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This project developed novel photocatalytic systems composed of microorganisms and semiconductors to

produce multicarbon products from CO2 and water. This would advance the field, where most
photocatalytic CO2 reduction systems required hole scavengers and obtained mono-carbon compounds
only.

This project proposes a strategy for artificial photosynthesis to construct
bio-abiotic hybrid systems composed of nonphotosynthetic, CO02-fixing bacteria as the catalyst for
C02 reduction and semiconductors as light absorbers because CO02-fixing bacteria are favored to
facilitate the multistep process of CO2 fixation selectively and efficiently. Such systems can
harness both the efficient light-harvesting capabilities of semiconductors and the strong catalytic
power of living biocatalysts. The proof-of-concept bio-abiotic hybrid systems that interface
non-photosynthetic bacteria, such as Sporomusa ovata and Clostridium ljungdahlii, with the
photocatalyst sheet consisting of La- and Rh-codoped SrTi03 and BiV04 semiconductor powders fixed

into a three-dimensional inverse opal-indium tin oxide layer successfully produced acetate and
ethanol from CO02 and water.

Photocatalysis



The primary objective of artificial photosynthesisisto effectively utilize intermittent solar energy for
the conversion of water (H20) and carbon dioxide (COy) into chemically storable fuels and chemicals,
thereby closing the carbon cycle and reducing our dependence on fossil fuels.*? However, the main
challenge liesin achieving efficient conversion of CO; into highly stable, multi-carbon (Cy::) liquid fuels
with a high energy density, using only sunlight, CO, and H2O, without the need for sacrificial electron
donors or external electricity input.

Although particulate photocatalysts and bias-free photoel ectrochemical cells have demonstrated the
conversion of CO; into fuelsusing only light, H.O and CO-, they have predominantly yielded mono-carbon
compounds such as carbon monoxide, methane, and formate.®® However, for long-term stability and direct
use as feedstocks for the synthesis of high-energy hydrocarbon fuels and oxygenates, multi-carbon liquid
products like ethanol and acetic acid are crucial. While previous reports have shown the feasibility of
electrochemical CO,-to-Cyp+ conversion using inorganic materials with electricity input,”° the
establishment of solar-driven processes for such conversions has been rare. Moreover,
(photo)electrochemical systems have limitations in terms of selectivity, scalability, complexity, and
versatility.

An emerging aternative to (photo)electrochemical configurations is the utilization of colloidal
systems with particulate semiconductor photocatalysts, offering asimpler design and potentially lower cost.
However, semiconductors often exhibit poor selectivity and efficiency in CO, reduction reactions due to
the lack of active sites. Conversely, nonphotosynthetic, CO,-fixing bacteria possess metabolic pathways
that can selectively convert CO; into Cy.+ products while maintaining relative stability under environmental
perturbations.™*2 Therefore, a promising solution lies in combining the light-harvesting capabilities of
semiconductors with the catalytic power of biological systems. However, among the few reported hybrid
systems, the limited oxidising power of the photosensitiser unit necessitates the use of sacrificial reductants,
such as cysteine, to ensure sufficient oxidation of water.131

The ultimate objective of thisresearch isthe scalable photocatal ytic conversion of CO; into Cy+ fuels
with high selectivity and solar conversion efficiency. The proposed strategy aims to overcome the hurdles
of (photo)electrochemical systemslimited by the scalability issuesand current bio-abiotic systemsrequiring
sacrificial reagents in photocatalytic CO.RR constructs, and thus provide the possibility for scalable,
efficient and selective Cy2+ product formation using only sunlight, CO, and H-O.

This project constructed nature-
inspired colloidal Z-scheme systems J—
composed of a bio-abiotic hybrid ’
photocatalyst for COzRR
(photocatalyst 1) and an oxygen
evolution photocatal yst (photocatal yst
I), as shown in Figure 1a. The Z-
scheme pathway based on two-step
photoexcitation is  exceptionally
useful because the bandgap of the
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The immobilisation of
semiconductor nanoparticles  with
narrow bandgaps onto a conductive layer, such as gold and carbon, is achieved in the monoalithic
photocatalyst sheets (Figure 1b).>Y" These photocatalyst sheets have demonstrated the ability to achieve
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Figure 1. Schematic diagrams of (&) artificia photosynthetic
solar-to-fuel s conversion based on a hybrid Z-scheme system, and
(b) photocatalyst sheet for Z-scheme CO2RR coupled with water
oxidation.



scalable and efficient light-driven water splitting without external assistance, thanks to the presence of solid
conductive mediators that facilitate interparticle electron transfer. Additionally, the unique structure of the
photocatalyst sheet allows for the proximity of reduction and oxidation reactions, resulting in the significant
suppression of local pH changes during the redox reactions. This design of the photocatalyst sheet is
expected to overcome common challenges observed in (photo)electrochemical and colloidal photocatal ytic
systems, and it is particularly suitable for the assembly of hybrid bio-abiotic systems. Furthermore, the high
solar-to-fuel conversion efficiency of the photocatalyst sheet at neutral pH makes it well-suited for such
applications.
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Figure 2. Preparation of the bio-abiotic hybrid.

The bio-abiotic hybrid system was performed by interfacing the non-photosynthetic bacterium
Sporomusa ovata (S. ovata) with a photocatalyst sheet consisting of La- and Rh-codoped SrTiOz; and
BiVO4:Mo semiconductor powders fixed into a three-dimensional inverse opal-indium tin oxide (I0-1TO)
layer (SrTiOs:.La,Rh|IO-ITOBIVO4:Mo) (Figure 2). S. ovata was selected as a model microbe because it
can efficiently catalyse the CO2RR to acetate by using Hz or electrons directly from an electrode in
microbial electrosynthesis.’®2° SrTiOs:La,Rh and BiVO4:Mo were chosen as the semiconductor | and I,
respectively, because they are responsive to visible light, easy to prepare, and exhibited the highest activity
for photocatal ytic water splitting in the photocatalyst sheet configuration.

Incorporation of bacteria into the photocatalyst sheet was realised in an organic-free medium under
simulated sunlight irradiation. The sheet acted as the sole electron donor for the bacteria metabolism.
Through this way, the bacteria was loaded onto the sheet spontaneously by feeding them with electrons
excited in SrTiOs:La,Rh and CO, was reduced simultaneously, while the holesin BiV O4:M o oxidised water
to generate oxygen to compete the full reaction.

In this study, a photocatalyst sheet composed of SrTiOs:La,Rh[IO-1ITO|BiVO4Mo was prepared using
a simple drop-casting method. The preparation process involved suspending a mixture of SrTiOsz:La,Rh,
BiVOs:Mo powders in isopropanol using ultrasonication for a duration of 30 minutes. Subseguently, the
suspension was drop-cast onto the IO-ITO layer. The SrTiOz:La,Rh and BiVO4:Mo particle layers on the
sheet were modified with Cr.Os/Ru and RuO, nanoparticles, respectively, through photodeposition. This
modification led to the formation of two distinct photocatalysts: the H evolution photocatalyst (Cr.Os/Ru-
SrTiOsz:La,Rh) and the O, evolution photocatal yst (RuO2-BiV O4:M0).
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Figure3. Time courses of (&) the water splitting reaction using a Cr-0s/Ru-SrTiOz:La,Rh||O-I TO|RUO,-
BiVO4:Mo sheet and (b) the CO; reduction coupled with water oxidation using a S. ovatalsheet under
simulated sunlight (AM 1.5G).

When immersed in a modified S. ovata agueous medium with a pH of 7.0 and purged with a gas
mixture of 80% N> and 20% CO, the obtained photocatalyst sheet demonstrated water splitting with the
stoichiometric evolution of H, and O, as shown in Figure 3a. The prepared sheet was then immersed in
the same medium containing S. ovata cells. The purpose of this step was to investigate the CO,RR in the



presence of the biohybrid system. Under the same experimental conditions, the biohybrid system
simultaneously generated CH:COO™ and O, inal:2 ratio, as expected (Figure 3b). Proton nuclear magnetic
resonance spectroscopy and gas chromatography analyses confirmed that CH;COO~ was the only
detectable product of the CO;RR, and a small amount of H, was also observed. The selectivity for
CH3COO™ formation in the reduction reactions was found to be approximately 90%. Furthermore, scanning
electron microscopy images demonstrated the presence of S. ovata cells on the photocatal yst sheet after the
reaction.
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Figure 4. Pathway diagram depicting the acetate and O, production from CO, and water using the bio-
abiotic hybrid.

When the photocatal yst sheet was exposed to simulated sunlight, photoexcitation occurred, generating
electrons and holes in both SrTiOs:.La,Rh and BiVO4s:Mo (Figure 4). The electrons transferred from the
conduction band of BiVOsMo to the donor levels of SrTiOsLaRh through the 10-ITO layer.
Simultaneously, the electrons in SrTiOs:La,Rh, aided by Cr,Os/Ru, catalyse the conversion of H* into Ha.
On the other hand, the holes in BiVO4:Mo, supported by RuO,, participate in the oxidation of water,
resulting in the production of O,. These reactions collectively achieved the overall water splitting process.
The generated H> was utilised by S. ovata for the CO, reduction process, where it was involved in the
production of CH3COO- through the acetyl-CoA Wood-Ljungdahl pathway. Additionally, S. ovata
harnessed photogenerated electrons from illuminated SrTiOs:LaRh nanoparticles to carry out
photosynthesis.

In our study, we extended the application of the same system to another bacterium, Clostridium
ljungdahlii (C. ljungdahlii), with the aim of achieving ethanol production through CO; reduction using
water as the electron donor. We observed ethanol
production using the C. ljungdahliijsheet system under 3
visiblelight irradiation, yet the main products were H, and
acetate with a selectivity for ethanol production of only
approximately 2% (Figure 5). Moreover, the observed
reduction and oxidation products did not follow the
expected stoichiometric ratio. These findings indicate the
need for more careful control of the O, concentration in
the reaction system and the implementation of protective
measures for C. ljungdahlii in future investigations.
Addressing these aspects will be crucial for further
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optimising the system and enhancing the selectivity and
efficiency of ethanol production.
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