was kept in the dark overnight, then the sample was degassed
and re-introduced for photocatalysis until the irradiation was
re-started. As shown in Fig. 4, the production of hydrogen was
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Fig. 4 Hydrogen evolution of Pt-TEPP photocatalyst in aqueous
solution of 1 M AA.
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slightly increased at the second cycle and at the next two cycles
remained steady. This result clearly demonstrates that after
light irradiation for four cycles (6 h per cycle) the Pt-TEPP
photocatalyst remains stable.

In order to exclude the presence of Pt nanoparticles at the
photocatalytic system, excess of mercury was added in the
reaction mixture. After light irradiation under the same condi-
tions, the photocatalytic system produced the same amount of
H, as in the absence of mercury (Fig. S121). Therefore, the Pt
catalyst, situated inside the porphyrin ring is responsible for the
H, evolution of this system.

Moreover, the catalytic performance of Pt-TBPP and Pt-TPP
photocatalysts was also examined. In both Pt porphyrins no H,
was detected after 6 hours of light irradiation under the same
catalytic conditions. Only a small amount of H, was obtained
after 23 h of irradiation (0.23 umol for Pt-TBPP and 1.92 umol
for Pt-TPP). The remarkably enhanced H, evolution activity of
Pt-TEPP compared to the other two porphyrins is mainly
ascribed to three factors: (a) the higher exciton generation
efficiency, (b) the greater induced dipole moment that promotes
the photogeneration and transfer of electron/hole pairs, and (c)
the better dispersibility of the molecule in the aqueous media.

In order to elucidate the state of the photocatalyst after the
H, evolution experiments, UV-vis (Fig. S131) and MALDI-TOF
(Fig. S137) spectra were recorded and showed that the Pt-
TEPP remained intact after light irradiation. A SEM image was
also obtained after the photocatalysis. As shown in Fig. 2b the
morphology of Pt-TEPP was completely alerted, but the prop-
erties of the photocatalyst were retained. For that reason, Pt-
TEPP can be recycled and used again in future photocatalytic
experiments.

Moreover, the stability of Pt-TEPP during the photocatalysis
for H, evolution was investigated by powder X-ray diffraction
analysis. The powder X-ray diffraction pattern of the catalyst, as
isolated from the crude reaction mixture after completion of the
photocatalysis experiment, is depicted in Fig. S14.f Unfortu-
nately, the low crystallinity of the sample resulted in relatively
low-resolution X-ray diffraction data, and therefore indexing
and space group determination were not possible to be per-
formed. Nevertheless, a comparative analysis of the experi-
mentally obtained data with the theoretically simulated powder
X-ray diffraction patterns from the crystal structures of TEPP,
Pt-TEPP and the PtTEPP solid that was used in our photo-
catalytic experiments (Fig. S157), determined by single crystal X-
ray diffraction analysis, appears to be very informative.
Undoubtedly, the diffraction pattern of the solid (red color) is
completely different from that of TEPP (green color), providing
an indication that Pt-TEPP does not decompose to the free-base
form and Pt(II) ions or Pt nanoparticles which could perform
the catalytic conversion. In contrast, it seems that there is
a good agreement in general positions and intensities of
specific diffraction peaks with the simulated diffraction pattern
of Pt-TEPP (blue color). For example, in the low-angle range the
characteristic peaks at 2¢ values of 5.9° and 7.7° can be assigned
to the (100) and (002) sets of planes, respectively, as designated
from the Pt-TEPP simulated pattern. The (200) peak observed at
20 = 11,8° is also common for the two compounds. Finally, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic diagram of the Pt-TEPP photocatalytic hydrogen
evolution.

peaks observed at 26 = 13.6° and 19.8° can be assigned to (110)
and (014), respectively. These features suggest a similarity of the
structures of the two compounds. Small differences between the
two diffraction patterns (slight shifts in the positions of specific
diffraction peaks) in the middle- and high-angle region could be
attributed to insignificant variations in the packing of the
molecules in the isolated solid compared to the single-crystal
molecular structure. Therefore, we can conclude that Pt-TEPP
retains its structural integrity over the course of the photo-
catalytic H, production experiment.

The possible mechanism of hydrogen evolution reaction of
Pt-TEPP photocatalyst is shown in Fig. 5. Since the photo-
catalyst is able to produce H, in the absence of a co-catalyst, the
Pt atom at the center of the porphyrin ring can catalyze the
proton reduction. The light is absorbed by the porphyrin
molecule, the electrons are excited and then are transferred to
the central Pt atoms generating hydrogen.'***

In this report we presented a stable and a quite effective
photocatalyst towards H, production in water. The system
remained intact, even after 25 h of visible light irradiation.
Since, the photocatalyst is not soluble in water, it can be recy-
cled and re-used easily. When the porphyrin is metalated with
Pt the system is able to produce H,, with no further assistance of
a co-catalyst. In contrast, when Pt nanoparticles are dispersed
on the free-base porphyrin no H, production can be detected.
The remarkably H, evolution activity of Pt-TEPP compared to Pt-
TBPP and Pt-TPP was mainly due to its advanced exciton effi-
ciency, to its effective generation and electron/hole pair transfer
and its morphology in the aqueous phase. Moreover, this work
demonstrates the use of a simple monomer molecule, as pho-
tocatalyst able to efficiently produce H, of 467.3 umol g~ h™,
under visible light in water, in the absence of a cocatalyst.
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