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ABSTRACT

Dye-sensitized photocatalysis offers a powerful strategy for combining the molecular selectivity of transition-metal catalysts with
the robustness and charge-separation capabilities of semiconductor materials. Herein, we report a dual porphyrin-sensitized TiO,
platform for visible-light-driven CO, reduction, integrating a Zn-porphyrin photosensitizer with newly designed Fe-porphyrin
catalysts bearing urea-based secondary-sphere functionalities. These hydrogen-bonding motifs promote CO, preorganization
and stabilization of key reduced intermediates at the metal center. Systematic comparison of homogeneous and heterogeneous
systems reveals a pronounced enhancement in activity and durability upon immobilization onto TiO, nanoparticles. Optimization
studies demonstrate that catalytic activity is strongly governed by both sacrificial electron donor (SED) availability and proton
concentration. Under anhydrous conditions, increased SED concentration boosts turnover numbers, while the introduction of
controlled amounts of water enhances proton-coupled electron transfer but ultimately compromises catalyst stability at higher
concentrations. Under optimized conditions, the best-performing assembly achieves turnover numbers (TONs) exceeding 15,000
after 96 h of irradiation, representing, to the best of our knowledge, the highest reported TON for Fe-porphyrin-based dye-sensitized
photocatalytic systems (DSPs). These findings highlight the delicate balance between electron and proton management in
dye-sensitized architectures and provide key design principles for developing durable and efficient molecular-semiconductor
hybrids for solar-driven CO, conversion.

1 | Introduction conditions, however, remains a critical challenge due to the chem-

ical inertness of CO, and the competitive hydrogen evolution

The rapid rise of atmospheric CO, concentrations due to anthro-
pogenic emissions has intensified global efforts to develop
sustainable technologies capable of mitigating climate change
[1]. Among these, the photocatalytic reduction of CO, into value-
added fuels and chemicals, such as CO, formic acid, methanol,
and hydrocarbons, represents an attractive approach that couples
solar energy harvesting with carbon valorization [2, 3]. Achieving
efficient CO, activation and selective conversion under mild

reaction (HER) [4].

Molecular photocatalysts, particularly transition-metal porphy-
rins, have demonstrated remarkable selectivity for CO formation
through well-defined reaction pathways [ 5-7]. Nevertheless, their
practical implementation is often hindered by limited long-term
stability, catalyst deactivation, and inefficient charge separation
in solution-phase systems [8, 9]. In contrast, heterogeneous
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semiconductors such as TiO, offer excellent robustness and
recyclability but suffer from poor visible light absorption and
rapid charge recombination [10-12]. Dye-sensitized photocatal-
ysis has emerged as a promising hybrid strategy that merges
the advantages of both approaches, enabling visible-light exci-
tation, efficient charge separation, and spatial organization of
catalytic components [13, 14]. In a typical dye-sensitized photo-
catalytic (DSP) scheme, a photosensitizer (PS) absorbs visible
light and injects electrons into the conduction band of TiO,, from
where they migrate to a surface-anchored CO,-reduction catalyst
(CAT). Simultaneously, the oxidized PS is regenerated by a sacri-
ficial electron donor (SED), enabling sustained catalytic turnover
[15, 16]. Recent studies have highlighted the importance
of secondary-sphere interactions, such as hydrogen bonding
and electrostatic stabilization, in enhancing CO, binding and
suppressing HER pathways in Fe-porphyrin catalysts [17-21].
More particularly, Aukauloo and coworkers reported that iron
porphyrins decorated with urea groups act as a multipoint
hydrogen-bonding scaffold toward the CO, substrate, which
importantly boosts the photocatalytic activity [22-24].

Despite significant advances, the rational design of photocata-
lytic CO, reduction systems remains hindered by an incom-
plete understanding of the factors that limit long-term catalytic
turnover, particularly the interplay between charge manage-
ment, proton availability, and catalyst stability [25]. Separating
these coupled effects is essential for developing molecular-
semiconductor hybrid systems that combine high activity with
sustained durability.

In this work, we address these challenges by developing a
dual porphyrin-sensitized TiO, system that combines a Zn-
porphyrin PS with newly synthesized Fe-porphyrin CATs
bearing urea-based hydrogen-bonding functionalities. Through
systematic optimization of the catalyst structure, electron-
donor concentration, and proton availability, we uncover key
performance-limiting factors governing long-term activity and
stability. Our results establish design principles for balancing
proton-coupled reactivity and catalyst durability, enabling
record-high turnover numbers (TONs) in Fe-porphyrin-based
heterogeneous DSP systems.

2 | Results and Discussion

The photocatalytic systems investigated in this work are based
on a DSP architecture, in which both the molecular CAT and
the PS are immobilized onto TiO, nanoparticles. As illustrated
schematically in Figure 1, the system combines a Zn-porphyrin
(ZnP) PS with two structurally related iron porphyrin (FeP) cata-
lysts, CAT(1) and CAT(2), bearing carboxylate anchoring groups
for chemisorption onto TiO, and urea-based secondary-sphere
functionalities designed to stabilize CO,-derived intermediates
through hydrogen-bonding interactions. Unlike most molecular
photocatalytic CO, reduction systems reported to date, which
predominantly rely on Ru- or Ir-based PSs and Ru- or Re-based
catalysts [26-29], the present system is constructed entirely from
earth-abundant Zn- and Fe-porphyrins without compromising
the catalytic performance.

F3C

~ x )-

CAT (1)

CAT (2)

FIGURE 1 | Schematic illustration of the DSP systems investigated herein along with the chemical structures of Fe-porphyrin catalysts,

Zn-porphyrin photosensitizer and BIH sacrificial electron donor.
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The overall operating principle of this DSP assembly relies on
sequential photoinduced electron transfer processes involving
the ZnP PS, TiO, semiconductor, Fe-porphyrin catalyst, and 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (BIH) SED.
Based on previous studies on zinc porphyrin sensitizers in dye-
sensitized solar cells (DSSC) [30-33] and DSPs [26, 34, 35], we
can reasonably assume that upon light absorption, ZnPx decays by
ultrafast electron injection into the TiO, conduction band [36, 37].
The radical cation is certainly quickly regenerated by BIH SED, as
previously evidenced in previous works [34, 38]. The TiO, nano-
particle plays the role of an electron relay to shuttle an electron
into the co-loaded FeP catalyst to form the first reduced catalyst,
as it usually does in DSPs [39]. The oxidized BIH" decomposes
into the radical BIH', which is known to be a strong reducer
[40]. The latter most likely donates a second electron to FeP in
order to generate the active catalytic species. Finally, the doubly
reduced FeP activates CO, into CO according to the mechanism
previously reported for such a type of catalyst [22-24]. Direct
photoexcitation of FeP cannot be excluded, but its excited state is
known to relax within picoseconds via an internal ligand-to-metal
charge-transfer cascade rather than persisting for electron injec-
tion into TiO, [41], unlike the nanosecond-lived singlet state of
ZnP [42]. Moreover, the more positive oxidation potential of FeP
[43] versus ZnP [36] makes the former a poor reductant in the
excited state. In this scheme, each component fulfills a distinct
function: ZnP acts exclusively as the visible-light-active unit for
photocatalysis, TiO, plays the role of an electron relay and electron
reservoir and spatial charge-separation medium preventing direct
ZnP-FeP recombination, and FeP is the sole site of CO, binding
and multi-electron reduction, with its urea arms providing the
secondary-sphere hydrogen-bonding environment required to
stabilize the CO,-derived intermediate at the metal center.

2.1 | Synthesis and Characterization

The iron porphyrins CAT(1) and CAT(2) were successfully
synthesized through the pathway outlined in Figures S1 and
S2, enabling the incorporation of urea moieties and carboxylate
anchoring groups. The synthetic pathway involved the initial
preparation of the substituted 5-(4-carbomethoxyphenyl)dipyr-
romethane (1) via an acid-catalyzed condensation of methyl
4-formylbenzoate with an excess of pyrrole under acidic
conditions [44-46]. Condensation of dipyrromethane 1 with 2-
nitrobenzaldehyde in dichloromethane, catalyzed by TFA and
followed by oxidation with DDQ, afforded the meso-substituted
porphyrin 2, bearing two nitro groups at the ortho positions of
the phenyl groups. Subsequent reduction of the nitro functional-
ities using SnCl, in an acidic medium led to the corresponding
amino-porphyrin 3 [47]. Chromatographic separation allowed the
isolation of the two atropisomers, ¢ff and aa, with the aa atro-
pisomer being selected as the key precursor for the synthesis of the
urea-functionalized porphyrins. Reaction of the aa-atropisomer
of porphyrin 3 with 3,5-bis(trifluoromethyl)phenyl isocyanate
at room temperature resulted in the formation of urea link-
ages at the ortho-amino groups, yielding porphyrin Ur(1)P.
In a parallel synthetic route, the amino groups of porphyrin 3
were first converted into reactive isocyanate intermediates using
triphosgene, and subsequent addition of 4-hexylaniline afforded
porphyrin Ur(2)P, which also incorporates urea functionali-
ties. Metallation of urea-functionalized porphyrins Ur(1)P and

Ur(2)P with iron(II) bromide in dry and deaerated THF in the
presence of 2,6-lutidine under an inert atmosphere yielded the
corresponding iron(II) porphyrin complexes Fe-Ur(1)P and Fe-
Ur(2)P, respectively. Finally, basic hydrolysis of the methyl ester
groups, followed by acidification, led to the deprotected carboxylic
acid derivatives CAT(1) and CAT(2), which constitute the final
iron porphyrin catalysts.

All intermediate compounds were fully characterized by 'H and
3C nuclear magnetic resonance (NMR) spectroscopy (Figures
S3-S13), while the metallation with Fe and the deprotection of
the methyl ester group were confirmed through UV-vis absorp-
tion spectroscopy and matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry. Electrochemical
characterization of CAT(1) and CAT(2) was carried out by cyclic
voltammetry (CV) in DMF under an N, atmosphere (Figures
S14a,b). Both complexes exhibit three quasi-reversible redox
processes, which are noted Fe™/Fe., formal Fe"/Fe', and Fe'/Fe"
redox couples, although it is admitted that the first reduction
is metal-centered, while the second and the third one are ligand-
based [48]. Notably, all reduction potentials for CAT(2) are shifted
anodically relative to those of CAT(1), indicating that the reduced
states of CAT(1) are more destabilized than those of CAT(2).
These results suggest that CAT(2) can access catalytically relevant
reduced intermediates more readily than CAT(1). To further
support this point, CV experiments were performed after purging
the electrolyte with CO, in the presence of 1M water as a proton
source (Figures S14c,d). Under these conditions, both catalysts
display an increase in the cathodic current, with an earlier onset of
the catalytic wave compared to the corresponding traces recorded
under Ar. This confirms that the observed catalytic current is
associated with CO, reduction rather than proton reduction.
Importantly, CAT(2) exhibits a less negative catalytic onset poten-
tial (—=1.35V vs. Ag/AgCl) than CAT(1) (—1.40V vs. Ag/AgCl),
confirming the lower overpotential of CAT(2). In addition, the
catalytic current observed for CAT(2) is higher than that of
CAT(1) under the same catalyst concentration, indicating faster
catalytic kinetics. The detailed electrocatalytic properties of these
catalysts are beyond the scope of the present work and will be the
subject of future investigations.

2.2 | Preparation of Dye-Sensitized Photocatalytic
Assemblies

Following the synthesis and full characterization of the iron
porphyrin catalysts, their immobilization onto TiO, nanoparticles
was investigated in order to construct the heterogeneous dye-
sensitized photocatalytic assemblies. Both CAT(1) and CAT(2)
bear para-carboxylate anchoring groups, which enable their
chemisorption onto the TiO, surface. Adsorption was carried
out by suspending TiO, nanoparticles in mixed toluene/ethanol
solutions of the respective iron porphyrins. UV-vis absorption
spectra recorded before and after adsorption revealed highly effi-
cient adsorption of both catalysts (Figures S15-S18). Quantitative
analysis of the filtrates showed nearly complete adsorption
at low initial catalyst concentrations and dye-loading efficien-
cies exceeding 90% in all cases (Table S2), as expected by the
strong affinity of the carboxylic acid-functionalized porphyrins
for the TiO, surface. Subsequent sensitization with the zinc
porphyrin photosensitizer (ZnP) was performed by exposing the
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Fe-porphyrin-TiO, composites to ZnP solutions in chloroform.
Importantly, the presence of the surface-bound iron porphyrin
catalyst did not impede ZnP adsorption, and high PS load-
ings were likewise achieved (Table S2). UV-vis analysis of the
supernatants confirmed efficient ZnP uptake (Figures S15-S18),
demonstrating that the dual-sensitization strategy is compat-
ible with sequential surface functionalization. SEM imaging
of bare TiO,, CAT(2)-TiO,, and CAT(2)-TiO,~ZnP showed
comparable nanoparticle morphology and aggregation across all
three samples, consistent with molecular-scale surface function-
alization lying below the SEM resolution (Figure S19). ATR-IR
spectra of the same series (Figure S20) are likewise dominated
by the TiO, support but provide further support for successful
immobilization: the free carboxylic acid C=0 stretch of neat
CAT(2) (1693cm™) is absent in both TiO,-supported samples,
consistent with deprotonation of the anchoring carboxylic acid
upon chemisorption to the TiO, surface [49]. Porphyrin ring
vibrations retained in both hybrids (1604, 1512, and 1000cm ™)
[50, 51] confirm the presence of intact, surface-bound CAT(2).

The resulting CAT-TiO,-ZnP assemblies exhibit well-defined and
reproducible surface compositions, with comparable amounts of
the catalyst and PS incorporated across all systems (Table S3).
This controlled loading is crucial for meaningful comparison of
photocatalytic performance, ensuring that differences in activity
arise from intrinsic catalyst properties rather than variations in
surface coverage.

2.3 | Photocatalytic CO, Reduction in
Homogeneous and Heterogeneous Systems

To evaluate the effect of anchoring the catalytic components
onto TiO,, homogeneous and heterogeneous CO, photoreduction
experiments were conducted under identical conditions using
CAT(1) as a representative catalyst. Figure 2a shows the depend-
ence of CO evolution (expressed as TON o)) on the concentration
of CAT(1) in a homogeneous system in the presence of ZnP.
Varying the catalyst concentration from 4 to 300pM leads to a
systematic decrease in TON, consistent with competitive light
absorption by FeP and possible quenching of the ZnP excited
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= 20004 \
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Concentration of CAT(1) (uM)

state by the nearby Fe-porphyrins via electron or energy transfer.
This competitive, nonproductive absorption of incident light
by FeP represents an inherent limitation on the overall light
utilization efficiency of the DSP assembly. The optimal concen-
tration was found to be 4 uM, which was subsequently adopted
for all DSP experiments. To directly assess the impact of TiO,
immobilization on the catalytic performance, homogeneous and
heterogeneous systems containing identical absolute amounts
of catalyst and PS were compared (Figure 2b). The DSP system
based on CAT(1)-TiO,-ZnP modestly outperforms its homo-
geneous analog under short-term, matched-loading conditions
(TON=2708 vs. 2318 after 72h), while its principal advantage
emerges over extended irradiation, where it sustains activity for
at least 24 h longer than the homogeneous system (Figure S21,
Table 1, entries 1-2). These observations confirm that the TiO,
nanoparticles effectively mediate charge separation by shuttling
electrons from ZnP to the Fe catalyst while spatially segregating
oxidized and reduced species, thereby reducing recombination
losses and further enable straightforward physical recovery of the
photocatalyst from solution by filtration, a practical advantage not
accessible for the homogeneous system. The enhanced durability
of the DSP assemblies relative to the homogeneous analog is
consistent with reports that immobilization of molecular CATs on
TiO, extends the lifetime of catalytically active reduced intermedi-
ates and preserves catalyst integrity during turnover [52]. These
advantages should be weighed against known limitations of the
heterogeneous format, including competitive light harvesting by
co-immobilized species, possible back electron transfer through
the TiO, conduction band, surface-limited kinetics rather than
free solution-phase collision, and light scattering [53] by the TiO,
particles themselves.

The long-term photocatalytic behavior of the DSP systems was
investigated by monitoring the CO evolution as a function
of irradiation time. Figure 3a presents the time-dependent
CO production using a low catalyst loading (0.016 pmol) for
CAT(1)-TiO,-ZnP and CAT(2)-TiO,-ZnP assemblies. Both
systems exhibit sustained activity over extended irradiation
periods, with CAT(2) delivering slightly higher TONs than
those of CAT(1). At a higher catalyst loading (0.16 pmol,
Figure 3b), the same trend is observed, with CAT(2) again

(b) 3000
2500
2000
Z
S 1500
=

1000

500

0-
Homogenous DSP

FIGURE 2 | (a) CO evolution (TONp) in CO,-saturated ACN solutions containing various concentrations of CAT(1), 70 pM ZnP and 0.1 M BIH
after 24 h of irradiation, (b) comparison of CO evolution activity of a homogenous catalytic system and a DSP system both containing 0.16 pmol

CAT(1), 0.28 pmol ZnP and 0.1 M BIH after 72 h of irradiation.

4 of 11

ChemSusChem, 2026

85U8017 SUOLUWIOD dA11e1D) 3{cedl|dde aupy Aq peusenob ake Saie VO '8sn JO Sa|nl 1oy Akeiq T 8UIIUO AB]IAN UO (SUOTHPUOD-PUR-SULBIALI0D" A3 1M AFIq 1 [BUUO//:SAIY) SUOTPUOD PUe SIS 1 8L 88S *[920Z/0T/ST] UO ARiq1T8ul|uO AB|IM ‘908819 aUe.I0D AQ 82T 95S9/200T OT/I0p/iod A8 | im Ake.q i pul|uo ado.ns-Ans iwsLo//sdny Wwoy pepeojumoa ‘6T ‘9202 ‘XyoSrosT



TABLE1 | Summary of photocatalytic CO,-to-CO reduction performance of all investigated assemblies under different reaction conditions.
Photocatalyst CAT, pmol SED,M Solvent CO,pmol H,, pmol Selectivity CO,% TONo
1 CAT(1)-TiO,-ZnP 0.16 0.1 ACN 441 2.5 99 2708
2 CAT(1) + ZnP 0.16 0.1 ACN 427 2.3 99 2318
3 CAT(1)-TiO,-ZnP 0.016 0.1 ACN 155 21 88 9702
4 CAT(2)-TiO,~ZnP 0.16 0.1 ACN 551 3.5 99 3602
5 CAT(2)-TiO,-ZnP 0.016 0.1 ACN 162 23 88 10179
6 CAT(2)-TiO,~ZnP 0.16 0.25 ACN 1042 7.5 99 6816
7 CAT(2)-TiO,-ZnP 0.016 0.25 ACN 244 48 83 15268
8 CAT(2)-TiO,~ZnP 0.016 0.1 ACN/H,0 1% 178 6.5 96 11113
9 CAT(2)-TiO,-ZnP 0.016 0.1 ACN/H,0 3% 255 7 97 15951
10 CAT(2)-TiO,-ZnP 0.016 0.1 ACN/H,0 6% 47 3.5 93 2919
11 CAT(2)-TiO,-ZnP 0.016 0.1 ACN/H,0 10% ND 3.2 — —
12 TiO, — 0.1 ACN ND ND — —
13 CAT(1)-TiO, 0.16 0.1 ACN ND ND — —
14 ZnP-TiO, — 0.1 ACN ND ND — —
15 CAT(2)-TiO,-ZnP 0.16 — ACN ND ND — —
16 FeP .~TiO,-ZnP 0.016 0.1 ACN ND ND — —
17 FeP,.s + ZnP 0.016 0.1 ACN ND ND — —
Note: Bold values represent the Photocatalyst of each series.
(@) (b) 4000
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8000 4 3000
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s 6000 - 2000
= =
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FIGURE 3 | Time-dependent photocatalytic CO,-to-CO conversion performance of DSP systems consisting of CAT-TiO,-ZnP assemblies in

acetonitrile (4 mL) containing BIH (0.1 M). The ZnP loading was fixed at 0.28 pmol. (a) CO evolution using 0.016 pmol of CAT(1) or CAT(2). (b) CO

evolution using 0.16 pmol of CAT(1) or CAT(2). Blue squares correspond
ZnP.

outperforming CAT(1) while maintaining prolonged catalytic
activity. The comparable activities of CAT(1) and CAT(2) arise
from the presence of urea functionalities in both catalysts,
which furnish a similar secondary coordination sphere capable
of stabilizing CO, and reduced [Fe-CO,] intermediates [22-24].
The enhanced CO, reduction performance of CAT(2) could be
attributed to lower overpotential and to its stronger binding of
CO, by the more electron-rich urea arms.

With CAT(2) identified as the most effective catalyst, subsequent
optimization studies were carried out using this system as a
representative platform. We next examined the influence of the

to CAT(1)-TiO,-ZnP, while red triangles correspond to CAT(2)-TiO,-

SED concentration on the photocatalytic performance of the DSP
system under anhydrous conditions (Table 1, entries 4-7). This
study was conducted in the absence of added water in order to
isolate the effect of electron donor availability and avoid convolu-
tion with proton-coupled processes. At a BIH concentration of
0.1M, CO production gradually reached a plateau, corresponding
to TON values of 3602 at higher catalyst loadings, consistent
with the near-complete consumption of the sacrificial donor.
Increasing the BIH concentration to 0.25M resulted in a marked
extension of catalytic activity and a substantial increase in TON,
reaching values up to 6816 under otherwise identical conditions
(Figure S22). Notably, under the optimized catalyst concentration
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(0.016 pmol of CAT(2)), raising the BIH concentration from 0.1
to 0.25M led to increased TON(c(, values, rising from 10,179 to
15,268 after 96 h of irradiation. These results clearly indicate that,
in the absence of added proton sources, the long-term activity of
the system is predominantly limited by electron donor availability
rather than intrinsic catalyst performance.

Given the crucial role of proton availability in CO, reduction, the
influence of water concentration on the catalytic performance was
systematically examined. As shown in Figure 4a, the addition of
controlled amounts of water to the acetonitrile reaction medium
leads to a pronounced enhancement in CO production up to
an optimal concentration (Table 1, entries 5 and 8-11). This
behavior reflects a balance between facilitating proton-coupled
electron-transfer steps and suppressing competitive hydrogen
evolution. Beyond the optimal water content, a gradual decrease
in CO formation is observed, likely due to increased HER activity
and partial displacement of surface-bound catalytic species.
These results highlight the importance of fine-tuning proton
availability in DSP systems to maximize CO,-to-CO selectivity.
Noteworthy, under optimized conditions, the CAT(2)-TiO,-ZnP
assembly achieved TON values as high as 15,951 after 96h
of irradiation, representing, to the best of our knowledge, the
highest reported TONs for Fe-porphyrin-based heterogeneous
DSP systems (Table S4).

To directly probe the durability-limiting step of the DSP assembly,
we performed selective replenishment experiments (Figure 4b),
an approach consistent with mechanistic strategies used to
isolate the origin of catalyst deactivation in other molecular CO,-
photoreduction systems [54]. As illustrated in Figure 4b, when
the photocatalytic system reached a plateau in CO production,
selective replenishment of individual components was carried
out. CO evolution resumed exclusively upon reintroduction of
the iron porphyrin catalyst, whereas the addition of ZnP or BIH
alone did not restore activity. This observation confirms that
catalyst degradation or deactivation is the primary factor limiting
long-term performance, while the PS and sacrificial donor remain
largely intact under the applied conditions.

(@) 18000 - (b)

16000
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£ 100001
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Control experiments in which ZnP, the Fe-porphyrin catalyst,
or BIH were individually omitted resulted in no detectable CO
production (Table 1, entries 12-15). This confirmed that all three
components are required and that the observed activity arises
from cooperative interactions within the dual-sensitized TiO,
assembly. In particular, the absence of CO formation in the control
lacking ZnP (Table 1, entry 13) indicates that direct photoexcita-
tion of FeP does not contribute productively to catalysis on its
own, consistent with the picosecond-scale internal relaxation
of its excited state, as discussed above. Replacing CAT(1) or
CAT(2) with a reference Fe-porphyrin [55] bearing a single
carboxylic acid anchoring group but lacking secondary-sphere
urea functionalities led to no measurable CO formation, both
when immobilized on TiO, under otherwise identical conditions
(Table 1, entry 16) and as a homogeneous catalyst (Table 1,
entry 17). This confirms, within this system, that the urea-based
secondary coordination sphere, rather than surface immobiliza-
tion alone, is required for catalytic activity. This resultis consistent
with literature reports indicating that conventional Fe-porphyrin
catalysts typically require access to the Fe(0) oxidation state to
drive CO, reduction, which often necessitates the use of strongly
reducing Ru- or Ir-based PSs [27, 56, 57]. In the present DSP
system, photoexcitation of the noble-metal-free Zn-porphyrin
leads to electron injection into TiO,, distinguishing it from litera-
ture systems that employ noble-metal PSs [39]. Subsequently, the
injected electrons are transferred to the Fe-porphyrin and reduce
the catalytic center. Notably, the incorporation of urea-based
secondary-sphere functionalities enables efficient CO, reduction
from the Fe(I) state [24, 58].

In contrast to the anhydrous system, increasing the BIH concen-
tration in the presence of 3% water does not lead to further
enhancement in CO production, suggesting that catalyst stability
and proton-driven degradation pathways, rather than electron
donor availability, become the dominant limiting factors under
these conditions. Importantly, the heterogeneous nature of the
DSP system enables facile recovery of the photocatalyst and
contributes to the observed enhancement in durability relative to
homogeneous systems.

35000
—=— CAT(2)-TiOy-ZnP
30000 o— +BIH
25000 +ZnP
—v— +CAT(2)
20000
Z
S
= 15000 +
10000 +
5000
0 -
T T T

T
0% 1% 3% 6% 10%
Amount of HyO (%)

T T T T
0 40 80 120 160 200 240 280

Irradiation Hours

FIGURE 4 | (a) Effect of water concentration on the photocatalytic CO,-to-CO conversion activity of the DSP system under otherwise identical
reaction conditions (0.016 pmol CAT(2), 0.28 pmol ZnP and 0.1 M BIH). (b) Experiment performed after the optimal catalytic system reached
a plateau in CO production, in which selected reaction components were sequentially added. CO evolution resumed only upon addition of the

catalyst, highlighting its essential role in sustaining photocatalytic activity.
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3 | Conclusions

Herein, we developed a dual porphyrin-sensitized TiO, photo-
catalytic platform for visible-light-driven CO, reduction, inte-
grating a Zn-porphyrin PS with urea-functionalized Fe-porphyrin
catalysts. Immobilization of both components onto TiO, nano-
particles offers a modest improvement in short-term catalytic
output relative to the homogeneous analog, with its principal
benefit residing in extended operational durability, reflecting the
advantages of spatial charge separation and catalyst recyclability
afforded by the DSP architecture.

Among the catalysts investigated, CAT(2) exhibits superior
performance, attributable to its electron-donating substituents
and secondary-sphere hydrogen-bonding motifs that facilitate
CO, activation. Systematic optimization studies reveal that cata-
lytic performance is governed by a delicate balance between
electron donor availability and proton concentration. Under
anhydrous conditions, increasing the BIH concentration effec-
tively alleviates sacrificial donor limitations and enables excep-
tionally high TONs. In contrast, the introduction of water
enhances proton-coupled electron transfer but ultimately acceler-
ates catalyst deactivation at higher concentrations, highlighting
proton-induced stability as a critical bottleneck. Under optimized
conditions, the CAT(2)-TiO,-ZnP assembly achieves TON
values exceeding 15,000 after 96h of irradiation, representing
the highest reported performance for Fe-porphyrin-based hetero-
geneous DSP systems to date.

We note that the present system balances the benefits of spatial
charge separation and catalyst recyclability against the intrinsic
limitations of the heterogeneous format, including competitive
excitation, back-electron transfer, surface-limited kinetics, and
light scattering by the solid support. These findings provide
important mechanistic insight into the interplay of electrons,
protons, and catalyst stability in dye-sensitized CO, reduction and
offer clear guidelines for the rational design of next-generation
molecular-semiconductor hybrids for solar fuel production.

4 | Experimental Section

4.1 | Materials

All reagents were purchased from common commercial sources
and used without any further purification unless otherwise stated.

4.2 | NMR spectroscopy

The porphyrin moieties were analyzed with 'H NMR spectroscopy
using Bruker AMX-500 MHz and Bruker DPX-300 MHz spectrom-
eters. All measurements were carried out at room temperaturein a
deuterated solvent using residual protons as an internal reference.

4.3 | Ultraviolet-Visible (UV-Vis) Absorption
Spectroscopy

In all studies, a Shimadzu UV-1700 spectrometer was used. The
reported experiments were performed using quartz cuvettes of a
0.2cm path length.

4.4 | Mass Spectrometry

Mass spectra were obtained on a Bruker UltrafleXtreme
MALDI-TOF spectrometer using trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene] malononitrile (DCTB) as the matrix.

4.5 | Electrochemical Studies

Cyclic and square wave voltammetry experiments were carried
out in freshly deoxygenated dimethylformamide (DMF) under
a nitrogen atmosphere at room temperature using an AutoLab
PGSTAT20 potentiostat. Tetrabutylammonium hexafluorophos-
phate (n-Bu,NPF;, 0.05M) was employed as the supporting
electrolyte. A standard three-electrode configuration was used,
consisting of a glassy carbon working electrode, an Ag/AgCl
electrode as the reference electrode, and a platinum wire as the
counter electrode.

4.6 | Synthesis

4.6.1 | Synthesis of 5-(4-Carbomethoxy-Phenyl)
Dipyrromethane [44]

Methyl 4-formylbenzoate (3.00 gr, 18 mmol, 1 equiv.) and pyrrole
(3.78 mL, 54 mmol, 3 equiv.) were dissolved in a nitrogen-degassed
0.18 M HCl solution. The mixture was stirred at room temperature
for 4h. After completion of the reaction, the mixture was extracted
with CH,Cl,. The combined organic layers were dried over anhy-
drous MgSO,, and the solvent was removed under vacuum. The
obtained solid was purified by column chromatography (silica gel,
hexane/CH,Cl,/EtOAc, 7:2:1 v/v) to give the desired compound
as a white solid (1.845 g, 6.58 mmol, 37%). 'H NMR (CDCl,,
500MHz): § (ppm) 7.99 (d, J=8.5Hz, 2H), 7.95 (bs, 2H), 7.30 (d,
J=8.5Hz,2H), 6.73(m, 2H), 6.17 (m, 2H), 5.90 (s, 2H), 5.53 (s, 1H),
3.91 (s, 3H).

4.6.2 | Synthesis of 5,15-Bis-(2-Nitro-Phenyl)10,20-Bis-(4-
Carbomethoxy-Phenyl) Porphyrin

A solution of 5-(4-carbomethoxy-phenyl)dipyrromethene (1.00 g,
3.57mmol, 1 equiv.) and 2-nitrobenzaldehyde (0.539 g, 3.57 mmol,
1 equiv.) in dichloromethane (400 mL) was degassed by nitrogen
bubbling for 15min, and then trifluoroacetic acid (TFA, 0.55mL,
7.14mmol) was added dropwise. The mixture was stirred at room
temperature for 30 min, after which 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ, 1.296 g, 5.71 mmol) was added. The reaction
mixture was stirred for an additional 1 h at room temperature and
then neutralized with triethylamine (TEA, 1.30mL). The solvent
was evaporated, and the crude product was purified by column
chromatography (silica gel, CH,Cl,) to afford the mixture of the
two atropisomers as a purple solid (0.200 g, 0.244 mmol, 7%).
MS (MALDI-TOF): m/z calculated for C,4H;,NOg: 820.23 [M]*
found: 820.45.

4.6.3 | Synthesis of a,a-5,15-Bis(2-Amino-Phenyl)10,20-Bis-(4-
Carbomethoxy-Phenyl) Porphyrin

In a 500mL round-bottom flask, 1 equiv. of 5,15-bis-(2-nitro-
phenyl)10,20-bis-(4-carbomethoxy-phenyl) porphyrin (0.344 g,
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0.413mmol) was dissolved in 250mL of CH,Cl,. Subsequently,
6.88mL of concentrated HCl and SnCl, (1.04 g, 5.45mmol,
13 equiv.) were added. The reaction mixture was stirred at
room temperature for 48h. After the completion of the reac-
tion, the mixture was neutralized with concentrated aqueous
NH; (20% w/w). Then, 80mL of CH,Cl, was added, and the
mixture was washed with aqueous NaHCO; (3x100mL) and
brine (3x100mL). The organic layer was dried over anhydrous
MgSO,. The resulting mixture of two atropisomers was separated
by column chromatography (silica gel and CH,Cl,/EtOAc 99:1
to 97:3 v/v). The a,p-isomer was eluted first with CH,Cl,/EtOAc
(99:1 v/v), followed by the a,a-isomer with CH,Cl,/EtOAc (97:3
v/v). In total, 0.250 g (0.329mmol, 80%) of the product was
isolated, comprising 0.135 g (0.177 mmol, 43%) of the a,f-isomer
and 0.115 g (0.160 mmol, 39%) of the a,a-isomer. a,a-atropisomer:
'H NMR (CDCl,, 400 MHz): § (ppm) 8.96 (d, J=4.4 Hz, 4H), 8.83
(d, J=4.8Hz, 4H), 8.47 (d, J=8.4Hz, 4H), 8.32 (d, J=8.4Hz,
4H), 7.92 (dd, J,=7.2Hz, J,=1.2Hz, 2H), 7.66 (td, J,=7.6Hz,
J,=1.2Hz, 2H), 7.23 (td, J,=7.6Hz, J,=1.2Hz, 2H), 7.16 (dd,
J,=8Hz, J,=0.4Hz, 2H), 4.14 (s, 6H), 3.53 (s, 4H), —2.70 (s, 2H).
MS (MALDI-TOF): m/z calculated for C,sH;sN¢O4: 760.28 [M]*
found: 760.60.

4.6.4 | Synthesis of Ur(1)P

3,5-Bis(trifluoromethyl)phenyl isocyanate (99uL, 0.562mmol,
6 equiv.) was added to a solution of aa-5,15-bis-(2-amino-
phenyl)-10,20-bis(4-carbomethoxy-phenyl) porphyrin (0.071 g,
0.094mmol, 1 equiv.) in dry CH,Cl, (7mL) under nitrogen. After
stirring for 3h at room temperature, the solvent was removed
under vacuum. The expected compound was precipitated by
dissolving the crude product in a minimal amount of dichloro-
methane and adding excess hexane. The solid was collected by
filtration, washed with pentane, and dried under vacuum to afford
the product as a purple solid (0.080 g, 0.063mmol, and 67%).
'H NMR (DMSO-dg, 500MHz): § (ppm) 8.82 (d, J=4.5Hz, 4H),
8.78 (d, J=4.5Hz, 4H), 8.65 (s, 2H), 8.37-8.27 (m, 10H), 8.06 (dd,
J,=7.5Hz, J,=1.5Hz, 2H), 7.87 (td, J, = 7.5Hz, J, = 1.5Hz, 2H),
7.56 (td, J,=7.5Hz, J,=1.5Hz, 2H), 7.43 (s, 4H), 7.37 (s, 2H), 7.30
(s,2H), 4.01 (s, 6H), —2.80 (s, 2H). *C NMR (DMSO-d,, 125 MHz):
& (ppm) 166.8,152.6,146.1,141.5,139.1,135.2,135.0, 132.6, 129.8,
128.3,124.7,123.0,122.7,122.0,119.3,117.4,115.9, 114.6, 52.9. MS
(MALDI-TOF): m/z calculated for CqH,,F;,NgO4: 1270.30 [M]*
found: 1270.06.

4.6.5 | Synthesis of Fe-Ur(1)P

A solution of Ur(1)P (0.080 g, 0.061 mmol, 1 equiv.) and 2,6-
lutidine (140 uL, 1.21 mmol, 20 equiv.) 10 mL of dry THF was
degassed by nitrogen bubbling for 15min. Then, FeBr, (0.131
g, 0.61 mmol, 10 equiv.) was added, and the reaction mixture
was stirred overnight at room temperature under nitrogen.
The solvent was evaporated under reduced pressure. The solid
was dissolved in 50 mL of CH,CI, and washed with a 50 mL
aqueous solution of 1 M HCI. The organic phase was collected
and evaporated under reduced pressure. The crude product
was purified by column chromatography (silica gel, CH,Cl, to
CH,Cl,/MeOH, 98:2 v/v), yielding the iron porphyrin complex
as a brown solid (0.070 g, 0.051 mmol, and 84%). MS (MALDI-
TOF): m/z calculated for CqH,oF;,FeNgOq: 1324.22 [M-CI17|*
found: 1323.03.

4.6.6 | Synthesis of CAT(1)

In a 100mL round-bottom flask, 1 equiv. of Fe-Ur(1)P (0.070 g,
0.051 mmol) was dissolved in 78 mL of THF/MeOH in a 2:1 (v/v)
ratio. Subsequently, 26 mL of an aqueous 0.36 M KOH solution
was added, and the reaction mixture was stirred at room temper-
ature for 48 h. Subsequently, the organic solvents were evaporated
under reduced pressure, and distilled water was added to the
residue. Acidification of the mixture using an aqueous solution
of 1M HCI resulted in the precipitation of the porphyrin, which
was filtered, washed with distilled water, and finally dried under
vacuum, yielding the final product as a brown solid (0.065 g,
0.048 mmol, 94%). UV-vis (MeOH) A,,,,, nm (¢, mM ' cm™ ') =340
(31.8), 415 (99.5), 564 (4.5), 607 (3.7), and 650 (2.8). MS (MALDI-
TOF): m/z calculated for CzHseF,,FeNgO4: 1296.19, [M-CI7]*
found: 1297.68.

4.6.7 | Synthesis of Ur(2)P

Under an inert atmosphere, a,a-5,15-bis-(2-amino-phenyl)-10,20-
bis(4-carbomethoxy-phenyl) porphyrin (0.050 g, 0.066 mmol, 1
equiv.) was dissolved in dry THF (50mL) in a 100 mL two-neck
round-bottom flask. Triethylamine (73 pL, 0.53 mmol, 8 equiv.)
and triphosgene (0.013 g, 0.044 mmol, 0.67 equiv.) were added,
and the reaction mixture was stirred at room temperature for 2h.
Subsequently, 4-hexylaniline (0.029 g, 0.165 mmol, 2.5 equiv.) was
added, and stirring was continued at room temperature for an
additional 12 h. After completion of the reaction, the solvent was
removed under reduced pressure, and the crude product was puri-
fied by column chromatography (silica gel, CH,Cl,/ethyl acetate,
98:2 v/v). The solvent was evaporated, and precipitation was
induced using CH,Cl,/hexane (3:1 v/v). The resulting solid was
filtered and washed with pentane. The product was dried under
vacuum to afford a purple solid (0.060 g, 0.051 mmol, and 77%).
'"H NMR (DMSO-dg, 400MHz): § (ppm) 8.83 (d, J=4Hz, 4H),
8.79 (d, J=4.8 Hz, 4H), 8.40-8.31 (m, 10H), 7.98 (dd, J,=7.6 Hz,
J,=1.6Hz, 2H), 7.91 (s, 2H), 7.84 (td, J, =8.4 Hz, J,=1.6 Hz, 2H),
7.49 (td, J, =7.6 Hz, J,=0.8 Hz, 2H), 7.20 (s, 2H), 6.74 (s, 8H), 4.04
(s, 6H),2.29 (t,J=7.2Hz, 4H),1.35 (m, 4H), 1.12 (m, 12H), 0.77 (m,
6H), —2.74 (s, 2H). *C NMR (DMSO-d,, 125 MHz): § (ppm) 166.8,
152.8, 146.2, 140.0, 137.2, 135.9, 135.0, 131.9, 129.8, 129.7, 128.6,
128.3, 122.2, 122.1, 118.0, 116.3, 52.9, 34.7, 31.4, 31.3, 28.6, 22.4,
14.3. MS (MALDI-TOF): m/z calculated for C,,H,,N3Oq: 1166.54
[M]" found: 1166.38.

4.6.8 | Synthesis of Fe-Ur(2)P

A solution of Ur(2)P (0.045 g, 0.039 mmol, 1 equiv.) and 2,6-
lutidine (90puL, 0.77mmol, 20 equiv.) 6 mL of dry THF was
degassed by nitrogen bubbling for 15min. Then, FeBr, (0.083
g, 0.39 mmol, 10 equiv.) was added, and the reaction mixture
was stirred overnight at room temperature under nitrogen.
The solvent was evaporated under reduced pressure. The
solid was dissolved in 25mL of CH,Cl, and washed with a
25mL aqueous solution of 1M HCI. The organic phase was
collected and evaporated under reduced pressure. The crude
product was purified by column chromatography (silica gel,
CH,CIl, to CH,Cl,/MeOH, 96:4 v/v), yielding the iron porphyrin
complex as a brown solid (0.032 g, 0.025mmol, 64%). MS
(MALDI-TOF): m/z calculated for C,,HF,,FeNgO4: 1220.46,
[M-CI7]* found: 1219.49.
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4.6.9 | Synthesis of CAT(2)

In a 100mL round-bottom flask, 1 equiv. of Fe-Ur(2)P (0.032 g,
0.025mmol) was dissolved in 36 mL of a THF/MeOH mixture
(2:1). Subsequently, 12mL of an aqueous 0.36 M KOH solution
was added, and the reaction mixture was stirred at room temper-
ature for 48 h. Subsequently, the organic solvents were evaporated
under reduced pressure, and distilled water was added to the
residue. Acidification of the mixture using an aqueous solution
of 1M HCI resulted in the precipitation of the porphyrin, which
was filtered, washed with distilled water, and finally dried under
vacuum, yielding the final product as a brown solid (0.065 g,
0.048 mmol, 94%). UV-vis (MeOH) A,,,,, nm (¢, mM ' cm™') =340
(24.8), 416 (75.6), 470 (13.5), 601 (3.2), and 645 (2.4).
MS (MALDI-TOF): m/z calculated for C,,H¢,FeNgOq4: 1192.43,
[M-CI7]* found: 1192.28.

4.7 | Chemisorption of Porphyrins Onto TiO, NPs

A specific amount of each iron porphyrin (CAT(1) and CAT(2))
was dissolved in 5mL of a toluene/ethanol (1:1) solution. After
recording the UV-vis absorption spectra of the solutions, 100 mg
of TiO, was added to each sample. The mixtures were sonicated for
5min and then stirred for 2 h. After completion of the chemisorp-
tion process, the suspensions were filtered, and UV-vis spectra
of the filtrates were recorded to determine the chemisorption
percentage of each iron porphyrin on TiO,. The resulting iron
porphyrin-TiO, nanocomposites were then added to 5mL of a
ZnP solution in chloroform, for which a UV-vis absorption spec-
trum had been previously obtained. The mixtures were stirred
for 1h at room temperature, followed by filtration. The UV-vis
absorption spectra of the filtrates were recorded to evaluate the
chemisorption percentage of ZnP on the material. Finally, the
samples were dried under vacuum to remove any residual solvent.
The concentrations of the iron porphyrin solutions in toluene/
ethanol (1:1, 5mL) used for adsorption were 340 and 32pM, and
the concentrations of the ZnP solutions in chloroform (5 mL) were
600 and 560 pM.

4.8 | Photocatalytic Measurements

The solar-driven CO, reduction studies were performed in glass
vials (41.9 mL), sealed with a rubber septum, at ambient temper-
ature and pressure. Before each experiment, a fresh acetonitrile
solution, which contained the SED, was prepared. The dyed
TiO, NPs (10 mg) were added to the glass vial together with 4 mL
of the abovementioned solution. The samples were sealed with a
silicon septum and then bubbled for 5 min with CO,. Finally, the
samples were irradiated under continuous stirring with a low-
power white LED lamp ring with a color temperature of 6400 K
and a lumen of 3800 LM. This setup provided defined positions
and a certain amount (50W -cm™2) of the emitted light for all
the vials simultaneously. The amount of CO and H, production
of each sample vial was determined using a Shimadzu GC 2010
plus chromatograph with a TCD detector and a molecular sieve
5A column (30m-0.53mm). For every measurement, 100 pL
was taken from the headspace of the vial and was instantly
injected in the GC. In all cases, both the reported CO and H,
values, as well as the TON, are the average of three independent
experiments. The reaction solution was additionally analyzed

for formate by ion-exchange chromatography, and no formate
was detected under the conditions employed herein. Formate
selectivity in related iron-porphyrin systems requires a strong
organic base to tune the reaction pKa [59, 60], which is absent
from the present reaction medium. TON and selectivity are
therefore reported with respect to CO and H,, the only prod-
ucts detected.

4.9 | Calculation of TON

The TONSs were calculated according to the following equation:

_n(Co)
TON= n(CAT)

where n(CO) is the total amount of CO produced and n(CAT) is
the total amount of catalyst adsorbed on the TiO, surface.
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