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Abstract
In this study, we report the preparation of BODIPY-(Zn)Porphyrin hybrids and their

utilization in photocatalytic H, production from water. These entities were employed
as photosensitizers upon their chemisorption onto the surface of platinum-doped
titanium dioxide nanoparticles (PtTiO,) which acted as photocatalysts. We prepared
two diverse BODIPY-(Zn)Porphyrin entities, in which the BODIPY moiety is either
covalently attached (BDP-Por) or axially coordinated (BDP(Im)-Por) with the
(Zn)Porphyrin; in order to evaluate the impact of the different connectivity between
the chromophores in photocatalytic in H, evolution. Overall, we developed highly
efficient dye-sensitized photocatalytic systems (DSPs) based on noble metal-free
photosensitizers reaching 18,600 Turnover Numbers (TONs) and 225 mmol(H.)

g(cat)*h™.

Keywords: Antenna effect, Photo-catalytic Hydrogen Production, Dye-sensitized
Photocatalytic Systems (DSPs), Porphyrin, BODIPY, Axial Coordination, Covalent

attachment.



Introduction
Currently, the primary energy sources derive from the combustion of fossil

fuels, namely natural gas, oil and coal.*?

As a result of their prolonged usage, vital
issues affecting the sustainability of the planet have emerged in recent years, namely
global warming and climate change due to production of green-house gases such as
carbon dioxide.® Hence, it is imperative to utilize renewable and clean fuels aiming to
establish a socially and economically sustainable future.* Solar energy is
unquestionably one of the best candidate for that purpose since being abundant, clean
and could meet future energy requirements.” Developing devices that efficiently
exploit solar energy has dominated the scientific interest worldwide.*® To that end,
many scientific reports have been published over the years dealing with the direct
conversion of sunlight into chemical energy.”® Photocatalytic hydrogen (H,)
production from water (H,O) is an auspicious approach since an abundant precursor
can be converted into a useful fuel.>* In this context, numerous photocatalytic
systems have been developed over the years that are able to convert solar energy into
H2.11'13

In 1972, Honda and Fujishima introduced a novel approach towards
photocatalytic H, production using semiconductor materials.* Titanium dioxide
(TiOy) is the most widely used semiconductor in light-driven H, evolution due its
distinctive features. More specifically, TiO, is non-toxic of low cost and retains great
photo-stability.”>*" However, TiO, absorbs only in the UV part of the absorption
spectrum, has a wide band gap (3.2-3.3 eV) and also undergoes fast electron-hole
recombination. Due to all the above drawbacks, TiO, exhibits limited photocatalytic
performance towards H, production.'® Nevertheless, dye sensitization of TiO, with

the appropriate chromophores can efficiently shift absorption towards the visible light



region.’® Over the last years, various research groups have reported different
approaches, in which dye-sensitized TiO, nanoparticles (NPs) were utilized for
efficient photocatalytic hydrogen generation.”” The most common one is the
attachment of one sensitizer onto platinum-doped titanium dioxide nanoparticles
(PtTiO, NPs).?® This approach is usually referred as dye-sensitized photocatalytic
systems (DSPs) and was initially established by Shimitzu and coworkers* and also
studied by Abe et al.”> More recently, Reisner and coworkers have further developed
the concept of DSPs for H; evolution.?*? Although there are many examples of DSPs
in the literature, the majority of these reports is based on a single sensitizer as unique
light absorber. Interestingly, only a few recent research works describe the utilization
of dyadic systems consisting of different chromophore units.?*° In particular,
Eisenberg, McCamant and coworkers in 2018 illustrated that a rhodamine-platinum
diimine dithiolate complex dyad was a very efficient photosensitizer (PS) towards H,
production reaching 70,700 turnover numbers (TONs).”” The same year, Sun et al.
reported the synthesis and the H, evolution studies of a chlorophyll-indoline dyad
which exhibited a maximum TON of 1,044.%° In addition, Ho et al. illustrated that a
covalently connected BODIPY-(Zn)Porphyrin dye exhibits 12,800 TONs over 120
hours of illumination.? It is worth mentioning that multichromophoric systems have
also been reported in order to effectively enhance the photovoltaic performance in
dye-sensitized solar cells (DSSCs).***? Porphyrin-BODIPY dyads have been
thoroughly examined as sensitizers in DSSCs due to the antenna effect between the
chromophores and also because of their complementary absorption features.®**" In
stark contrast, there is only one example of a Porphyrin-BODIPY dyad in DSPs for
H, evolution.?® However, plenty aspects that could impact H, evolution are still not

studied in such Porphyrin-BODIPY systems. Namely, the type of connection between



the two entities or the supplementary antenna effect by the addition of an extra
BODIPY.

Herein, we demonstrate the development of DSPs for H, evolution using
BODIPY-(Zn)Porphyrin entities chemisorbed onto PtTiO, NPs. We utilized BODIPY
moieties (BDP) as extra light harvesters to (Zn)Porphyrin in order to amplify light
capture by exploiting the antenna effect. We explored the impact of the diverse
connection between the BODIPY and the porphyrin chromophore to the
photocatalytic efficiency of the DSPs and compared the covalent attachment of
BODIPY (BDP-Por) versus the axial coordination (BDP(Im)-Por) with a
(Zn)porphyrin (Figure 1). Furthermore, an additional BODIPY unit was axially
coordinated onto the covalent BDP-Por dyad with the purpose of increasing the
photocatalytic activity through the supplementary antenna effect (BDP-Por-
BDP(Im), Figure 1). We have also synthesized the reference chromophores of the
dyads, namely the BODIPY (BDP), the (Zn)Porphyrin (Por) and the BDP(Im).
Overall, BDP-Por and BDP(Im)-Por reached 17,500 and 13,700 TONs (vs PS),
respectively, whereas BDP-Por-BDP(Im) (18,600 TONSs) exhibited a record high H,
production of 225 mmol(H,) g(cat)* h™ with respect to similar noble metal free

photosensitizers in the literature. 3%

BDP(Im)




Figure 1. Molecular structures of the entities investigated in this study: BDP-Por, BDP(Im)-

Por , BDP-Por-BDP(Im) and the reference dyes BDP, Por and BDP(Im).



Results and discussion

Molecular design and characterization.

BDP-Por dyad, BDP and BDP(Im) were prepared and characterized according to
published experimental approaches previously reported by our research group.>*4"8
Por was synthesized using straightforward synthetic procedures as described in the
experimental section of this work (ESI). The synthetic approach followed for the
preparation of Por is illustrated in Scheme S1 and the ‘H NMR spectra of the
intermediate and final compound are provided in Figures S1-S4. In detail, the first
step for the synthesis of Por was the metalation of TMP(COOMe)*® with zinc; using
CH,Cl,, MeOH and Zn(OAc),x2H,0. Subsequently, a hydrolysis reaction took place

in order to convert the ester group of Zn-TMP(COOMe) into an acid, yielding the

desired Zn-TMP(COOH) (Por).

Photophysical investigation.

To shed light on the photophysical features of the BDP-Por dyad, absorption
and fluorescence measurements were performed. As expected, the absorption
spectrum of BDP-Por dyad (Figure S5) is the superimposition of the UV-Vis spectra
of its components.” More specifically, a Soret band at 426 nm, two Q-bands at 557
and 598 nm along with a sharp band at 501 nm can be detected.

The absorption spectra of these dyes were also recorded on thin TiO, films
(Figure S6). On TiO; films, the absorption below 450 nm is not informative as the
intensity of the Soret band is too high to give reliable values. This is in agreement
with previous studies.™* These spectra are, however, informative as they show that:

i) BDP(Im) binds to TiO; surface, most certainly by H-bonding between imidazole



and the proton of TiO,, ii) BDP(Im) exhibits a bathochromically shifted absorption
band relative to that of BODIPY in BPD-Por due to the extended m-conjugation
promoted by the triple bond, iii) the connection of BODIPY with zinc porphyrin via
covalent attachment or by axial coordination increases the light absorption between
450-550 nm, where zinc porphyrin has small absorption coefficient; iv) the dyad
BPD-Por also takes advantage of the presence of BDP(Im) as supplementary
antenna; because the two BODIPYs have different absorption spectra (see point (ii)
above) and finally v) the axial binding of imidazole unit of BDP(Im) on the zinc
porphyrin is clearly witnessed by the red shift of its Q bands of ZnP in BDP(Im)-Por
and BDP-Por-BDP(Im).*?°

The steady-state fluorescence and excitation spectra recorded in solution reveal
that energy transfer process occurs from BDP to Por in the BDP-Por dyad (Figure
2a). In particular, BDP exhibits an intense fluorescence band centered at 515 nm,
which is almost quantitatively quenched (94%) in the BDP-Por dyad (Aexc = 490 nm).
In addition, selective excitation of the BDP entity in BDP-Por dyad, leads to the
appearance of the two emission bands (at 607 and 655 nm) that can undoubtedly
assigned to Zn-Porphyrin-based fluorescence. Finally, energy transfer in the BDP-Por
dyad is supported by its excitation spectrum, which matches with its absorption
spectrum featuring the characteristic absorption band of BODIPY chromophore
around 500 nm (Figure 2b). The incorrect matching on the Soret band (around 430
nm) is due to the too high absorbance (> 0.5) on this transition inherent of its high
extinction coefficient. Overall, all the experiments indicate an almost quantitative
energy transfer from BODIPY to porphyrin and are in agreement with previous works

in witch similar chromophores have been utilized.****°* For transient absorption



studies comparing the charge charier properties of PtTiO, NPs with TiO, NPs see

supporting information.
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Figure 2. (a) Emission spectra of BDP (black) and BDP-Por dyad (red) upon excitation at
490 nm. (b) Absorption (red) and excitation (blue) spectrum of BDP-Por dyad recorded in

dichloromethane when monitoring the emission at 660 nm.

Photo-induced H; production experiments.

The initial step of the photocatalytic measurements was the chemisorption of the
sensitizers onto the PtTiO, NPs (see experimental section for details). In all the
photocatalytic experiments we utilized dye-sensitized Pt-TiO, NPs in agueous
solution which contained 1.0 M of Ascorbic Acid (AA) as sacrificial electron donor
(SED), at pH=4. In Figure 3a the H, production plots (in TONs vs PS) of BDP, Por,
BDP-Por dyad and Por/BDP (1:1 mixture) are illustrated. The TONs were 470 and
980 for BDP and Por respectively. Whereas, BDP/Por (1:1 mixture) exhibited 860
TON:Ss. Interestingly, BDP-Por dyad reached 1,700 TONs upon 120 h of continuous
light irradiation demonstrating that is more efficient compared to either the
chromophore counterparts (BDP and Por) or the 1:1 mixture of BDP/Por. Thus,
BDP-Por dyad outperformed both the monomers as well as their combination;
showing that the antenna effect due to the covalent attachment of the BDP onto the

(Zn)Porphyrin is beneficial towards H, evolution.



With the purpose of optimizing the catalytic activity of BDP-Por, we used
different amounts of the dyad by either increasing or reducing the final mole of BDP-
Por in the photocatalytic experiments. By decreasing the amount of BDP-Por from
4.15x107 to 7.0x10® mole the TONs were increased from 640 to 2,500. Further
decrease of BDP-Por to 2.3x10°® and 1.0x10"® mole lead to 17,500 and 15,300 TONSs,
respectively. Overall, as illustrated in Figure 3b, by utilizing 2.3x10® mole of BDP-
Por the maximum mmol(H,) g(cat)™ h™ (114) and TONs (17,500) were observed. In

Table S1, a summary of the photocatalytic H, evolution results of BDP-Por dyad is

provided.
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Figure 3. Photocatalytic H, evolution plots (a): BDP (black), 1:1 mixture of BDP/Por
(magenta), Por (red) and BDP-Por dyad (blue), using 8.0x10® mole of each PS (b) different
amounts of BDP-Por dyad onto 10mg of Pt-TiO, NPs: 4.15x10" mole (pink line), 1.83x10”
mole (green line), 8.0x10® mole (blue line), 7.0x10°® mole (yellow line), 2.3x10°® mole (black

line) and 1.0x10°® mole (red line).

In an effort to compare the covalent attachment with the axial coordination, we
examined the photocatalytic properties of BDP(Im)-Por and related its activity with
BDP-Por. In addition, with the intention of enhancing the antenna effect, we

introduced an additional BODIPY unit (BDP(Im)) to BDP-Por dyad developing
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another hybrid, namely BDP-Por-BDP(Im). In Figure 4, the H; evolution
experiments regarding Por, BDP-Por, BDP(Im)-Por and BDP-Por-BDP(Im) are
presented. BDP-Por exhibited 17,500 TONs, while BDP(Im)-Por reached 13,700
TONSs. Hence, the covalent approach (BDP-Por) was more efficient than the axial one
(BDP(Im)-Por). As expected, the photocatalytic activity of BDP-Por-BDP(Im) was
enhanced compared to either BDP-Por or BDP(Im)-Por due to the supplementary
antenna effect and since the additional BODIPY entity acts as an extra light harvester.

Overall, BDP-Por-BDP(Im) displayed 18,600 TONs and 225 mmol(Hy) g(cat)™ h™.
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Figure 4. Photocatalytic H, production plots of Por (black), BDP(Im)-Por (blue), BDP-Por
(red) and BDP-Por-BDP(Im) (magenta) using 2.3x10°® mole of the PS onto 10mg of Pt-TiO,

NPs in 1M AA.

Photoelectrochemical measurements on TiO; films

The first and important step, which controls the efficiency of a DSP, is the
electron injection into the conduction band of TiO, from the photoexcited sensitizer.
Accordingly, we have investigated and compared the photoelectrochemical properties
of the different molecular components on mesoporous nanocrystalline TiO, electrodes

to assess the impact of the BODIPY antenna on the photocurrent density (Figure S8).
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More precisely, the sensitized TiO, films were used as working electrodes in three
electrode setup in contact with an aqueous electrolyte containing ascorbic acid
similarly as that used for the photocatalytic experiments (see experimental part for
details). In these conditions, the photoexcited porphyrin decays by electron injection
into the TiO, film and is regenerated by the AA sacrificial electron donor, while the
injected electron is collected by the back electrode contact. First, chopped light linear
sweep voltammetry (LSV) between -0.6 V until 0.3 V vs. SCE under white light
irradiation were conducted (Figure 5). The onset potential appears around -0.6 V vs.
SCE meaning that in these conditions, the electron injection reaction from the
porphyrin excited state starts to become thermodynamically favorable and/or the

electron transport inside the TiO, film outcompetes with charge recombination.

\
)

—Por f,rrrr(rr[r(ﬂ

—BDP-Por
I

— 05

|y
"?ﬂ{dlmmd il k L W &M 00

07  -06 0.5 0.4 03 0.2 0.1 0 0.1 0.2 0.3
Potential (V vs. SCE)

Photocurrent density (mA/cm?

Figure 5. Chopped light linear sweep voltammetry measurements recorded under white light
irradiation (350 W/m?) of the sensitizers chemisorbed on TiO, film with the aqueous
electrolyte containing [AA] = 1 M, [LiCIO4] = 0.1 M at pH = 4. Scan starts from -0.6 V and

ends at 0.3 V with scan rate 5 mV/s.

When the applied potential to the photoelectrode is scanned towards more
positive values, the photocurrent steadily increases until 0 VV vs. SCE and remains

quite constant. Then, from the potential 0.2 V vs. SCE, the photocurrent is
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superimposed with the direct electrochemical oxidation of ascorbic acid on the
electrode surface. In a second set of experiments, the photocurrent densities of the
different systems were recorded at a constant potential of 0 V vs. SCE under similar
irradiation conditions (Figure 6 and S9). Naturally, when ascorbic acid (AA) is
replaced by acetic acid (AcOH), the photoelectrode produces almost no detectable
photocurrent under light irradiation proving that the presence of a sacrificial electron
donor is mandatory to restore the neutral state of the sensitizer and to observe
photoelectrochemical effect (Figure S10). Interestingly, in absence of AA in the
solution, the voltamogramm displays spikes at the beginning (anodic) and at this end
(cathodic) of the light irradiation sequence. The anodic spike is due to charging of the
TiO, after electron injection, while the cathodic spike observed when the light is
turned off is due to the back electron transfer of the electrons in TiO, with holes on
ZnP". Overall, in presence of AA in the electrolyte, it can be observed that the
photocurrent density is ranked in the following order: BDP-Por-BDP(Im) > BDP-
Por > BDP(Im)-Por > Por underscoring that the presence of the BODIPY either
covalently linked (BDP-Por) or axially assembled (BDP(Im)-Por and BDP-Por-
BDP(Im)) raised the photocurrent density owing to antenna effect coming from energy
transfer to the porphyrin. From these values, several conclusions can be drawn. First,
the BDP(Im) linked to the porphyrin via coordination bond is less efficient compare
with the covalently linkage in the dyad BDP-Por. Second, BDP(Im) can, however,
enhance the photocurrent density of the dyad BDP-Por as it certainly increases the
light harvesting efficiency of the photoelectrode. This can be understood as BDP(Im)
has a red-shifted absorption band relative to that of BODIPY in BDP-Por and thus it
increases further light collection of BDP-Por (Figure S11). This assumption is

supported by the IPCE spectra of BDP-Por-BDP(Im), which features higher values
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around 520-530 nm (Figure 7). Interestingly, BDP(Im) chemosorbed alone on TiO,
surface can inject electron into the electrode since a substantial photocurrent density
(0.57 mA/cm?) can be measured, although weaker than Por (1.24 mA/cm?), but with a
significant efficiency as compare with BDP grafted by carboxylic acid (0.49 mA/cm?)
(Figure S11). Accordingly, we cannot rule out that part of the increased photocurrent
with BDP(Im) can be ascribed to direct electron injection into TiO, in addition to

energy transfer to the zinc porphyrin.
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Figure 6. Chopped light voltammetry measurements recorded under white light irradiation
(350 W/m?) of the sensitizers chemisorbed on TiO, film with the aqueous electrolyte

containing [AA] = 1 M, [LiCIO,] =0.1 M at pH = 4. Applied potential =0 V vs. SCE.

In a following experiment, the Incident Photon-to-electron Conversion
Efficiency (IPCE) spectra of the photoelectrodes were recorded under 0 V vs. SCE
bias (Figure 7 and S11). On one hand, the comparison of the IPCE spectra of Por and
BDP-Por clearly reveals a higher photoresponse of the latter between 450-500 nm,
where the BODIPY antenna absorbs, underscoring again the benefit of energy transfer
inside the molecule. On the other hand, the comparison of the IPCE spectra of

BDP(Im)-Por and BDP-Por shows that BODIPY unit participates in the photocurrent
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production of both compounds, but with a shift of the BODIPY contribution in
BDP(Im)-Por. We thus concluded that part of the increased efficiency with BDP(Im)
can be ascribed to direct electron injection into TiO, in addition to energy transfer
from BDP(Im) axially bound by coordination to zinc porphyrin (Figure S6). The
addition of a supplementary antenna in the dyad BDP-Por with BDP(Im) also
enhances the IPCE values between 450-550 nm because light absorption is increased

with this additional chromophore.
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Figure 7. IPCE spectra recorded at applied potential 0 V vs. SCE of the sensitizers
chemisorbed on TiO, film with the aqueous electrolyte containing [AA] = 1 M, [LiCIO,] =

0.1 MatpH = 4.

In summary, the photocurrent densities order matches well with that of the H,
evolution efficiencies of DSPs measured with these different molecular sensitizers,
supporting that the role of the BODIPY chromophore is to enhance light absorption of

the photocatalytic system and to increase the electron density inside the TiO, NPs.

Conclusions.
This work demonstrates that BODIPY-(Zn)Porphyrin dyads BDP-Por and
BDP(Im)-Por are more efficient photosensitizers in photocatalytic H, production

15



compared to their counterparts. We have compared two different approaches
regarding the BODIPY-ZnPorphyrin hybrids, namely the covalent attachment vs. the
axial coordination. Interestingly, the covalent attachment (BDP-Por) illustrated
greater efficiency (17,500 TONs) compared to the axial coordination (BDP(Im)-Por,
13,700 TONs). BDP-Por was further functionalized with an additional BDP(Im)
moiety and the formed hybrid (BDP-Por-BDP(Im)) exhibited 18,600 TONs and 225
mmol(H.) g(cat)™* h™. Overall, in this study we developed an efficient DSP based on a
noble metal-free porphyrin hybrid providing new insights to the wide range research
topic of photocatalytic H, production. Finally yet importantly, the photocatalytic H,
evolution results were in perfect agreement with the photoelectrochemical
measurements on TiO; films revealing that the trend of H, production was in line with
the photocurrent density values (Figures 3 and 5). We illustrated that it is possible to
develop highly efficient noble-metal free photosensitizers for photo-induced H,
evolution based on chromophore dyads that undergo energy transfer process, similar
to natural photosynthesis. This work constitutes a proof of principle in the topic of
DSPs for H; evolution since two well-known chromophores in DSSCs were utilized.
Undoubtedly, efficient chromophore polyads that demonstrated enhanced
photocurrent features in DSSCs deserve to be studied in DSPs as well. In addition,
chromophore polyads with higher or even full spectral coverage will definitely lead to

more efficient catalytic results.
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