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Photocatalysts can use visible light to convert CO, into useful products. However, to date photocatalysts for
CO, conversion are limited by insufficient long-term stability and low CO, conversion rates. Here we report
hybrid photocatalysts consisting of conjugated polymers and a ruthenium(i)—ruthenium(i) supramolecular
photocatalyst which overcome these challenges. The use of conjugated polymers allows for easy fine-
tuning of structural and optoelectronic properties through the choice of monomers, and after loading
with silver nanoparticles and the ruthenium-based binuclear metal complex, the resulting hybrid systems
displayed remarkably enhanced activity for visible light-driven CO, conversion to formate. In particular,
the hybrid photocatalyst system based on poly(dibenzolb,dlthiophene sulfone) drove the very active,
durable and selective photocatalytic CO, conversion to formate under visible light irradiation. The
turnover number was found to be very high (TON = 349 000) with a similarly high turnover frequency
(TOF) of 6.5 5%, exceeding the CO; fixation activity of ribulose-1,5-bisphosphate carboxylase/oxygenase
3.3 s71), and an apparent quantum yield of 11.2% at 440 nm.
Remarkably, quantitative conversion of CO, (737 umol, 16.5 mL) to formate was achieved using only

in natural photosynthesis (TOF =

8 mg of the hybrid photocatalyst containing 80 nmol of the supramolecular photocatalyst at standard
Received 7th August 2024

Accepted 5th October 2024 temperature and pressure. The system sustained photocatalytic activity even after further replenishment

of CO,, yielding a very high concentration of formate in the reaction solution up to 0.40 M without
DOI-10.1039/d4sc052899 significant photocatalyst degradation within the timeframe studied. A range of experiments together with

rsc.li/chemical-science density functional theory calculations allowed us to understand the activity in more detail.
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The growing importance of accessing sustainable chemical
feedstocks has accelerated research into the conversion of CO,
to energy-rich products. Among various strategies for CO,
conversion, photochemical CO, reduction has received signifi-
cant interest because photocatalysts can enable CO, reduction
using only sunlight as a renewable energy source. Future tech-
nologies adopting this approach combine viable solutions to
three problems of growing concern (ie., increasing global
warming, increasing demand for widely used energy vectors,
and the depletion of carbon resources through fossil fuel
extraction). Until now, metal complexes,'” inorganic semi-
conductors,® and hybrid photocatalysts (incorporating both the
former and latter)”® have been extensively studied for solar-
driven CO, utilization. Despite progress, the rates of CO,
reduction to products such as formic acid, carbon monoxide,
and methane are still generally too low for practical application
at scale. For example, formic acid has significant potential to be
used as a liquid carrier of hydrogen gas owing to the recent
advances in dehydrogenation catalysts for efficient extraction of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrogen gas from formic acid.'®*® However, very high
concentrations of formic acid (over 0.1 M) are required for
efficient dehydrogenation reactions to take place yielding
sufficiently large amounts of hydrogen.'* This requirement is
often not considered in the literature associated with photo-
catalytic CO, conversion, probably because of the low efficiency
and durability of reported systems so far which are crucial
limitations that still need to be addressed.™* For instance, the
most stable photocatalytic CO, reduction systems reported to
date can only produce up to 0.01 M of formic acid.**™**
Considering this, it is clear that catalysts used for solar CO,
conversion must improve in performance to be successfully
implemented as part of a sustainably cost-effective technology.

To construct an efficient and durable photocatalytic CO,
reduction system, an attractive approach is the design of Z-
scheme photocatalytic systems composed of two photoactive
species. This design enables extensive light harvesting in the
visible range whilst aiding charge extraction from the photo-
excited species through spatial separation. A good example
demonstrating the efficiency of these Z-schemes is natural
photosynthesis which uses photosystems I and II for this
purpose.

A potential strategy to achieve Z-scheme architecture is
hybridization of photocatalysts, i.e., semiconductor particles in
conjunction with adsorbed metal complexes that are active for
CO, reduction.” Particularly active binuclear metal complexes,
so-called ‘supramolecular photocatalysts’, have been reported
which are composed of two units of metal complexes, where one
acts as a photosensitizer component and the other as the
catalytically active centre for CO, conversion.>'*?® These pho-
tocatalysts can accomplish CO, reduction efficiently with high
selectivity and stability using visible light, which is driven by the
rapid intramolecular electron transfer from the photosensitizer
unit to the catalyst unit. For example, binuclear ruthenium(u)
complexes (RuRu’' in Chart 1) are visible-light-responsive
supramolecular photocatalysts for CO, reduction with
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Chart 1 Structures of the conjugated polymers P1, P7, P10 and P28,
the supramolecular photocatalyst RuRU’ and its model complexes of
the photosensitizer unit (Ru(PS)) and the catalyst unit (Ru(cat)).
Ru(dmb) is another model complex of the photosensitizer unit, which
does not bear methyl phosphonic acid anchoring groups.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

relatively high durability (turnover number (TON) > 3000) and
high product selectivity (>90%) for formate.'”*® Beyond using
supramolecular photocatalysts as a single component, hybrid
photocatalysts incorporating semiconductor particles allow for
the step-by-step photoexcitation of the semiconductor and the
photosensitizer unit of the supramolecular photocatalyst via the
Z-scheme mechanism, thereby emulating natural photosyn-
thesis.” The hybrid photocatalysts can ensure both efficient CO,
reduction involving the supramolecular photocatalyst unit and
extra driving force for the photogenerated hole scavenging
process involving the semiconductor unit due to the increased
oxidation power of a hybrid system. A representative example of
a hybrid photocatalyst system was recently reported, assembled
from silver-loaded carbon nitride as the semiconductor and
RuRu’ as the supramolecular photocatalyst. This system has
a turnover number for formate production (TON¢yrmate) Of 50
000 based on the loaded amount of RuRu'.*>** To the best of our
knowledge, this TON is the highest value reported to date
(involving a photocatalytic CO, reduction system with a 1:1
ratio of a photosensitizer unit and a catalyst unit).

Recently, conjugated polymers have emerged as visible-light-
responsive semiconductor photocatalysts which allow excellent
systematic control of chemical and optoelectronic properties
through the rational choice of building blocks, i.e., the structure
of the monomers.””> In particular, conjugated polymers con-
taining dibenzo[b,d]thiophene sulfone units are amongst the
most active materials in the literature for visible-light-driven
sacrificial hydrogen production from water using particulate
photocatalysts,”*” and have even been reported to achieve
overall water splitting when loaded with metal cocatalysts.*
There are also a few recent reports of photocatalytic CO,
reduction with conjugated polymers.*~** However, the activity
and selectivity values reported are low (apparent quantum yield
(AQY) values of less than 0.5% and selectivity for CO, reduction
<75% relative to proton reduction).

Herein, we report a series of Z-scheme hybrid photocatalysts
combining silver loaded conjugated polymer particles and the
supramolecular photocatalyst RuRu’. Remarkably, the hybrid
photocatalyst using poly(dibenzo[b,d]thiophene sulfone (P10)
(RuRu’/Ag/P10, Scheme 1) showed unprecedented photo-
catalytic activity for CO, reduction to formate (TON¢yrmate = 349
000 + 9000 and turnover frequency (TOF¢rmace) = 6.5 s~ * based
on the amount of RuRu adsorbed, and AQY for formate
production = 11.2% at 440 nm). By using this photocatalytic
system, all CO, introduced into the reaction vessel at the
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Scheme 1 Photocatalytic CO, reduction using hybrid photocatalysts,
with conjugated polymer P10 as an example.
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beginning of the experiment could be converted selectively to
formate, demonstrating the conversion was achieved even at
very low concentrations of CO,. The production of formate
could be further increased by periodical replenishment of CO,
to obtain highly concentrated formate solutions of up to 0.40 M
within the timeframe studied and without significant degra-
dation of the hybrid photocatalyst. This combination of activity
and stability are especially relevant for practical application,
considering that 1 liter of a 0.40 M formate solution could
provide 9.9 liters of hydrogen when acidified.'***%

2 Results and discussion
2.1 Synthesis of the hybrid photocatalysts

Conjugated polymers P1, P7, P10 and P28 (Chart 1) were
synthesized via Suzuki-Miyaura polycondensation and purified
using previously reported methods (see ESI and Fig. S17 for FT-
IR spectra).?® For comparison the widely studied nanosheet-type
carbon nitride was also synthesized using urea as a precursor by
previously reported methods.*

Table 1 and Fig. 1 summarize the predicted ionization
potential (IP) and electron affinity (EA) values of the conjugated
polymers which were obtained using density functional theory
(DFT) using a previously developed approach***” and converted
to a scale relative to the ferrocene redox couple (see Experi-
mental section and ESI for calculation details and results in
Table S1t). The potentials of the relevant solution reactions
were also predicted (Table S2t) and in each case the polymers
are predicted to have sufficient thermodynamic driving force to
oxidize the sacrificial electron donor triethanolamine (TEOA)
and reduce protons to hydrogen and CO, to formate. Each
polymer considered was also predicted to permit electron
donation from the photoexcited polymers to the photosensitizer
component as well as the catalytic component of RuRu’, whilst
based on the predicted solution potentials the catalytic
component of RuRu’ also has sufficient driving force for CO,
reduction to formate (the energy levels of RuRu’ were previously
measured by cyclic voltammetry in the literature®®). Fig. 2a
shows the UV-vis diffuse reflectance spectra (DRS) of the
conjugated polymers and carbon nitride. The UV-vis absorption
spectrum of RuRu’ dissolved in acetonitrile is also shown in
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Fig.1 [P and EA values of P1, P7, P10 and P28 as predicted by the DFT
calculation. Predicted redox potentials for CO, reduction to formate,
proton reduction to hydrogen and TEOA oxidation, as well as the
experimental potentials for the photosensitizer unit (Ru(PS)) and the
catalyst unit (Ru(cat)) of RuRU/, are also shown.

Fig. 2b. All of the conjugated polymers studied absorb in the
visible region and have optical gaps extracted using Tauc plots
in this region of the spectrum (E,, Table 1, Fig. S27). In the case
of P10, as a typical example, it can absorb visible light up to
500 nm (optical gap of 2.64 eV). As expected, the experimental
optical gap values of the conjugated polymers are correlated
with the predicted fundamental gaps of the polymers (E, the
difference between the ionization potential, IP, and electron
affinity, EA, Table 1), where the optical gap is always smaller
than the fundamental gap because of the non-negligible exciton
binding energy for conjugated polymers.*

As a typical preparation method of the hybrid photocatalysts
using P10 as an example, silver nanoparticles were loaded onto
the polymer by impregnation using a silver nitrate precursor
and subsequent heating under a hydrogen stream at 473 K.
Transmission electron microscopy (TEM) images and energy
dispersive X-ray spectroscopy (EDS) analysis of P10 before and
after the Ag loading procedure clearly indicated that Ag particles
were deposited on P10 (Fig. S3-S57). EDS mapping analysis of
the Ag-loaded P10 (Ag/P10) showed that Ag nanoparticles
smaller than 50 nm decorated the surface of P10 (Fig. 3, S5 and
S61). RuRu' was adsorbed onto the Ag/P10 particles by

Table1l Experimentally estimated optical gap (E,) and DFT-predicted IP, EA and fundamental gap (Eg) values of the conjugated polymers (PX), as
well as photocatalytic CO, reduction results for the hybrid photocatalysts (RURu /Ag/PX).*

Products (5 h)/umol

Polymers (PX)  E, (eV) 12 (V) EA°(V) E¢(eV) Formate CO H, TONtormate (5 1) Mtormate (5 h)/% TONgormate (24 h)
p1? 2.88 0.3 —2.9 3.2 1.1 0.05 4.3 670 20 2300

P7 2.74 0.7 —2.4 3.1 27 0.09 4.5 17 000 86 52000

P10 2.64 0.9 —2.2 3.1 67 £ 4.1 0.14 £ 0.06 2.7 + 0.3 42 000 £ 2600 96 £+ 0.2 140 000

P28 2.58 0.6 —2.2 2.8 2.7 N.D. 0.42 1700 87 4200

Carbon nitride? 2.99 — — — 5.4+ 0.14 N.D. 0.42 £+ 0.01 3400 97 13 000

“ Reaction conditions. Photocatalyst: 4 mg (RuRu’ loading: 0.4 pmol g™ '; Ag loading: 1 wt%); solution: 4 mL of DMA/TEOA (4 : 1, v/v) bubbled with

CO,; light source: 460 nm-centered LED with 5 mW output. ? DFT predicted ionization potential (V, vs. Fc

/%) of the polymers. ¢ DFT predicted

electron affinity (V, vs. F¢'’%) of the polymers. ¢ 410 nm-centered LED with 5 mW output was used additionally involving hybrid photocatalysts

based on P1 and carbon nitride.
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Fig. 2 (a) UV-vis diffuse reflectance spectra of P1, P7, P10, P28 and
carbon nitride; (b) UV-vis diffuse reflectance spectra of P10, Ag/P10
and RuRU'/Ag/P10, as well as the UV-vis absorption spectra of RuRU’ in
an acetonitrile solution, and the spectrum of 460 nm-centered LED
light used for the photocatalysis with RuRu’/Ag/P10. RuRU’ loading in
the hybrid photocatalyst was 4 pmol g~2.

Fig. 3 STEM image of Ag/P10 (a) and energy dispersive X-ray spec-
troscopy (EDS) mapping analysis showing the (b) carbon (c) sulfur and
(d) silver elemental distributions. The scale bar indicates 100 nm. The
EDS spectrum for the mapping images is shown in Fig. S6.1

dispersing them in an acetonitrile (MeCN) solution containing
dissolved RuRu’ with stirring overnight in the dark to obtain the
hybrid photocatalyst (RuRu’/Ag/P10). No changes in the FT-IR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adsorption of RuRu’ onto Ag/P10 to form hybrid photocatalyst
RuRU'/Ag/P10. (a) FT-IR spectra of RuRu'/Ag/P10 and Ag/P10 at the
region of CO stretching bands obtained in the diffuse reflectance
configuration. The loading amount of RuRu’ is 10 umol g% The
spectra in wide wavenumber range are shown in Fig. S7.1 (b) UV-vis
absorption spectra of MeCN solution containing 13 uM RuRU’ and the
filtrate solution after the adsorption of RuRU onto Ag/P10 to obtain
RuRU’ (10 umol g~%/Ag/P10.

spectra and the optical absorption edge of P10 were found
after loading P10 with Ag and RuRu'’ indicating that no changes
to the structure of the polymer occurred (Fig. S7+ and 2b). After
the adsorption of RuRw’, the CO stretching bands of the Ru
catalyst unit appeared in the FT-IR spectrum (Fig. 4a), and the
metal-to-ligand-charge-transfer ("MLCT) absorption of the Ru
photosensitizer unit of RuRu’ in the UV-vis absorption spec-
trum of the MeCN solution disappeared after filtering the solid
materials (Fig. 4b).

These observations demonstrate a very strong adsorption
affinity between the RuRu’ supramolecular photocatalyst and
the semiconductor Ag/P10. Fig. 2b shows the DRS of P10, Ag/
P10 and RuRu//Ag/P10, and the UV-vis absorption spectrum of
RuRu’ in acetonitrile solution. Incorporation of Ag and RuRu’
increased the absorption into a wider range of the visible region
from 470 to 800 nm, which was attributed to plasmon absorp-
tion of the Ag particles®*** and to metal-to-ligand charge
transfer absorption bands of the Ru photosensitizer unit of
RuRu/, respectively. It further indicates successful loading of Ag
and RuRu’ onto P10. The other hybrid photocatalysts were
prepared using the same procedures (RuRu’/Ag/P1, RuRu'/Ag/
P7, RuRu'/Ag/P28 and RuRu’/Ag/carbon nitride), of which the
DRS traces are shown in Fig. S8.1

We investigated the adsorption ability of Ru(PS) (Chart 1),
which is a model mononuclear complex of the Ru photosensi-
tizer unit with the methyl phosphonic acid groups, onto the
conjugated polymers. The conjugated polymer powders were
dispersed in an acetonitrile solution containing Ru(PS) in the
dark for 3 days. Subsequently, the adsorbed amount of Ru(PS)
was determined by the decrease of the "MLCT adsorption of
Ru(PS) in the filtrate solution after the adsorption.’>*® Fig. 5a
shows the degree of adsorption of Ru(PS) onto the conjugated
polymers according to the increase in the added Ru(PS)
amount. P10 and P7 demonstrated much higher adsorption
affinities for Ru(PS) compared to P1 and P28. P10 demonstrated

Chem. Sci., 2024, 15, 18146-18160 | 18149
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Fig. 5 (a) Adsorption of the ruthenium photosensitizer model
complex (Ru(PS)) onto the conjugated polymers with increasing
amounts of Ru(PS). (b) Adsorption of the ruthenium photosensitizer
model complexes (Ru(PS) and Ru(dmb)) onto P10 with increasing
amounts of ruthenium photosensitizer molecules. The dashed lines
indicate ideal (100%) adsorption of the ruthenium photosensitizer
molecules as a guide. (c) Diffuse reflectance absorption spectra of
Ru(PS) adsorbed-P10 corresponding to the adsorption of Ru(PS) in
Fig. 5a.

ideal adsorption up to 50 pmol g~ ' and reached 60 pumol g~*
adsorption, while P7 demonstrated a smaller maximum
adsorption (42 umol g~ ') than P10. In the case of P1 and P28,
the maximum adsorption amounts were 15.7 pmol g~ * and 11.8
umol g, respectively. These results indicate that the sulfone
groups of P10 and P7 act as adsorption sites of RuRu’ through
interaction with the methyl phosphonic acid anchors, whereas
phenylene and pyrazine units do not show the same degree of
affinity to the methyl phosphonic acid groups. The observation
of a potential strong interaction of sulfone units with the methyl
phosphonic acid anchors was also supported by the much lower
adsorption of Ru(dmb) (Chart 1) onto P10, which is a model
complex of the photosensitizer unit without the methyl phos-
phonic acid groups (the maximum absorption was 9.8 umol g~
in this case, Fig. 5b).

We then calculated the surface coverage of the adsorbed
Ru(PS) on P10. Assuming uniform monolayer adsorption of
Ru(PS) onto P10 and by using the Brunauer-Emmett-Teller
(BET) surface area of P10 (35 m* g ') obtained from a N,
adsorption-desorption isotherm (Fig. S91) and the diameter of

18150 | Chem. Sci,, 2024, 15, 18146-18160
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Ru(PS) (1.1 nm) obtained from a MM2 calculation,* the surface
coverage of Ru(PS) on P10 was calculated to be nearly quanti-
tative at the maximum adsorption (98.7%). The incorporation
of Ru(PS) onto P10 was confirmed by the increase in the
adsorption that is assigned to the "MLCT excitation of Ru(PS) in
the diffuse reflectance spectra of Ru(PS)-adsorbed P10 as shown
in Fig. 5c.

2.2 Photocatalytic CO, reduction using the hybrid
photocatalysts

Photocatalytic CO, reduction reactions were performed with
suspensions of the hybrid photocatalysts particles in a N,N-
dimethylacetamide (DMA)/triethanolamine (TEOA) (4:1, v/v)
mixture after sonication, while the suspension was stirred
under a CO, atmosphere in a sealed reaction vessel during
irradiation. TEOA was used as a sacrificial electron donor and
a proton source, while DMA acted as a solvent dispersing the
hybrid photocatalysts well. Based on the DRS traces of the
conjugated polymers and the absorption spectrum of RuRu’
(Fig. 2), LED light centered at 460 nm was selected for photo-
catalytic reactions using hybrid systems including P7, P10, and
P28 because these materials and the supramolecular photo-
catalyst RuRu’ can be excited at this wavelength. In the case of
RuRu’/Ag/P1 and RuRu'/Ag/carbon nitride, additional LED light
centered at 410 nm was also used to excite these semi-
conductors (Fig. S107).

Table 1 summarizes the products of the photocatalytic
reactions after 5 hours using hybrid photocatalysts with an
RuRu’ loading of 0.4 pmol g~ '. In the RuRu//Ag/P10 system
formate was produced as the main product (67 & 4.1 pmol) with
only a trace amount of CO (Fig. 6a), with a TON¢y;mate Of 42 000
+ 2600 based on the amount of RuRu’ adsorbed. Although
hydrogen was also formed as a minor product, the amount (2.7
+ 0.3 pmol) was much less than that of formate. RuRu'/Ag/P10
thus has a high selectivity for formate (formate) Of 96 + 0.2%.
RuRu'/Ag/P7 also performed well as a photocatalyst for CO,
reduction, but its photocatalytic activity, i.e., TONgyrmace and
Nformate; Was lower than that of RuRu’/Ag/P10.

On the other hand, the photocatalytic activities of the hybrid
photocatalysts using the pyrazine-containing polymer (RuRu’/
Ag/P28) and the phenylene-containing polymer (RuRu’'/Ag/P1),
both containing no sulfone groups, were at least ten times
lower compared to the hybrid photocatalysts based on sulfone-
containing polymers (RuRu’/Ag/P10 and RuRu’/Ag/P7). These
trends in photocatalytic activity were maintained over longer
light irradiation up to 24 hours (Fig. 6b and S117). The differ-
ences observed in the photocatalytic activity of these hybrid
systems are discussed in more detail in the mechanism section.
It is noteworthy that the photocatalytic activities of the hybrid
systems using sulfone-containing polymers (P10 and P7) were
much higher than that of carbon nitride (especially P10 which
shows a more than ten times higher activity), especially when
considering that carbon nitride has frequently been used as
a polymer photocatalyst showing high activity in its own right.>*

Since the photocatalytic activity of RuRu’/Ag/P10 was far
superior to the other hybrid photocatalysts, we focused on this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Products of photocatalytic CO, reduction and corre-
sponding TON¢ormate during light irradiation using RuRu’/Ag/P10. (b)
Photocatalytic CO, reduction to formate with corresponding
TONsormate Using the series of hybrid photocatalysts studied (RuRu’/
Ag/PX). Hybrid photocatalysts (4 mg loaded with 1 wt% Ag and 0.4
umol per g RuRY) were dispersed in 4 mL of DMA/TEOQA (4:1 v/v),
bubbled with CO, and irradiated at Anyay = 460 nm with a LED (5 mW
output power). An additional LED at 410 nm with 5 mW output was
used to excite the semiconductor in the case of RuRu/Ag/P1 and
RuRU’/Ag/carbon nitride due to their larger optical gaps (see Fig. 1a).
The total product formation for the other hybrid photocatalysts, akin
to the P10 hybrid photocatalyst in Fig. 6a, is shown in Fig. S11.¥

photocatalytic system. Isotope labelling experiments with **CO,
clearly showed that the formate produced in the photocatalytic
reaction was from CO, (Fig. S12f). Long term irradiation
experiments were conducted to investigate the stability of the
hybrid photocatalyst (Fig. 6a). The photocatalytic activity
continued for up to 6 days, 144 hours of irradiation produced
368 umol of formate corresponding to a TONgormate Of 230 000.
Hydrogen evolution increased over this time period as well,
leading the n¢ormate to decrease to 73% after 6 days. The total
quantity of CO, within the reaction vessel (gas phase and the
solution) before irradiation was estimated to be 737 umol (see
Experimental section). Hence, we noticed that during this time
period, almost 50% of the CO, in the reaction vessel was con-
verted to formate. This result clearly highlights not only the very
high photocatalytic activity of RuRu'/Ag/P10, but also its
remarkable stability.

To evaluate the maximum TONg,mate, @ Smaller amount of
RuRu'/Ag/P10 (1 mg) was used instead of the 4 mg that was used
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Fig. 7 Photocatalytic CO, reduction using RuRu’/Ag/P10. (a) Product
formation and corresponding TONormate during 70 hours of light
irradiation. RuRU/Ag/P10 (1 mg loaded with 1 wt% Ag and 0.4 pmol
per g RuRU’) was dispersed in 4 mL of DMA/TEOA (4 : 1 v/v), bubbled
with CO, and irradiated at Aq, = 460 nm with a LED (5 mW output
power). (b) TOF¢omate after light irradiation for 1 hour with different
light intensities: RuRuW/Ag/P10 (4 mg loaded with 1 wt% Ag and 0.4
umol per g RuRu’) was dispersed in 4 mL of DMA/TEOA (4:1, v/v),
bubbled with CO, and irradiated at 155, = 460 nm.

for Fig. 6a. Formate was produced linearly up to 24 hours of
photoirradiation, and subsequently the production rate of
formate gradually decreased accompanied with an increase in
hydrogen production (Fig. 7a). After 72 hours of irradiation, the
TONformate Teached 349 000 + 9000 (140 + 3.6 pmol), which
exceeded the highest TON reported among the hybrid photo-
catalysts for CO, reduction by a factor of almost 7 times (TON =
50 000 for the previous highest).”” The durability is also much
higher compared to that of a homogeneous system using RuRu’
(0.05 mM), which demonstrated TON¢,mate = 1600 after 20
hours of irradiation (Fig. S13t) using a stronger reductant, 1,3-
dimethyl-2-(o-hydroxyphenyl)-2,3-dihydro-1H-benzo[d]imid-
azole (BI(OH)H), since TEOA cannot thermodynamically
quench the excited photosensitizer unit of RuRu'.*> These
comparisons clearly demonstrate that the combination of Ag/
P10 and the supramolecular complex significantly increases
the durability of RuRu’ for photocatalytic CO, reduction.

After the photocatalytic reaction as shown in Fig. 7a, RuRu'/
Ag/P10 showed no significant changes in its FT-IR spectra
(Fig. S14aft), UV/vis diffuse reflectance spectra (Fig. S14b¥), or
Ag 3d X-ray photoelectron spectroscopy (XPS) spectra when
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comparing a sample before and after irradiation (Fig. S14ct).
This strongly suggests that the structural and optoelectronic
properties of P10 and Ag remained unaffected. After 24 hours of
irradiation, desorbed RuRu’ was observed in the reaction solu-
tion, which was determined to be around 15% of the initially
loaded RuRu' in RuRu’/Ag/P10, as estimated by inductively
coupled plasma optical emission spectroscopy (ICP-OES)
measurements. This partial detachment of RuRu’ from the
semiconductor surface is likely to contribute to the increased
hydrogen evolution rate as well as the slowing down of formate
production. This increase in hydrogen production upon
desorption of RuRW’ is in line with the literature reporting P10
as an efficient photocatalyst for hydrogen evolution under
visible light irradiation in the presence of a sacrificial hole
scavenger.”” When the reactor was saturated with CO, again
after 24 hours and 48 hours of irradiation, and when the hybrid
photocatalyst was recycled after 24 hours of irradiation with
fresh DMA/TEOA solution and CO, bubbling, no significant
increase in formate production was observed compared to that
without additional replenishment (Fig. S151). This demon-
strates that the shortage of CO, or TEOA is not significantly
influencing the photocatalytic activity in this measured
timeframe.

Fig. 7b shows the light intensity dependence associated with
the rate of formate production, ie., the turnover frequency
(TOFformate)- Up to the maximum output of the used LED, the
TOFormate linearly increased in proportion to the light intensity,
and the observed maximum TOFgy;mate reached 23 500 h™* (6.5
s~ ') based on the amount of RuRu’ loaded onto the material.
This activity is 8 times higher compared to the highly efficient
homogeneous system using the Ru(u)-Ru(u) supramolecular
photocatalyst without methyl phosphonic anchor groups
(TOFtormate = 0.2-0.8 s~ 1),7*® highlighting the inherent very fast
catalytic rate of the Ru catalyst unit in RuRu’/Ag/P10. We note
that this TOF was obtained using a light source with limited
light intensity, therefore this is probably not the potential
maximum value for the TOF. Interestingly, the measured
TOF¢ormate 1S €ven larger than that for CO, fixation by ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in natural
photosynthesis (3.3 s~'),> albeit the two values cannot be
compared directly.

Fig. 8 displays the action spectra obtained by measuring
apparent quantum yields for formate production (AQYformates
the red squares), which is defined as eqn (1),*** under light
irradiation at various wavelength.

AQY tormate = (Total formation of formate)/
(total number of incident photons) x 100 6))]

The highest AQYformate Was 11.2% under irradiation at Ay =
440 nm. This AQYformate value of RuRu’/Ag/P10 is the highest in
the reported visible-light-driven hybrid photocatalytic CO,
reduction systems composed of semiconductors and metal
complex catalysts (Table S37), and twice higher even compared
to that of the previously reported highest AQY.**
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Fig. 8 Action spectra for photocatalytic CO, reduction using RuRu’/
Ag/P10. Hybrid photocatalysts (10 mg loaded with 1 wt% Ag and 10
umol per g RuRU’) were dispersed in 10 mL of DMA/TEQA (4 : 1 v/v) in
a four-sided cell, bubbled with CO, and irradiated using a 300 W
xenon lamp equipped with a bandpass filter. The diffuse reflectance
spectra of P10 and RuRu’/Ag/P10, and the UV-vis absorption spectrum
of RURU' in acetonitrile, are also shown for comparison.

It is noteworthy that the photosensitizer unit of RuRu’ has
the "MLCT absorption around at 460 nm (orange line) and the
absorption of P10 becomes weaker over 400 nm (black line). In
this action spectra, AQYformate Under irradiation at Amax =
440 nm (which can be efficiently absorbed by both P10 and the
Ru photosensitizer unit) shows the highest value (11.2%).
Interestingly, under irradiation at Ay,x = 400 nm, which was
more strongly absorbed by P10 but less absorbed by the Ru
photosensitizer compared to those under irradiation at Ay =
440 nm, AQYformate Was 10.7%, i.e., similar to but slightly less
than AQY under irradiation at Ay, = 440 nm. In addition,
under irradiation at Ayax = 460 nm, which is efficiently absor-
bed by the Ru photosensitizer unit but absorption by P10 is
fairly weaker, AQY¢ormate Was 9.2%, slightly less than that under
irradiation at Aj.x = 440 nm but still produced a very high
value. The AQYformate Value drastically decreased at 500 nm,
which cannot be efficiently absorbed by either P10 or the Ru
photosensitizer, and the hybrid system does not work over
540 nm which cannot be absorbed by the hybrid photocatalytic
system at all. These results indicate that some of the photo-
catalytic CO, reduction proceeded by the mechanism involving
the Z-scheme type electron transfer via sequential light
absorption by P10 and the Ru photosensitizer unit of RuRu'.

2.3 Quantitative CO, conversion to highly concentrated
formate solution using the RuRu'/Ag/P10 photocatalyst

For the practical application of photocatalytic CO, reduction as
a renewable and sustainable source of formic acid, the
following two requirements are important: production of highly
concentrated solutions of formic acid; and high conversion
rates of CO, in the reaction system (particularly in an environ-
ment where only low concentrations of CO, are present). High
photocatalytic conversion of CO, to CO has been reported very
recently, although large quantities of the photocatalyst would
be necessary to obtain significantly large amounts of CO owing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the durability of the system (TON¢o = 2400).** Incidentally,
no photocatalytic systems have been reported that achieve CO,
conversion to formate at concentrations suitable for applica-
tion. Since RuRu’/Ag/P10 shows very high efficiency and dura-
bility, we studied the system for the production of highly
concentrated solutions of formate.

A sealed reaction vessel containing RuRu'/Ag/P10 (8 mg,
loaded with 10 pmol per g RuRu’) dispersed in 4 mL of DMA/
TEOA (4:1, v/v) with 5.75 mL of the gaseous phase (1 atm)
being filled with CO, by bubbling for 20 minutes, was irradiated
using an LED light source at 460 nm. After irradiation for 120
hours, the amount of formate produced reached 737 + 8.60
pmol (TON¢ormace = 18 400) with a small amount of hydrogen
and a trace amount of CO (Fig. 9a).

The amount of formate produced was determined to be the
molar equivalent of the initial loading of CO, in the sealed
reaction vessel before irradiation (737 pmol, 16.5 mL, see
Experimental section and ESI for more detail). This result
demonstrates that the quantitative conversion of CO, to
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Fig. 9 Total light-driven conversion of CO, to formate. (a) Products
formed and the concentration of formate in the liquid phase as
a function of time (the dashed line indicates the estimated initial
amount of CO, before irradiation). (b) Gas chromatogram of the
products forming in the gaseous phase as a function of time using
RuRuU’/Ag/P10 (8 mg loaded 1 wt% Ag and 10 pmol per g RuRu’). The
photocatalyst particles were dispersed in 4 mL of DMA/TEOA (4 : 1 v/v)
under CO, atmosphere and irradiated at Amax = 460 nm with an LED (5
mW output power).
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formate was observed. The complete molar consumption of CO,
under irradiation was also confirmed by gas chromatography
(GC, Fig. 9b). The CO, peak in the chromatogram decreased
gradually over the measured time period until, after 120 hours,
99.5 £ 0.2% of the initial CO, was consumed (according to the
measured GC signal area). To the best of our knowledge, this is
the first report of a photocatalytic system that facilitates
complete light-driven conversion of CO, to formate at standard
temperature and pressure.

The photocatalytic reduction of CO, using RuRu’/Ag/P10
proceeded even under an Ar atmosphere containing 1% of
CO,, in which CO, was quantitatively converted to formate
(Fig. 10a). The peak attributed to CO, in the gas chromatogram
decreased during the light irradiation and was finally below the
detection limit after 12 hours of irradiation. This confirmed that
full consumption of the contained CO, in the reaction vessel
was possible even under very low concentrations of CO,
(Fig. 10b). These results have broad implications: it is very
important to enable CO, conversion at low concentrations (as
opposed to high purity CO, sources, in which enrichment of low
concentration CO, would require high energy and cost) since
typical flue gas mixtures from the industrial sector contain
relatively low concentrations of CO, (typically between 3-13%).

We recently reported the direct reduction of CO, at low
concentrations using a Re(1) diimine tricarbonyl complex with
a deprotonated TEOA ligand that can capture CO, to form
a carbonate ester complex via a CO, insertion reaction between
the deprotonated TEOA and the Re(i) center, and as such even
with progressively lowering CO, concentrations, the molecules
can still efficiently accumulate into the Re complex owing to the
large equilibrium constant associated with the formation of the
CO, adduct (Scheme S1t).* Indeed, applications of this CO,
capturing reaction in photocatalytic and electrocatalytic reduc-
tion of low concentration CO, have already been reported.*”**
Mn(1) complexes with similar structures also have this ability to
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Fig. 10 (a) Products formed over time under 1% CO, atmosphere

during light irradiation using RuRu’/Ag/P10. RuRu’/Ag/P10 (4 mg
loaded with 1 wt% Ag and 4 umol per g RuRU’) was dispersed in 4 mL of
DMA/TEQA (4 : 1 v/v), bubbled with 1% CO, + 99% Ar and irradiated at
Aox = 460 nm with an LED (5 mW output power). (b) Gas chro-
matogram of the gas phase at the retention time of CO, decreasing
over time.
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capture CO,.* In this work, we are reporting the first example of
a photocatalyst based on a [Ru(diimine)(CO),Cl,]-type complex
which can reduce CO, at low concentrations akin to the Re(1)-
complex, however in this case the Ru(u)-complex is formate
selective whilst the Re(1)-complex is CO selective. The reduction
mechanism of low concentration CO, on the Ru catalyst is
currently under investigation in our laboratory.

The formate concentration in the solution after the complete
conversion of CO, (Fig. 9a) was 0.18 M. Taking advantage of the
high stability of the photocatalytic system, we sought to further
increase the concentration of formate in the reaction solution
by repeated CO, replenishment. A photocatalytic reaction of
RuRu’/Ag/P10 was set up and irradiated. After irradiation for 71,
122, 208, 263, and 328 hours, CO, was bubbled through the
mixture to replenish to the initial concentration. Formate
production continuously increased and the final concentration
of formate in the solution reached up to 0.40 M after approxi-
mately 400 hours corresponding to a TON¢omate = 33 500
(Fig. 11).

Indeed, 1 liter of this solution is equivalent to 9.9 liters of
hydrogen gas (under STP), thus the produced formate is already
concentrated enough for use as a hydrogen carrier without
energy-intensive concentration enrichment being required. The
formic acid can then be used in dehydrogenation processes
using homogeneous catalysts already reported."* This is the
first report of a visible-light-driven CO, reduction process
robust enough to produce highly concentrated formate as
a product at standard temperature and pressure.

2.4 Mechanistic insights into the hybrid system

RuRu'/Ag/P10 demonstrated the best photocatalytic activity for
CO, reduction amongst the hybrid photocatalysts studied
(Table 1 and Fig. 6b). The hybrid photocatalyst using the
copolymer of phenylene and dibenzo[b,d]thiophene sulfone
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Fig. 11 Formate concentration and corresponding TONg¢ormate as
a function of time in the photocatalytic reaction solution using RuRu’/
Ag/P10 (30 mg, 1 wt% Ag and 4 umol per g RuRU’ loading): the solution
was bubbled with CO, 6 times before irradiation and after irradiation
for 71,122, 208, 263 and 328 hours. RuRu’/Ag/P10 (30 mg loaded with
1 wt% Ag and 4 umol per g RuRu’) was dispersed in 10 mL of DMA/
TEOA (4:1 v/v) and irradiated (1 > 420 nm) using a 300 W Xe light
source with a CM1 mirror, L42 cut filter and water circulation.
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(P7) was also active for formate production with good product
selectivity (>70%), which was also significantly better in terms of
photocatalytic activity than the well-established hybrid photo-
catalyst based on carbon nitride. On the other hand, the pho-
tocatalytic activities of hybrid photocatalysts using the
copolymer of pyrazine and phenylene (P28) and poly(p-phenyl-
ene) (P1) were much lower. When considering the inverse
trends between the photocatalytic activity and driving force for
electron transfer between the conjugated polymers and RuRu’
(Table 1 and Fig. 1), the energetic positioning of the conduction
bands of the polymers (the EA energies in Table 1 with the
decreasing order P1 > P7 > P10 = P28) does not explain the
observed photocatalytic activity of the hybrid photocatalysts,
especially considering the clear superior performance of the
sulfone-containing polymers in hybrid photocatalytic systems.

One characteristic of sulfone-rich polymers, especially P10,
is their previously reported high efficiency of generating
photoexcited electrons under sacrificial conditions. This is
governed at least in part by the deep lying IP (in turn governing
the oxidation power of the semiconductor) which renders the
sulfone-rich polymers as good electron accepting materials
when photoexcited in the presence of easily oxidizable sacrifi-
cial reagents (Table 1 and Fig. 1). This property combined with
increased dispersibility in the medium led to higher sacrificial
hydrogen evolution rates observed in a previous study.
Furthermore, transient absorption spectroscopy studies showed
that the rate and persistence of polaron formation under
sacrificial conditions was highest for P10, followed by P7 then
P1 showing the lowest values, highlighting the superiority of
P10 in producing photogenerated electrons in the presence of
sacrificial reagents, at least relative to P7 and P1.>**® As a last
note on sulfone-rich polymers, it has also been suggested that
photoexcited electrons accumulate and are utilized via the
sulfone groups when tested for photocatalytic applications due
to the electron-accepting property and dipole formation gov-
erned by the sulfone groups.”** Altogether, these factors are
likely applicable to the photocatalytic activity observed in this
work.

Specific to the photocatalytic application discussed in this
work, another reason for the very high activity of the sulfone-
containing polymers is a potentially strong interaction of the
sulfone groups with the methyl phosphonic acid groups of
RuRu’' as demonstrated in Fig. 5. This is likely to facilitate
efficient transfer of the electrons accumulated on the sulfone
groups to RuRu’ as well as suppressing the detachment of
RuRu’ from the surface of the polymer (this is illustrated in the
upper part of Scheme 2, and the potential role of silver is dis-
cussed in greater depth based on control experiments herein).

The roles of each component in the RuRu'/Ag/P10 system
were studied first by performing control experiments (Table 2).
In the absence of CO, (entry 2), TEOA (entry 3), irradiation
(entry 4), RuRu’ (entry 5), RuRu’ and Ag (entry 6), or Ag and P10
(entry 10), no CO, reduction products were detected after one
hour of irradiation, confirming that all components are neces-
sary to observe any CO, reduction activity. RuRu'/P10 without
Ag loading (entry 7) showed significantly lower photocatalytic
activity for CO, reduction (TOF;ormate = 1.5 pmol h™" and 46%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Mechanistic illustration of photocatalytic CO, reduction
using the hybrid photocatalyst with conjugated polymer P10. The
values of potentials are in V, vs. Fc*/? in DMA/TEOA (4 : 1, v/v) solution.

selectivity for formate production) compared to RuRu’/Ag/P10
(entry 1) (TOFgormate = 11 pumol h™" and 94% selectivity).
Although the hydrogen evolution rate of RuRu//P10 (1.4 pmol)
was higher than that by RuRu'/Ag/P10 (0.70 pmol), the total
amount of the reduction products (formate, CO, and H,) by
RuRu’/P10 (3.3 umol) was much lower than that produced by
RuRu'/Ag/P10 (12 pmol). These results suggest that the Ag
loading enhances charge separation of photoexcited carriers
produced by the excitation of P10 owing to electron capture by
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the Ag particles.®® Simultaneously, proton reduction (which
occurs via electron transfer from the residual Pd clusters on P10
to protons) is significantly suppressed by photogenerated elec-
trons residing on the Ag nanoparticles instead, potentially due
to the higher overpotential of Ag for proton reduction compared
to Pd.** Indeed, it was previously reported that Ag loading in
hybrid photocatalyst systems of metal-complex photocatalysts
and semiconductors promotes charge separation and electron
transfer from the semiconductor to the photocatalyst.***>
Unlike carbon nitride which is made using metal-free synthetic
procedures, the conjugated polymers are made using Pd-cross
coupling reactions resulting in palladium residuals in the
material (0.007 wt% Pd residuals in P10 in this study, which was
estimated by ICP-OES measurement). The preference for pho-
togenerated electrons to reside on Ag instead of Pd in the case of
P10 is still an open question. Transient absorption spectroscopy
studies inferred in the case of P10 that electron polarons tend to
reside on the polymer rather than the residual Pd clusters
(relative to the kinetics which catalytic reactions typically
demand, ie., electron transfer to residual Pd is slow). In
contrast, other conjugated polymers such as F8BT (poly[(9,9-di-
n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)])
readily accumulate charges on the residual palladium clusters
with competitive kinetics to the typical timescale for catalytic
events.”” This could be further reasoning as to why the P10
hybrid photocatalyst system works so efficiently and selectively,
as the kinetic competition for electron accumulation on Ag
nanoparticles is potentially greater relative to residual Pd,
however we note that more detailed spectroscopy experiments
to probe the mechanism here are required to elaborate further.
When a ruthenium mononuclear catalyst Ru(cat), which is
a mononuclear model complex of the catalytic unit of RuRu’
(see Chart 1), was used instead of RuRu’ (Ru(cat)/Ag/P10, Table
1, entry 8), the resulting system was active for photocatalytic
CO, reduction. However, the production of formate after 1 hour
of irradiation was less than half (5.0 pmol) than that of RuRu'/
Ag/P10 (11 pmol) with a lower selectivity (Ngormate = 81%,
compared to 94% in the system using RuRu’/Ag/P10). These
results strongly indicate that there are two possible electron

Table 2 Photocatalytic CO, reduction and control experiment results using RuRu’'/Ag/P10 after 1 hour of irradiation®

Products/pmol

Entry Photocatalyst Absence Formate cOo H, TOFormate/h Selectivitysormate/ %
1 RuRu'/Ag/P10 — 11.00 N.D. 0.70 7000 94
2 RuRu'/Ag/P10 co,? N.D. N.D. 1.10 — —
3 RuRu'/Ag/P10 TEOA N.D. N.D. N.D. — —
4 RuRu'/Ag/P10 Light N.D. N.D. N.D. — —
5 Ag/P10 RuRu/ N.D. N.D. 3.70 — —
6 P10 RuRu’ and Ag N.D. N.D. 1.60 — —
7 RuRu'/P10 Ag 1.50 0.35 1.40 930 46
8 Ru(cat)/Ag/P10 Ru(PS) unit 5.00 N.D. 1.20 3100 81
9 Ru(PS)/Ag/P10 Ru(cat) unit 0.34 N.D. 3.37 21 9.2
10 RuRu/ Ag/P10 N.D. N.D. N.D. — —

“ Reaction conditions. Photocatalyst: 4 mg (RuRw’ loading: 0.4 pmol g~ '; Ag loading: 1 wt%); solution: 4 mL of DMA/TEOA (4 : 1, v/v) bubbled with
CO,; Light source: 460 nm-centered LED; reaction time: 1 hour. * Under Ar atmosphere.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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injection pathways to the catalyst unit of RuRu': direct electron
injection from Ag/P10 to the catalyst unit without excitation of
the photosensitizer unit (Scheme 2a); and the Z-scheme-type
electron transfer (Scheme 2b). Since the reduction potential of
the catalyst unit of RuRu’ (E, = —1.72 V, vs. Fc¢"’%) is more
positive compared to the potential of the conduction band of
P10 (EA = —2.2 V, vs. Fc¢"%) and probably to those of shallow
defect sites as well, these high-energy electrons can directly
transfer to the catalyst unit. Probably, on the other hand, elec-
trons trapped in the deep defect sites of P10 and/or Ag/P10
cannot directly transfer to the catalyst unit but can transfer to
the SOMO-2 of the excited photosensitizer unit
(E} ,(Ru"(I1) /Ru"(T)) = +0.05 V, vs. Fc'?). Indeed, these types
of shallow and deep defect sites have already been reported in
various semiconductor materials, including organic poly-
mers.”"**** This pathway for relatively low-energy electrons
through the Z-scheme mechanism is likely to be one of the
reasons for the highly efficient and durable photocatalysis of
RuRu'/Ag/P10. Such advantages of the Z-scheme mechanism
have already been demonstrated in the hybrid photocatalyst
system using plasma-treated carbon nitride, by which plasma
treatment of the material formed deep defect sites which could
accumulate photoexcited electrons and participate in the Z-
scheme pathway."

It has been reported that the one-electron reduced species of
trans-(Cl)-[Ru(2,2’-bpy)(CO),CL,], that has a similar structure of
the catalyst unit of RuRu’, changes its structure to an interme-
diate which then accepts another electron to produce formate.
The reduction potential of the intermediate is about 90 mV
more positive compared to that of non-reduced trans-(Cl)-
[Ru(2,2'-bpy)(CO),Cl,].>> Since the same situation should
happen in the case of the catalyst unit of RuRu’, the interme-
diate made from the one-electron reduced RuRu’ might be able
to accept another electron from not only the conduction band
and the shallow defect bands of P10, but also deeper defect
bands directly because of its lower reduction potential. It was
also reported that the photocatalysis of RuRu’ immobilized on
insulating Al,O; was drastically improved by the addition of
photosensitizers Ru(PS) (Chart 1) close to the RuRu'molecule,
with the reasoning that they can supply an electron to not only
RuRu’ but also the intermediate.”® We therefore hypothesize
that adequate electron supply to the relatively unstable reaction
intermediate should accelerate the photocatalytic process and
thus prolong the activity of RuRu'.

Based on the data presented above, the reaction mechanism
associated with photocatalytic CO, reduction to formate using
RuRu'/Ag/P10 can be summarized in three stages.

2.4.1 Quenching of photoexcited P10 by TEOA and charge
separation. The Stern-Volmer plots of P10 and Ru(PS) (the latter
of which is a model complex of the photosensitizer unit of
RuRu’) were obtained by using the emission lifetimes in argon-
bubbled DMA/TEOA solution with different TEOA concentra-
tions (Fig. S177). The emission of P10 is quenched effectively by
TEOA, with a Stern-Volmer constant of 4.13 which corresponds
toa 5.1 x 10° M s™ ' rate constant for quenching (k,). Further-
more, the analysis showed that 86% emission quenching is
observed when the TEOA concentration is at 1.5 M (the

18156 | Chem. Sci, 2024, 15, 18146-18160

View Article Online

Edge Article

concentration used in the photocatalytic CO, reduction exper-
iments). On the other hand, emission from the excited Ru(PS)
was not quenched by TEOA. Therefore, the reductive quenching
of P10 by TEOA initiates the photochemically induced electron
cascade necessary for the photocatalytic activity to be observed
in this hybrid system. In addition, the control experiment
without Ag/P10 (entry 10, Table 1) showed no formate produc-
tion which helps to substantiate the proposed quenching
mechanism.

Silver particles accelerate charge separation in P10 and
suppress hydrogen production involving residual Pd in P10. As
reported in previous studies about silver loaded carbon nitride-
based photocatalysts, Ag species can effectively accumulate
photoexcited electrons on the surface of carbon nitride***>
whilst having a finite impact on lowering the reduction power.>
Since the average weighted fluorescence lifetime differences
between P10 and P10 loaded with silver are minimal (Fig. S187),
the enhanced hydrogen production by Ag/P10 compared to P10
without either Ru complex present when studied under the
photocatalytic conditions (entries 5 and 6 in Table 2) could
potentially indicate enhanced charge separation owed to the Ag
nanoparticles acting as electron attracting sites on the surface
of P10 as well, which increase the propensity for electron
transfer processes occurring at the interface of the particle and
the metal complexes.

2.4.2 Electron transfer from Ag/P10 to RuRu'. During light
irradiation, Ag/P10 can accumulate electrons not only in the
conduction band but also in various defect sites. The electrons
with higher reduction power, i.e., localizing in the conduction
band and probably in the shallow defect bands, can transfer to
the catalyst unit directly and/or through the photosensitizer
unit even without its excitation owing to the relatively high EA of
P10 (EA = —2.2 V, vs. Fc”®) when compared with the first
reduction potential of the catalyst unit of RuRu’ (photosensi-
tizer unit: Ey/, = —1.84 V, vs. Fc''°, catalyst unit: £, = —1.72'V, vs.
Fc'’%). On the other hand, electrons with lower reduction power
(which localize in the deep defect sites) are energetically
restricted from the direct injection electron pathway (Scheme
2). To reiterate, Ru(cat)/Ag/P10 effectively produced formate.
However, its activity was lowered by about half with lower
product selectivity compared to RuRu’/Ag/P10. This indicates
that the combination of the two electron injection pathways
from P10 to the catalyst unit of RuRu’ enables the extraordinary
photocatalytic activity of RuRu'/Ag/P10, i.e., the electron trans-
fer proceeding from P10 to the catalyst unit without excitation
of the photosensitizer unit (in this case requiring one photon,
Scheme 2a) and the Z-scheme-type electron transfer proceeding
via the photoexcited photosensitizer unit of RuRu’ (in this case
requiring two photons, Scheme 2b). Furthermore, the strong
interaction between the sulfone unit of P10 and the methyl
phosphonic acid anchoring groups of RuRu’ (Fig. 5) could
facilitate the interfacial electron transfer in both pathways.

2.4.3 Catalytic reduction of CO, on the Ru catalyst unit.
The complete conversion of CO, not only dissolved in the
reaction solution but also in the gas phase even at low
concentrations of CO, strongly suggest the permissibility of an
insertion and capture mechanism. Although CO,-capturing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions using Ru(u)-complexes have not been reported yet, the
full conversion of CO, to formate and the observed photo-
catalytic activity under low concentrations of CO, strongly
suggest that a similar CO, capturing reaction proceeds in the
system using RuRu'/Ag/P10. In principle, this should also be
rendered highly plausible given the large amount of TEOA
present in the photocatalytic solution (not only to act as the
reductant but also to act as a non-innocent ligand with an
affinity for the catalytic center of the metal complex, thus
enabling the efficient CO, capturing capability). It is chal-
lenging to elaborate any further on the mechanistic processes
given the current data, nevertheless the ability to capture CO,,
as well as the catalytic mechanism of CO, reduction mediated
by the Ru complex, is currently being studied in detail.

3 Experimental section
3.1 Materials

Metal complexes used in this work, ie., RuRu/, Ru(PS) and
Ru(cat), were synthesized according to previously reported
methods.>**”** N,N'-Dimethylacetamide (DMA), triethanol-
amine (TEOA) and acetonitrile (MeCN) were distilled and stored
under argon prior to use. H,O was distilled and deionized.
BC0o, (99% C) was purchased from Cambridge Isotope
Laboratories, Inc. The conjugated polymers were synthesized
using previously reported procedures (see ESIT for the exact
details and quantities used for each polymerization reaction).>
All other reagents were commercially available and used
without further purification.

3.2 Ag loading onto the conjugated polymers

Ag nanoparticles were loaded at 1 wt% on the conjugated
polymers by an impregnation method with silver nitrate
(AgNO;, >99.8%, Wako Pure Chemicals Co.) as a precursor.
100 mg of polymer was dispersed in 10 mL of H,O by sonication,
followed by dropwise addition of an aqueous AgNO; solution.
Water was removed under reduced pressure and the resulting
solid sample was heated in a tube furnace under a H, stream (20
mL min~") at 473 K for 1 hour. ICP-MS analysis of silver-loaded
P10 (Ag/P10) showed 0.007 wt% Pd (residual from the poly-
merization of P10) and 0.020 wt% Ag were present in the
sample.

3.3 Preparation of the hybrid photocatalysts

Supramolecular photocatalyst RuRu’ was adsorbed onto the Ag-
loaded conjugated polymers by dispersing the powder in
a MeCN solution of RuRw’, and the suspension was stirred in
the dark at room temperature overnight. The obtained powder
was collected by filtration, washed with MeCN, and dried under
vacuum.

3.4 Characterization

Fourier transform infrared spectra of hybrid photocatalysts were
obtained using FT/IR-6600 (JASCO) spectrometer with a diffuse
reflectance configuration. Diffuse reflectance spectra were ob-
tained using a V-770 (JASCO) spectrometer equipped with an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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integrating sphere using a Spectralon reference standard (6916-
H422A, JASCO) as a reference. Transmission electron microscopy
images were obtained using JEM-2010F, JEOL. X-ray photoelec-
tron spectroscopy (XPS) was performed using ESCA-3400, Shi-
madzu. The XPS data was corrected using the C 1s peak (286 eV)
of impurity hydrocarbons as an internal reference. The ICP-OES
measurements (5100 VDV ICP-OES, Agilent Technologies) were
performed for quantification of the amount of Ru (ions) on
RuRu'/Ag/P10 by using 10 mL of a nitric acid solution in which
RuRu’ on 10 mg of RuRu//Ag/P10 was dissolved. The BET surface
area of P10 was measured using a BELSORP Max-II (Micro-
tracBEL) at liquid N, temperature (77 K). Prior to the gas sorption
measurements, the samples were heated at 150 °C in vacuum for
720 minutes. In Fig. S16 and S17,} photoluminescence spectra
were obtained using a HORIBA Fluorolog-3-21 spectrofluorom-
eter, and emission decays were measured using a HORIBA Flu-
oroCube time-correlated single-photon counting (TCSPC) system.
In Fig. S18,T photoluminescence properties of P10 and Ag/P10
were investigated by TCSPC measurements using a HORIBA-
IBH (Glasgow, UK) Delta Flex system with Seya-Namioka Excita-
tion and emission monochromators incorporating holographic
gratings to minimize the detection of scattered light.

3.5 Photocatalytic CO, reduction

Typically, 4 mg of hybrid photocatalyst was dispersed by soni-
cation in 4 mL of DMA/TEOA solution (4:1 volume ratio) in
a 9.75 mL test tube. Prior to irradiation, the suspension was
purged with CO, for 20 minutes and sealed by a septum stopper
wrapped in Teflon and vinyl tapes. LED light irradiation at
460 nm (5 mW output) with continuous stirring was carried out
using a merry-go-round-type photo-irradiation apparatus, Iris-
MG (CELL System Co.), equipped with LED light sources. An
LED light at 410 nm (5 mW) was additionally used for hybrid
photocatalysts incorporating P1 and carbon nitride. An illus-
tration of the apparatus and the relationship between the LED
output value and the real light intensity of one LED source is
shown in Fig. S19.t

Gaseous products of photocatalysis, CO and H,, were
analyzed using a gas chromatograph with a thermal conduc-
tivity detector (GC-TCD) (GL Science GC323), an activated
carbon column, and argon carrier gas. Formate generated in the
liquid phase was analyzed using a capillary electrophoresis
system (Agilent Technologies 7100 L).

The demonstration of photochemically concentrating
formate using RuRu'/Ag/P10 (30 mg, 4 umol per g RuRu
loading) was performed by dispersing the hybrid photocatalyst
in a DMA/TEOA mixed solution (10 mL, 4:1, v/v) with CO,
bubbling and conducting visible light irradiation (4 > 420 nm,
a 300 W Xe light source (Cermax, LX175/300 series) with CM1
mirror, L42 cut filter, and water circulation for cutting infrared
light), with additional CO, bubbling for 30 minutes after 71,
122, 208, 263, and 328 hours of irradiation.

3.6 Isotope labelling experiments

The carbon source of the produced formate was clarified by
using CO, (99% of '*C content) as the reactant for
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photocatalytic CO, reduction. **CO, gas was introduced into
a DMA/TEOA solution (4 : 1 v/v, 4 mL) containing 4 mg of RuRu'/
Ag/P10 after freeze-pump-thaw degassing of the dispersion.
The pressure of *CO, was approximately 660 mm Hg. The
solution was irradiated for 24 hours as described for photo-
catalytic CO, reduction above and the 'H NMR spectra of the
reaction solution after photocatalysis was obtained using
a JNM-ECA 400 spectrometer (JEOL) using the No-D technique.
The solids were removed by filtration before the measurements
were performed. '"H NMR spectroscopy of the filtrate solution
after 24 hours irradiation (Fig. S121) demonstrated a doublet
peak at 6 = 8.37 ppm with J = 188 Hz, which is attributed to
H’COOH and H"*COO™ in rapid equilibrium (red trace). Only
a singlet peak was observed at 8.37 ppm (black trace) in the
photocatalytic reaction under an ordinal CO, atmosphere.

3.7 Apparent quantum yield measurements

The apparent quantum yield (AQY) for formate production was
determined by 1 hour of light irradiation using a 300 W Xe light
source (MAX-303, Asahi Spectra) with band-pass filters of 400,
440, 460, 500, 540 and 600 nm being used to obtain the action
spectrum of RuRu'/Ag/P10. The total number of incident
photons was measured to be 1.2 x 10~* Einstein using a spec-
troradiometer (Eko Instruments, LS-100). The AQY value was
estimated using eqn (1) (i.e., where the coefficient A = 1 is used
to provide a conventional representation of apparent quantum
yield,* given the mechanistic complexities associated with the
performance of the photocatalysts in this study).

We note that many previous literature examples involving
heterogeneous photocatalysts for CO, reduction use double the
value of eqn (1) (i.e., A = 2) to account for the two electrons
required for the reduction of CO, to formate.** However, most of
these systems use sacrificial electron donors such as tertiary
amines, ascorbate, and alcohols, in which their one-electron
oxidized species can potentially provide a strong reductant via
chemical processes such as deprotonation, consequently
providing another electron to the catalytic cycle not generated
from another photon.? In addition, two photons are required for
one-electron transfer from TEOA to the catalyst unit of RuRu’ in
the Z-scheme type mechanism (Scheme 2).* Owing to these
complexities, we chose to report the quantum yield with
a coefficient of A = 1, ie., eqn (1), and we recalculate the re-
ported AQY values according to eqn (1) as listed in Table S37
(denoted as A = 1).

3.8 Estimation of the saturated concentration of CO, in
DMA/TEOA (4: 1, v/v) solution

The saturated concentration of CO, in DMA/TEOA solution (4 :
1, v/v) was estimated by a counter titration method as follows.*’
CO,-bubbled DMA/TEOA solution (1 mL) was added into 25 mM
Ba(OH), aqueous solution, during which some of the Ba ions
formed BaCO; as a white solid. To this solution, 0.1 M HCI
(for volumetric analysis, FUJIFILM Wako Pure Chemical Corp.)
was added drop by drop with monitoring pH to make the
counter titration chart. As a reference, the same experiment was
also performed by using Ar-bubbled DMA/TEOA solution (1
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mL). The obtained counter titration plots are displayed in
Fig. S20.1 The saturated CO, concentration was calculated to be
0.12 M by the difference in titration points between CO,-
bubbled and Ar-bubbled DMA/TEOA.

3.9 Estimation of the amount of initially introduced CO, in
the reaction vessel

The reaction vessel was saturated with CO, composed of 4 mL
DMA/TEOA solution (4:1, v/v) and 5.75 mL of gaseous head-
space. The saturated amount of CO, in the liquid phase was
calculated to be 480 umol using the saturated CO, concentra-
tion (0.12 M) in DMA/TEOA solution (4:1, v/v), while the
amount of CO, in the gas phase was calculated to be 257 pumol
using the state equation of an ideal gas at 1 atom. Therefore, the
total amount of CO, prior to irradiation in the reaction vessel
was estimated to be 737 umol.

3.10 DFT calculations

The ionization potential (IP) and electron affinity (EA) of the
polymers in DMA were predicted by ADFT calculations
following a previously developed approach.***” In this approach
the polymer is described as a single polymer strand embedded
in a continuum dielectric with the dielectric permittivity of the
(major component of the) reaction mixture, here DMA (¢, 37.8).
All DFT calculations used the B3LYP density functional®** in
combination with the DZP* basis-set and were performed using
Turbomole 7.5.** Solvation effects in the DFT calculations were
described using the COSMO® implicit continuum solvation
model and the DMA ¢, value mentioned above. See ESI{ for
more detail.

4 Conclusions

We have developed a series of hybrid photocatalysts consisting
of different conjugated polymer semiconductors loaded with
silver nanoparticles and a ruthenium-based supramolecular
complex for visible-light-driven CO, reduction to formate with
high activity. One member of this series, RuRu’/Ag/P10, dis-
played unprecedented photocatalytic activity for CO, reduction
to formate. RuRu'/Ag/P10 could convert CO, to formate with
a reaction rate, efficiency, and photocatalytic stability substan-
tially greater than any other hybrid photocatalyst system re-
ported thus far (TOF of 6.5 s~ ', TONgormace Of 349 000, and an
apparent quantum yield of 11.2% at 440 nm). The sulfone units
in P10 appear to strongly interact with the methyl phosphonic
acid anchors of RuRu/, and this interaction can stabilize the
hybrid photocatalyst and improve its turnover. Taking advan-
tage of the very high photocatalytic activity of RuRu’/Ag/P10, all
the CO, present in both the reaction solution and the gaseous
phase could be quantitatively converted to formate in the sealed
reaction vessel, and furthermore the production of highly
concentrated formate solutions up to 0.40 M was made possible
by the remarkable durability of the hybrid photocatalyst. This
work demonstrates that hybrid photocatalysts based on conju-
gated polymers and metal-complex photocatalysts enable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a powerful strategy for developing and applying photocatalytic
CO, reduction in the future.
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