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The development of noble metal-free dye-sensitized photocatalytic systems (DSPs) for CO,-to-CO

conversion remains limited. Current literature primarily focuses on a single strategy: the simultaneous
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loading of both the photosensitizer (PS) and the catalyst (CAT) onto titanium dioxide nanoparticles (TiO,
NPs) using anchoring groups. Here, we introduce an innovative method through immobilizing a
positively-charged molecular CAT onto negatively-charged PS—TiO, NPs. Our approach yields promising

results, including near-complete CO,-to-CO conversion (~100% CO) and exceptional stability, achiev-

rsc.li/eescatalysis

Broader context

ing 1658 turnover numbers versus the CAT and an apparent quantum yield efficiency (AQY) of 16.9%.

Artificial photosynthetic systems for producing chemicals, fuels, or materials offer a straightforward and cost-effective approach to CO, recycling driven by solar
energy. While these technologies are still in their early stages, they hold the potential for large-scale production of commodity chemicals and fuels in the future.

Hybrid catalytic systems, which combine light-absorbing nano-objects like quantum dots and nanoparticles with catalysts such as molecular catalysts, have
garnered significant interest. These systems efficiently convert CO, into various products using catalytic processes powered by solar irradiation. However,

designing systems that balance efficient photon absorption, catalytic efficiency, and long-term stability remains a major challenge. This work introduces an
innovative strategy that leverages electrostatic interactions between negatively charged TiO, nanoparticles, functionalized with a molecular photosensitizer,

and a positively charged molecular catalyst, using only abundant metals like zinc and iron. Such systems demonstrate an apparent quantum yield (AQY)
efficiency of CO formation at 525 nm close to 17% and exhibit good stability under operational conditions—a notable advancement toward achieving higher

solar energy conversion efficiency.

An auspicious strategy to convert carbon dioxide (CO,)
emissions involves the utilization of solar-driven catalytic systems
to produce valuable chemicals and fuels.*™ Carbon monoxide
(CO) is a valuable product of the CO, reduction reaction (CO,RR),
serving as a precursor in: (i) Fischer-Tropsch synthesis, (ii) metha-
nol production, (iii) hydrocarbon synthesis, and (iv) manufacturing
of various industrial materials.> Within the landscape of solar-
driven methodologies,'®™* dye-sensitized photocatalytic systems
(DSPs) have garnered considerable scientific interest due to their
high potential."”> More specifically, DSPs are extremely robust
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systems that are easy to fabricate and potentially low-cost. They
offer exceptional tunability due to the versatile modifications
possible in their individual components, including the photosen-
sitizer, catalyst, and semiconductor nanoparticles."®

The common DSPs discussed in the literature consist of
titanium dioxide (TiO,) nanoparticles (NPs) functionalized with
a molecular catalyst (CAT) to facilitate CO, reduction, along
with a photosensitizer (PS). Upon absorption of a photon, the
photosensitizer (PS) undergoes excitation, leading to the injec-
tion of electrons (e”) into the conduction band (CB) of TiO,.
These electrons are subsequently transferred to the CO,
reduction catalyst (CO,R CAT), initiating the catalytic process.
Upon accumulating two electrons, the molecular CAT drives the
reduction of CO, into CO, while the sacrificial electron donor
(SED) regenerates the oxidized photosensitizer (PS*), restoring
it into its initial ground state (Fig. 1). Several studies have
explored various PSs, CATs, and metal-doped TiO, NPs, and
diverse strategies have been proposed to enhance both the
stability and the efficiency of DSPs for H, evolution.'>”'®
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Fig. 1 DSPs for CO,-to-CO reduction: (upper panel) previous examples
from the literature; (lower panel) our strategy comprising a positively-
charged molecular catalyst (CAT) and negatively-charged dye-sensitized
TiO, nanoparticles (PS—=TiO, NPs).

However, corresponding research into CO,R remains relatively
scarce with pioneering contributions from Kang and co-
19721 Recently, our research team explored the first
noble metal-free DSPs for CO,-to-CO conversion.?? In all these
examples, the catalyst was anchored to the TiO, nanoparticles
through a covalent linkage facilitated by either a carboxylic or
phosphonic group. There is obviously significant room for
further improving such systems, as well as for exploring new
directions and concepts within this area of research.

Herein, we present an innovative strategy involving the
utilization of electrostatic interactions between negatively-
charged TiO, NPs, functionalized with a PS, and a positively-
charged molecular CAT. Although electrostatic interactions
have been previously employed to position redox mediators
near sensitizers in dye-sensitized solar cells (DSSCs) and photo-
catalytic systems,>*2® this technique has not yet been applied
to the fabrication of DSPs, specifically for assembling catalysts
onto sensitized TiO, nanoparticles. As depicted in Fig. 1, this
approach offers numerous advantages over the conventional
CO,-to-CO reducing DSPs documented in the literature. Speci-
fically, the absence of an anchoring group on the molecular
catalyst eliminates the need for additional synthetic steps for
its functionalization and facilitates maximal loading of the
photosensitizer (PS). This is in contrast to previously reported
DSPs, where the molecular CAT requires functionalization with
an anchoring group, leading to competition with the chemical
adsorption of the PS moiety. Furthermore, by employing elec-
trostatic interactions, the ratio between the PS and the CAT can
be easily tuned. In contrast, optimizing this ratio with the
conventional approach depends on the relative affinity of each
component’s anchoring group (PS and CAT) with the TiO, NPs.
We report in this study novel DSPs, based on the electrostatic

workers.
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interaction approach, that exhibit outstanding CO selectivity
(~100% CO,-to-CO) and remarkable stability (1658 turnovers
numbers, TONs vs. CAT), surpassing previous noble metal-free
DSPs,* where the PS and the CAT were functionalized with typical
anchoring groups and covalently grafted to TiO, particles.

Prior to photocatalytic studies, zeta potential experiments
were conducted on the TiO, NPs to verify their electrostatic
properties (see ESI, for detailed methodology). The experi-
ments were performed in dimethylformamide (DMF) and acet-
onitrile (ACN) solutions, showing that the nanoparticles exhibit
a negative charge, with zeta potential ({) = —21 &+ 2 mV in DMF,
and { = —29 £ 5 mV in ACN (entries 1 and 4, Table S1, ESIT).
The anchoring of the PS further increases the negative zeta
potential value of the TiO, NPs, which reaches { = —30 &+ 3 mV
(DMF) and { = —39 + 1 mV (ACN) (entries 2 and 5, Table S1,
ESIt). Noteworthily, these studies were conducted in the
presence of the sacrificial electron donor (SED) 1,3-dimethyl-
2-phenyl-2,3-dihydro-1H-benzo[p]imidazole (BIH), to closely
mimic the conditions of photocatalytic experiments. Addition-
ally, infrared spectroscopy experiments were performed to
validate the successful synthesis of the DSPs, comparing the
spectra of bare TiO, and the functionalized photocatalytic NPs
(see ESL T and Fig. S2 and S3).

For our solar-driven CO,-to-CO conversion studies, we
selected the positively charged Fe(o-TMA) iron porphyrin as a
catalyst, one of the most efficient molecular CATs in the
CO,RR.***' Moreover, this molecular catalyst has been extensively
studied by various research groups, consistently demonstrating
that the CO produced originates from CO, rather than any side
reactions or decomposition.”®** Regarding the choice of the PS,
three different dyes were employed: D35, N,39 and ZnP (as illu-
strated in Fig. 2). While each of these dyes has demonstrated
notable performance in TiO,based solar cell**™** and water
splitting®*™*” applications, it is worth highlighting that ZnP has
proved to be an efficient PS in the CO,R, when anchored on the
photocathodes*®*® and on TiO,-NPs.?* Our initial photocatalytic
CO, reduction experiments demonstrated that ZnP outperformed
both the N;;o- and Djs-sensitized systems reaching 124 mmol of
CO per g of CAT in 96 hours of irradiation (Fig. S5 and ESI,i for
experimental details). Remarkably, in all cases, no traces of H,
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Fig. 2 Photosensitizers (PS, upper panel) and molecular catalysts (CAT,
lower panel) explored in this work.
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were detected, indicating quantitative CO,-to-CO conversion
(~100% selectivity).

All three dyes exhibit absorption bands in the green region
of the visible spectrum, but with significantly different absorp-
tion coefficients (Fig. S6a, ESIt), even though they can all be
effectively excited by the green LED lamp (Fig. Séb, ESIT).
Specifically, D35 exhibits the highest light collection efficiency,
followed by Ny49, with ZnP showing the lowest absorption in
this region. All three dyes have redox properties suitable for the
two key processes: (i) electron injection into the conduction
band (CB) of TiO, and (ii) dye regeneration by the sacrificial
electron donor (SED), BIH. As outlined in Table S2 (ESIt), the
dyes exhibit similar driving forces for both electron injection
(AGiyj) and dye regeneration (AG,e,). Consequently, the differ-
ences in redox and absorption properties alone are unlikely to
account for the better photocatalytic performance of ZnP.
Instead, this enhanced performance is likely due to other
factors, such as the molecular organization on the TiO, surface.
Our current studies in DSPs for CO, reduction demonstrate
that ZnP consistently outperforms other sensitizers.”® This
suggests that ZnP may possess a structural arrangement on
the TiO, surface that promotes more effective charge separa-
tion and transfer processes, although investigating these
details is beyond the scope of this work. Overall, our observa-
tions strongly suggest that the superior performance of ZnP is
not due to its redox properties and absorption characteristics,
but rather to its specific organization, rendering the electronic
interactions between TiO, and the catalyst more favourable.

To assess the impact of the positively-charged molecular
catalyst, we performed additional photocatalytic experiments
upon using a neutral (FeTPP) and a negatively-charged (FeTSP)
iron-porphyrin (Fig. 2). In both cases, the DSP studies indi-
cated no conversion of CO, to either CO or H,, further illustrat-
ing the key role of the electrostatic interactions between the
negatively-charged ZnP-TiO, NPs and the positively-charged
Fe(0-TMA) CAT. Additional evidence supporting this conclusion
was obtained from supplementary zeta potential experiments
conducted in the presence of Fe(o-TMA). The negative charge of
the ZnP-TiO, nanoparticles ({ = —30 £ 3 mV in DMF and
{ = -39 £ 1 mV in ACN) was reversed to positive upon the
addition of Fe(o-TMA) to the solution ({ = +21 + 5 mV (DMF)
and { = +24 £ 1 mV (ACN), entries 3 and 6, Table S1, ESIY),
confirming the strong interaction (and adsorption) of the CAT
onto the ZnP-TiO, NPs (Fig. 3 and Fig. S4, ESI¥).

Encouraged by these results, we then optimized our DSPs. In
our initial experiments, DMF was employed as the solvent and
BIH as the SED. In a typical run, the ZnP-TiO, NPs were
dispersed in 4 mL of DMF solution, containing BIH (50 mM)
and Fe(0-TMA) CAT. To determine the optimal ratio between
the PS and the CAT, various combinations were investigated,
assessing their corresponding TONs, selectivity, and CO pro-
duction rates (Table S3, ESIf). First, control experiments
revealed no catalytic activity (neither CO nor H,) in the absence
of: (i) PS (entry 1, Table S3, ESIY), (ii) CAT (entry 2, Table S3,
ESIY), (iii) SED (entry 3, Table S3, ESIT), and (iv) light irradiation
(entry 4, Table S3, ESIt). Noteworthily, the combination of
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Fig. 3 Zeta potential determination of ZnP@TiO, (black) and ZnP@TiO, +
Fe(o-TMA) (red) in DMF solution containing 50 mM of BIH. See ESI,i for
Experimental details.

0.24 pmol (0.2 mg) of ZnP and 0.032 pmol (0.05 mg) of Fe(o-
TMA) resulted in quantitative CO selectivity (entry 5, Table S3,
ESIT). Other tested PS and CAT ratios also exhibited high CO
selectivity as well, ranging from 94% to 98% (entries 6-9, Table
S3, ESIt). By decreasing the amount of Fe(o-TMA) to 0.016 pmol
(0.025 mg), both stability (419 TONs) and CO production
(268 mmol g~') were significantly enhanced (entry 6, Table
S3, ESIt). To investigate the effect of different PS amounts on
electron transfer, we compared the results from entries 6 and 9
(Table S3, ESIt). In these experiments, all conditions were kept
identical except for the PS concentration, which was 0.24 pmol
in entry 6 and 0.12 pmol in entry 9. The photocatalytic results
indicate that increasing the amount of PS does not hinder
electron transfer. The highest CO production though in terms
of umols of CO, was attained using 0.12 pmol of ZnP (0.1 mg)
and 0.032 umol (0.05 mg) of Fe(o-TMA) (entry 8, Table S3, ESIT).

In subsequent experiments, we examined the influence of
the proton (H') source upon adding trifluoroethanol (TFE) and
phenol. As listed in Table 1 (entries 1-3) the addition of either
H' source enhanced the photocatalytic parameters (CO yield,
CO/H, ratio, TONs, and CO production in mmol g’l). However,
phenol was a more efficient H" source compared to TFE,
yielding 30.1 pmol of CO, with nearly 100% selectivity, 939
TONS, and 601 mmol g~ " of CO (entry 3, Table 1). Phenol serves

Table 1 Photocatalysis results under different conditions upon 96 hours
of irradiation. In all cases 0.12 pmol (0.1 mg) of PS and 0.032 pmol (0.05
mg, C = 8 uM) of CAT were used, unless otherwise stated

Entry Solvent H'source® H,” €O’ TONs mmolg '°
1 DMF — 0.19 8.0 250 160
2 DMF TFE 0.16 10.3 321 205
3 DMF Phenol 0.15 30.1 939 601
4 ACN — 0.13 8.7 271 174
5 ACN Phenol 0.80 45.7 1429 915
6¢ ACN Phenol 1.48 27.1 1658 530

0.1 M. ? In pmol. © mmol of CO per gram of CAT. ¢ 0.12 pmol (0.1 mg)
of PS and 0.016 umol of CAT (0.025 mg, C = 4 pM).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photocatalytic CO,-to-CO conversion activities of ZnP@TiO, NPs
in 4 mL ACN solution containing 50 mM of BIH; (black): 0.12 pmol (0.1 mg)
of PS, 0.032 pmol (0.05 mg) of Fe(o-TMA), (red): 0.12 umol of PS (0.1 mg),
0.032 umol (0.05 mg) of Fe(o-TMA) and 0.1 M of phenol, (green): 0.12 umol
of PS (0.1 mg), 0.016 pmol (0.25 mg) of Fe(o-TMA) and 0.1 M of phenol.
The reported values are the average of three independently repeated
experiments.

as a more effective proton donor compared to weaker acids like
TFE.>"*> Phenol can also engage more effectively in hydrogen
bonding, whereas TFE’s bulkier -CF; group can introduce
steric hindrance, diminishing its ability to stabilize intermedi-
ates and thereby reducing catalytic efficiency. The better per-
formance of phenol as a proton source in our CO,-to-CO DSPs
is attributed to a combination of its moderate acidity, and
effective hydrogen bonding.

Overall, the optimum conditions for our DSPs were observed
when ACN was used as a solvent (Fig. 4), a finding in excellent
agreement with the zeta potential experiments (Fig. S4 and
Table S1, ESIf). It is worth noting that the { potential of
ZnP@TiO, NPs in ACN was significantly more negative ({ =
—39 + 1 mV) than the { potential of ZnP@TiO, NPs in DMF ({ =
—29 + 5 mV). In agreement with previous experiments, the
addition of phenol significantly improved all the photocatalytic
parameters (entries 4 and 5, Table 1), resulting in 1429 TONs
and 915 mmol g~ of CO. Furthermore, reducing the amount of
Fe(0-TMA) to 0.016 pmol (0.025 mg, entry 6, Table 1) resulted in
1658 TONSs.

To shed light on the factors limiting the reactivity of the
DSPs during irradiation, we performed post-photocatalytic
studies after 96 hours of irradiation, at which point CO produc-
tion reaches a plateau. Interestingly, the NPs exhibited a
negative charge with a (-potential of —36 + 2 mV, in contrast
to their initial value of +24 + 1 mV before photocatalysis (Fig.
S7 and Table S1, ESIt). This implies that the CAT was no longer
attached to the surface of the NPs. Additionally, the absorption
studies of the solution upon photocatalysis revealed porphyrin-
based features (Fig. S8, orange line, ESI). It remained however
possible that the PS, the CAT, or both leached into the solution.
Regeneration experiments made after 96 hours of irradiation
revealed that the CO production could not be restored by
adding either the PS or the CAT and purging the suspension
with CO,. These observations suggest that the observed loss of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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activity may be attributed to both the PS and the CAT either
leaching from the TiO, NPs or undergoing degradation, as
illustrated in Fig. S9 (ESIY).

To elucidate the role of TiO, in our photocatalytic system, we
performed additional measurements using the PS and the CAT
in solution, without TiO, nanoparticles. In the absence of
TiO,, we detected a small amount of CO (2.4 pmol), which
corresponds to low stability (77 TONs) and CO production
(49 mmol g~ "). This significantly highlights the importance of
TiO, as an electron mediator to shuttle electrons between the
PS and the CAT, since the respective experiment (entry 4,
Table 1) in the presence of TiO, demonstrated superior catalytic
efficiency, yielding significantly higher photocatalytic values
(8.7 pmol of CO, 271 TONs, and 174 mmol g~ '). Additionally,
in a previous study we demonstrated fast and efficient photo-
induced electron transfer from the zinc porphyrin excited state
(ZnP*) to TiO,,”* therefore the direct through space electron
transfer from the bound ZnP* to FeP is reasonably uncompe-
titive. As a further control experiment, we tested a mixture of
TiO,, PS, and CAT. This experiment produced 2.9 pmol of CO,
corresponding to 91 TONs and 58 mmol of CO per gram of CAT,
which is significantly lower than the results obtained from the
system based on electrostatic interactions (entry 4, Table 1).
This notable difference further emphasizes the importance of
anchoring both PS and CAT onto TiO, for efficient electron
transfer between them. Overall, TiO, not only serves as a
scaffold for anchoring PS, allowing the formation of a hetero-
geneous photocatalyst through electrostatic interactions with
CAT, but it also plays a crucial role in facilitating the electron
transfer processes necessary for efficient photocatalysis.

Conclusions

In our study, the solar-driven CO,-to-CO conversion operates
through an oxidative quenching mechanism. Femtosecond
transient absorption spectroscopy measurements revealed
rapid regeneration of the radical cation of the PS (ZnP**) by the
SED.? Initially, photoexcitation of ZnP produces ZnP*, which
undergoes ultrafast electron injection (11 ps) into TiO,. The
ZnP** formed is quickly regenerated by the SED, while the
electron injected into TiO, is captured by Fe(o-TMA) (see details
in Scheme S1, ESIt). Consistent with literature reports, Fe(o-
TMA) in our experiments also showed selective and nearly
quantitative reduction of CO, to CO, without forming addi-
tional reduction products.’ Importantly, BIH beyond serving as
only a SED, could also function as second electron source, due
to the formation of the highly reducing BI*."?

In summary, our study unveiled a strategy that combines
negatively-charged PS-TiO, NPs with a positively-charged iron-
porphyrin catalyst for selective CO,-to-CO conversion. Our
approach offers distinct advantages including easy assembling
of the components of the photocatalytic system (Fig. 1). Table S4
and Fig. S10 (ESIT) provide a comparative overview of the TONs,
CO production, and CO/H, ratios between previous DSPs in the
literature and this work. It should be noted that variations in
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light intensity and type of irradiation source across the different
reports significantly influence parameters like stability and pro-
duction rates, rendering direct comparisons challenging. Our
electrostatic-interaction strategy demonstrates compelling results,
evidenced by achieving ca. 1500 TONs and a CO production of
915 mmol g~ " (per g of CAT). Furthermore, the apparent quantum
yield efficiency (AQY) of CO formation at 525 nm was determined
to be 16.9% (see ESL 7 for details). This value is higher compared to
similar DSPs in the literature, which exhibit AQY values typically
ranging from 0.1% to 3.9% (Table S4, ESIY).

In recent years, a plethora of positively-charged complexes
have been employed as molecular catalysts in CO, reduction.
This includes iron-, cobalt-, and nickel-polypyridyl complexes,>
as well as noble metal-free dinuclear molecular catalysts.>*
Currently, we are exploring additional combinations of charged
nanoparticles and catalysts, aiming to develop more efficient
systems and with the objective to eliminate the sacrificial
reagent, so as to position DSPs as a viable solution in the field
of CO, photoconversion.
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