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Abstract 17 

The clean conversion of carbon dioxide and water to a single multicarbon product and O2 using 18 

sunlight via photocatalysis without the assistance of organic additives or electricity remains an 19 

unresolved challenge. Here we report a bio-abiotic hybrid system with the nonphotosynthetic, CO2-20 

fixing acetogenic bacterium, Sporomusa ovata (S. ovata) grown on a scalable and cost-effective 21 

photocatalyst sheet consisting of a pair of particulate semiconductors (La and Rh co-doped SrTiO3 22 

(SrTiO3:La,Rh) and Mo-doped BiVO4 (BiVO4:Mo)). The biohybrid effectively produces acetate 23 

(CH3COO–) and oxygen (O2) using only sunlight, CO2 and H2O, achieving a solar-to-acetate 24 

conversion efficiency of 0.7%. The photocatalyst sheet oxidises water to O2 and provides electrons 25 

and hydrogen (H2) to S. ovata for the selective synthesis of CH3COO– from CO2. To demonstrate the 26 

utility in a closed carbon cycle, the solar-generated acetate was used directly as feedstock in a 27 

bioelectrochemical system for electricity generation. These semi-biological systems thus offer a 28 

promising strategy for sustainably and cleanly fixing CO2 and closing the carbon cycle. 29 

  30 
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Artificial photosynthesis aims to convert H2O and CO2 with intermittent solar energy into storable 31 

fuels. The sunlight-driven CO2 reduction reaction (CO2RR) to form multicarbon products (C2/2+) 32 

using inorganic catalysts is challenging because they typically provide poor selectivity toward C2/2+ 33 

products and necessitate additional electricity input to offset the large overpotential requirements.1-6 34 

In contrast, nonphotosynthetic, CO2-fixing bacteria have metabolic pathways that can produce C2/2+ 35 

from CO2 with high selectivity and display relatively high stability toward environmental 36 

perturbations.7-11 Thus, hybrid bio-abiotic systems consisting of synthetic light absorbers assembled 37 

with CO2-fixing bacteria provide the opportunity for solar-powered CO2-to-C2/2+ conversion, which 38 

harnesses the efficient light-harvesting capabilities of semiconductors and the strong catalytic power 39 

of living biocatalysts.9,12 40 

Among several prototypes of such hybrid bio-abiotic systems for photosynthetic CO2 fixation, 41 

photovoltaic-driven electrolysis or photoelectrochemical (PEC) cells are under development.13-17 42 

These approaches either rely on large quantities of an intermediate fuel such as H2 or syngas being 43 

generated to feed the bacteria in a separate compartment or suffer from local pH gradients and IR 44 

drops (a potential drop due to solution resistance) occurring during the redox reactions in a close to 45 

neutral pH solution when directly integrated into (photo)electrodes.18,19 Additionally, the preparation 46 

of solar cells and (photo)electrodes is typically complex, often requiring vacuum processes.14,15,20-22 47 

A more straightforward route to establish bio-abiotic hybrids is to apply a colloidal system that 48 

uses particulate photocatalysts attributable to their simpler design and potentially lower cost.22-24 49 

However, colloidal biohybrid systems require commonly the addition of sacrificial reagents,25-27 as 50 

the photosensitiser is usually unable to catalyse water oxidation. Cysteine has been widely used as a 51 

sacrificial electron donor to quench the photogenerated holes, exemplified by the CO2-to-acetate 52 

reducing photobiohybrid of Moorella thermoacetica|CdS (M. thermoacetica|CdS).26 However, a 53 

recent study showed acetate production in this biohybrid system even in the absence of light and 54 
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demonstrated a cysteine-dependent metabolic pathway for acetate production.28 Cysteine is also a 55 

known electron mediator for microbial respiration,29,30 and functioned as an electron donor in iron 56 

reduction by Shewanella species.30 Thus, sacrificial reagents and organic additives should be avoided 57 

in the development of photobiohybrid systems to achieve sustainable and clean CO2 conversion. 58 

Constructing Z-scheme systems using two complementary light harvesters for photoreduction 59 

and photooxidation, respectively, provides a platform to drive CO2RR and water oxidation 60 

simultaneously without sacrificial reagents or organic mediators.31 However, Z-scheme systems using 61 

bio-abiotic hybrids remain scarce because of the difficulty to establish efficient interparticle electron 62 

transfer between the light absorbers. An attempt has been made to combine M. thermoacetica|CdS 63 

with a TiO2 nanoparticle loaded with a manganese(II) phthalocyanine, using a cysteine/cystine redox 64 

couple as the electron relay.17 This tandem system has been reported to produce acetate and O2 65 

simultaneously, but the efficiency and stability are limited due to side reactions caused by the redox 66 

couple. 67 

Monolithic photocatalyst sheets contain an immobilised pair of semiconductor nanoparticles 68 

with narrow bandgaps (e.g. SrTiO3:La,Rh and BiVO4:Mo) on a conductive inorganic layer (e.g. gold 69 

and carbon).19,32 These photocatalyst sheets can achieve unassisted, scalable, and efficient light-70 

driven water splitting and CO2-to-formate conversion as the interparticle electron transfer is 71 

facilitated by solid conductive mediators. Furthermore, the reduction and oxidation reactions occur 72 

in close vicinity in the photocatalyst sheets, which can largely suppress the local pH changes during 73 

the redox reactions.32 The photocatalyst sheets display pH-independent (pH 2.5-7.5) activity and 74 

therefore achieve overall water splitting without adjusting the pH or adding buffer.33 The 75 

photocatalyst sheet design is thus expected to overcome the hurdles commonly observed in 76 

(photo)electrochemical and conventional photocatalytic colloidal systems and is a particularly 77 
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promising platform for the assembly of hybrid bio-abiotic systems due to the high solar-to-fuel 78 

conversion efficiency operating at a biocompatible neutral pH. 79 

Here we report that a photocatalyst sheet (Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo), 80 

which is prepared by a relatively inexpensive and readily accessible drop-casting method, combined 81 

with CO2-fixing acetogenic bacteria (S. ovata) results in selective CH3COO– production coupled to 82 

O2 evolution using only sunlight, CO2, and H2O, with a solar-to-acetate conversion efficiency (STA) 83 

of 0.70 ± 0.04%. The electrons and protons for the CO2RR must be sourced from H2O without the 84 

consumption of sacrificial reagents in order to develop a sustainable process. However, reports of 85 

photocatalytic CO2RR conjugated to water oxidation remain scarce.34 This system does not require 86 

the addition of organics as a sacrificial reagent or redox couples, thereby demonstrating clean CO2-87 

to-multicarbon conversion using hybrid biocatalysis at benchmark efficiency. 88 

 89 

Results 90 

Assembly of the biohybrid system 91 

S. ovata was selected as a microbe because it can efficiently catalyse the CO2RR to CH3COO– 92 

by using H2 or electrons directly from an electrode in microbial electrosynthesis.14,35 SrTiO3:La,Rh 93 

and BiVO4:Mo nanoparticles were chosen as light harvesters in the Z-scheme photocatalysts (Figure 94 

1a and Supplementary Fig.1), because they can absorb visible light, with an absorption edge of 520 95 

nm (Supplementary Fig.2).19,36 Indium tin oxide (ITO) nanoparticles (Supplementary Fig.1) act as 96 

charge mediators to connect SrTiO3:La,Rh and BiVO4:Mo particles and display high transparency to 97 

visible light without catalysing side-reactions (i.e. O2 reduction reaction).37,38 98 

 99 

 100 
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 101 

Figure 1 | S. ovata|sheet hybrid system. a, Mechanistic pathway diagram depicting the 102 

photosynthetic CO2-to-acetate conversion coupled with water oxidation over S. ovata|Cr2O3/Ru-103 

SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo. CB and VB indicate conduction band and valence band, 104 

respectively. Mox and Mred represent intracellular oxidized and reduced redox mediators, respectively. 105 

hv indicates light irradiation. The conduction and valence band potentials for SrTiO3:La,Rh are 106 

located at ‒0.9 and +2.3 V vs. NHE at pH 7, respectively.36 The visible light absorption ability of 107 

SrTiO3:La,Rh is assigned to photoexcitation from the donor levels formed by Rh3+ ions (+1.7 vs. 108 

NHE at pH 7) to its conduction band. BiVO4:Mo has a conduction band and valence band potential 109 

of ‒0.3 and +2.1 V vs. NHE at pH 7, respectively.45 The reduction potential of H+/H2 and O2/H2O is 110 

–0.41 and +0.82 V (vs. NHE at pH 7), respectively. The reduction potential of CO2/CH3COO‒ (‒0.3 111 

vs. NHE at pH 7) was determined by the reaction Gibbs energy of the CO2-to-CH3COO– conversion 112 

coupled with water oxidation (873 kJ mol−1 at 1 atm and 298 K).14 b-c, Photographs of 1.5 cm × 1.5 113 

cm Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo photocatalyst sheets before (b) and after (c) 15 h 114 

photosynthetic reaction.  115 

 116 

The SrTiO3:La,Rh|ITO|BiVO4:Mo sheet (Figure 1b and Supplementary Fig. 3 and 4) was 117 

prepared by readily accessible and scalable drop-casting (see Methods). The Cr2O3/Ru and RuO2 were 118 

subsequently loaded on the SrTiO3:La,Rh and BiVO4:Mo by photodeposition, respectively, to 119 
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construct the H2 evolution photocatalyst (Cr2O3/Ru-SrTiO3:La,Rh) and the O2 evolution photocatalyst 120 

(RuO2-BiVO4:Mo) (Figure 1a). The Ru and RuO2 nanoparticles provide active sites for H2 and O2 121 

evolution, respectively, whereas the Cr2O3 shell prevents access of O2 molecules to the Ru surface 122 

and thereby suppresses the occurrence of the competitive O2 reduction reaction.19,39 The loading 123 

amounts of Ru and Cr were estimated via inductively coupled plasma–optical emission spectrometry 124 

(ICP–OES) to be ~68 and ~20 nmol cm‒2 (geometrical surface area of sheet), respectively 125 

(Supplementary Table 1). 126 

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM–EDX) mapping 127 

images of the photocatalyst sheet (Supplementary Fig. 3 and 4) revealed the formation of a particle 128 

layer containing the SrTiO3:La,Rh, BiVO4:Mo, and ITO with a thickness of ~10 µm. The ITO 129 

nanoparticles aggregated to form large clusters, connecting the SrTiO3:La,Rh and BiVO4:Mo and 130 

providing pathways for interparticle electron transfer.37,38 The stacked particle layer with interparticle 131 

voids (several micrometres in diameter) is expected to provide easy access for bacterial 132 

colonization.40 133 

The S. ovata|sheet hybrid was assembled by immersing the Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-134 

BiVO4:Mo sheet (Supplementary Fig. 5 and 6) in an S. ovata medium (Supplementary Table 2). The 135 

sheet split water into H2 and O2 under light irradiation and acted as the sole electron and/or H2 donor 136 

for the bacteria metabolism, leading to the growth of S. ovata onto the sheet during the photosynthetic 137 

reaction. 138 

 139 

Photosynthetic activity 140 

The water-splitting ability of the Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo sheet (~2.2 cm2) 141 

in the S. ovata medium (without the bacterium) purged with N2 (pH 6.9) was confirmed under 142 

simulated solar irradiation (Air Mass 1.5 Global (AM 1.5G) filter, 100 mW cm‒2). The sheet split 143 
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water into H2 and O2 in a stoichiometric ratio with a solar-to-hydrogen conversion efficiency of 0.62 144 

± 0.04% without forming any CO2RR products (Supplementary Fig. 7 and Supplementary Table 3 145 

and 4). 146 

The CO2RR was subsequently performed by using the same reaction medium purged with 147 

80%N2/20%CO2 (pH 7.0) containing S. ovata cells (final optical density at 600 nm: 0.6). The 148 

biohybrid system produced CH3COO– (~ 9 mM) and O2 simultaneously in the expected 1:2 ratio 149 

(Figure 2a) under 1 sun illumination, demonstrating closed redox cycle catalysis and ruling out that 150 

the presence of impurities functioned as sacrificial reductant/oxidant. Proton nuclear magnetic 151 

resonance (1H NMR) spectroscopy (Supplementary Fig. 8) and gas chromatography confirmed that 152 

CH3COO– is the only detectable product of CO2RR, with a small amount of H2 also being detected 153 

(4.6 ± 0.9 µmol cm–2 in 15 h). Accordingly, the selectivity for CH3COO– formation in the reduction 154 

reactions is ~90 % (~100% in CO2RR). The photograph and SEM-EDX mapping images of the 155 

sample after the reaction (Figure 1c and 3 and Supplementary Fig. 1) revealed the presence of all 156 

components, including the S. ovata cells, on the photocatalyst sheet. Additionally, the concentrations 157 

of protein in the medium before the reaction and on the sheet (~2.2 cm2) after the reaction were 158 

estimated as 1.55 ± 0.18 and 0.59 ± 0.03 mg, respectively, further supporting that part of the S. ovata 159 

cells grow on the photocatalyst sheet surface during the photosynthetic reaction. 160 

The formation of CH3COO– was observed for λ ≤ 510 nm irradiation (Figure 2c), consistent with 161 

the absorption onsets of both SrTiO3:La,Rh and BiVO4:Mo. An STA of 0.70 ± 0.04% was obtained 162 

and the apparent quantum yield (AQY) was 21.3% at 420 ± 15 nm. The AQY decreased with 163 

increasing wavelength of incident photons up to 510 nm, which is in reasonably good agreement with 164 

the diffuse reflectance spectra observed for SrTiO3:La,Rh and BiVO4:Mo. These results support an 165 

efficient Z-scheme mechanism derived by the photoexcited electron-hole pairs in the SrTiO3:La,Rh 166 

and BiVO4:Mo. The STA is higher than that of a tandem PEC cell composed of silicon nanowires as 167 
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the photocathode and titanium dioxide nanowires as the photoanode (0.38%).14 The pH gradient and 168 

IR drop during the redox reaction on the photocatalyst sheet are also largely suppressed and the 169 

presented system does therefore not require a strong electrolyte and buffer as required in classical 170 

PEC cells.32 In comparison to PEC cells, the preparation of photocatalyst sheet-bacteria hybrid is also 171 

less complicated and does not require vacuum processes, making it a relatively cost-effective process 172 

and provides the basis to scale-up the photosynthetic activity. 173 

Isotopic labelling experiments showed that 13CO2/H13CO3
‒ was the sole carbon source for 174 

CH3COO– production (Figure 2d and Supplementary Fig. 9). 1H NMR spectroscopy (Figure 2d) 175 

exhibited a doublet attributable to the 13C-coupled proton with 1JCH = 127 Hz and 2JCH = 6 Hz, which 176 

is consistent with previous reports41 and the spectrum for an authentic sample of 13CH3
13COONa 177 

(Supplementary Fig. 10). The amount of 13CH3
13COO‒ was decreased by half compared to 178 

12CO2/H12CO3
‒ conditions (Supplementary Table 4), a phenomenon previously assigned to the 179 

propagation of isotopes through metabolic networks and their affected operation by kinetic isotope 180 

effects.42,43 181 
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 182 

Figure 2 | Photosynthetic activity of the S. ovata|sheet hybrids. a, Time course of the 183 

photosynthetic CH3COO–, O2 and H2 production over S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-184 

BiVO4:Mo hybrids. Error bars correspond to the standard deviation (n = 3 independent samples). The 185 

open circles and solid circles indicate the individual data points and mean values, respectively. The 186 

light blue area represents the standard deviation for O2 evolution. The red and purple vertical lines 187 

represent the standard deviation for CH3COO– and H2, respectively. The dashed lines are guides to 188 

the eye. b, Time course of the CH3COO–, O2 and H2 production over a system separated the 189 

photocatalyst sheet and S. ovata into two chambers. Error bars correspond to the standard deviation 190 

(n = 2 independent samples). The open circles and solid circles indicate the individual data points and 191 

mean values, respectively. The light blue area represents the standard deviation for O2 evolution. The 192 
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red and purple vertical lines represent the standard deviation for CH3COO– and H2, respectively. The 193 

dashed lines are guides to the eye. c, Dependence of AQY for CH3COO– production on incident light 194 

wavelength, along with diffuse reflectance spectra of SrTiO3:La,Rh (red dashed line), and BiVO4:Mo 195 

(red line) for comparison. The blue dots indicate the AQYs of the system at various incident light 196 

wavelengths. The full width at half maximum of incident wavelength is 15 nm. F(R), Kubelka–Munk 197 

function. d, 1H NMR spectra (D2O, 400 MHz) of the solution after 5 and 15 h of irradiation using 198 

12CO2/H12CO3
‒ (yellow and orange trace, respectively) and 13CO2/H13CO3

‒ (light green and dark green 199 

trace, respectively) as the carbon sources. The reactions were carried out in a reaction medium purged 200 

with 80%N2:20%CO2 (pH 7.0) under ambient conditions (298 K, 1 atm) and 1 sun illumination (AM 201 

1.5G, 100 mW cm‒2). 202 

 203 

No products were detected in a series of deletional control experiments in which light, 204 

SrTiO3:La,Rh, and BiVO4:Mo were systematically removed (Supplementary Table 4). The 205 

experiments without S. ovata. or using heat-killed S. ovata cells did not yield any CO2RR products 206 

(Supplementary Tables 3 and 4), thereby confirming that live bacteria are required for the CO2RR. 207 

A system employing the photocatalyst sheet in a separate compartment from S. ovata with the 208 

headspace connecting the two chambers (accumulated H2 concentration of ~6% after 15 h irradiation) 209 

produced only ~16% acetate of that obtained from the S. ovata|sheet hybrids (Figure 2b). The O2 210 

evolved accompanied the reduction reactions in a stoichiometric ratio of (CH3COO–+ H2): O2 = 2.1 211 

± 0.1. However, the selectivity of acetate in the obtained products from reduction reactions is only 212 

~7%. This result suggests that growing the bacteria directly at the H2 evolution site (Figure 3) enables 213 

the biocatalyst to operate under high local H2 concentrations, avoiding the need for the accumulation 214 

of high concentrations of bulk H2 in the headspace.44 215 
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 216 

Figure 3 | Morphology of S. ovata|sheet hybrids. a, Top-view SEM image of a S. ovata|Cr2O3/Ru-217 

SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo sheet after 15 h photosynthetic reaction over the hybrid system. 218 

b-e, Top-view SEM–EDX elemental mapping images of a S. ovata|Cr2O3/Ru-219 

SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo sheet after 15 h photosynthetic reaction over the hybrid system, 220 

showing a superimposition (b) of the distributions of Sr (c), Bi (d) and In (e). 221 

 222 

CO2-to-CH3COO– conversion pathways 223 

A bacteria-photocatalyst sheet in the absence of the proton reduction cocatalyst Cr2O3/Ru on the 224 

SrTiO3:La,Rh surface (Supplementary Table 3) was studied for the artificial photosynthesis reaction. 225 

This system also produced CH3COO– from CO2 and H2O (O2:CH3COO– = 1.9±0.1) under the same 226 

reaction conditions, but the product amounts in 15 h were approximately 80% lower than those 227 

observed from the hybrids with Cr2O3/Ru loading. The direct utilisation of electrons is consistent with 228 

a previous report, where a graphite electrode acted as the electron donor for S. ovata to convert CO2 229 
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into CH3COO–.35 Thus, S. ovata can use both H2 and electrons delivered directly to the cells with the 230 

photocatalyst sheet for CH3COO– formation from CO2 (Figure 1a).  231 

No CH3COO– was detected in a colloidal system after 15 h irradiation (1 sun), where RuO2-232 

BiVO4:Mo powders and S. ovata were suspended in the reaction medium. This observation suggests 233 

that RuO2-BiVO4:Mo could not directly provide S. ovata with electrons, possibly due to insufficient 234 

driving force from its conduction band (Figure 1a). 235 

Accordingly, we conclude that CH3COO– and O2 are produced by the following mechanism: 236 

photoexcitation produces electrons and holes in both SrTiO3:La,Rh and BiVO4:Mo when the 237 

photocatalyst sheet is exposed to simulated sunlight. The visible light absorption ability of 238 

SrTiO3:La,Rh is due to photoexcitation from the donor levels formed by Rh3+ ions to its conduction 239 

band.36 In addition, the photoexcited electrons transfer smoothly from BiVO4:Mo to SrTiO3:Rh via 240 

the ITO nanoparticles.38 Therefore, the photoexcited electrons in BiVO4:Mo transferred to 241 

SrTiO3:La,Rh and recombined with the holes on the donor levels formed by Rh3+ to achieve the Z-242 

scheme photocatalytic reaction. The SrTiO3:La,Rh is unable to achieve overall water splitting to 243 

produce both H2 and O2 (ref. 33) and the BiVO4:Mo cannot generate H2 via proton reduction because 244 

its conduction band minimum is more positive than the H+ to H2 reduction potential,45 and the H2 and 245 

O2 production reactions therefore take place on Cr2O3/Ru-SrTiO3:La,Rh and RuO2-BiVO4:Mo, 246 

respectively, accomplishing via the overall water-splitting reaction. The produced H2 is taken by S. 247 

ovata to perform CO2RR and produces CH3COO– via the acetyl-CoA Wood-Ljungdahl pathway 248 

(Figure 1a). Additionally, S. ovata can use photogenerated electrons from illuminated SrTiO3:La,Rh 249 

nanoparticles to perform photosynthesis. The overall photosynthetic pathways are: 250 

Cathodic reaction: 251 

2𝐻! + 2𝑒" → 𝐻# (on Cr2O3/Ru-SrTiO3:La,Rh)                                                        (1) 252 

4𝐻# + 2𝐶𝑂# → 𝐶𝐻$𝐶𝑂𝑂" + 2𝐻#𝑂 + 𝐻! (in S. ovata)                                                (2) 253 
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Or  254 

2𝐶𝑂# + 7𝐻! + 8𝑒" → 𝐶𝐻$𝐶𝑂𝑂" + 2𝐻#𝑂 (in S. ovata)                                                  (3) 255 

Anodic reaction: 256 

2𝐻#𝑂 → 𝑂# + 4𝑒" + 4𝐻! (on RuO2-BiVO4:Mo)                                                        (4) 257 

Overall reaction: 258 

2𝐶𝑂# + 2𝐻#𝑂 → 𝐶𝐻$𝐶𝑂𝑂" + 2𝑂# +𝐻!                                                      (5) 259 

The production of H2 with Cr2O3/Ru-SrTiO3:La,Rh powder suspended in an aqueous solution 260 

containing 18 mM CH3COO– after 15 h irradiation (pH 8.1; 1 sun) was negligible (< 2 µmol cm–2) 261 

and the amount of CH3COO– did not change substantially. Moreover, similar photocurrents for the 262 

RuO2-BiVO4:Mo|Au photoanode were observed with and without the presence of 18 mM CH3COO‒ 263 

(Supplementary Fig. 11). Therefore, CH3COO‒ was not oxidised by the holes in either SrTiO3:La,Rh 264 

or BiVO4:Mo in significant amounts, supporting that it does not serve as an electron scavenger in the 265 

hybrid system. These observations highlight the clean CO2-to-CH3COO– conversion in the current 266 

system without substantial limitations from the back reaction with accumulated acetate. 267 

 268 

System stability and viability 269 

The CH3COO– and O2 generation rates decreased slowly during the 15 h reaction (Figure 2a). 270 

The biological toxicity of each component in the photocatalyst sheet (Cr2O3/Ru-SrTiO3:La,Rh, ITO, 271 

RuO2-BiVO4:Mo) was determined by growing bacteria in presence of individual component powders 272 

(Supplementary Fig. 12) and showed that the production of acetate did not change significantly when 273 

the bacteria were grown in the presence of Cr2O3/Ru-SrTiO3:La,Rh, ITO or RuO2-BiVO4:Mo, 274 

indicating that these components are not toxic to S. ovata. As the gas evolution rates over the bacteria-275 

free Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo sheet also decreased during water splitting 276 

(Supplementary Fig. 7), the drop in activity of the hybrid was assigned to the deactivation of the 277 
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photocatalyst sheet. The sheet exhibited similar diffuse-reflectance spectra before and after the 278 

photosynthetic reaction (Supplementary Fig. 2), indicating an unchanged light absorption of the 279 

semiconductors upon the loading of microbes. No notable differences in the phases of SrTiO3:La,Rh, 280 

BiVO4:Mo, and ITO were observed in the X-ray diffraction patterns of the sheet before and after a 281 

15 h water-splitting reaction (Supplementary Fig. 13). The ICP-OES analysis suggested that the Ru 282 

amount did not notably change after the water-splitting reaction, but the amount of Cr decreased by 283 

~30% (Supplementary Table 1), demonstrating the partial dissolution of Cr2O3.37 284 

The Cr2O3 was then reloaded on the photocatalyst sheet after a 15 h irradiation. The reaction was 285 

restarted by inserting the sheet with reloaded Cr2O3 and adding the recycled bacteria into a fresh 286 

reactant medium purged with 80%N2/20%CO2 (see Methods). The photosynthetic reaction was 287 

carried out for 3 runs of 15 h (Figure 4a). The amounts of formed CH3COO– and O2 in the third run 288 

were 82% of the initial run even using the recycled bacteria by centrifuging, confirming that bacteria 289 

were active within 45 h operation and demonstrating the reusability of the bacterial catalysts. The pH 290 

of the reaction medium remained stable (pH 7.2) after each 15-hour photosynthetic reaction. No 291 

obvious changes on the morphologies of photocatalyst sheet were observed after the 45-h reaction, 292 

except for the bacteria loading (Supplementary Fig. 14 and 15). The stability for the continuous 293 

operation without reloading the Cr2O3 could be enhanced by photodepositing TiO2/CoOOH on the 294 

photocatalyst surface to suppress the dissolution of Cr2O3 in the cocatalyst.46 295 

A high O2 concentration (> 10%) in the reactor was found to be harmful to S. ovata, resulting in 296 

instoichiometric acetate and O2 production by the S. ovata|sheet hybrid. Control experiments show 297 

that the CH3COO– production activity and therefore S. ovata growth was not affected by the presence 298 

of 4% headspace O2 (Supplementary Fig. 16). The reactor cell was therefore designed and optimized 299 

to ensure that the O2 concentration did not exceed 4%. The O2 concentration accumulated in the 300 

reactor headspace of the S. ovata|sheet hybrid system after 15 h is 3-4%, which is sufficiently low for 301 
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the bacterium to operate. Activity of strict anaerobes in the presence of O2 is not unprecedented,47 302 

because the presence of enzymes such as superoxide reductase,48 superoxide dismutase,49 303 

rubredoxins50 and NADH51 oxidase enable protection from O2 damage. For example, Geobacter 304 

sulfurreducens (G. sulfurreducens), which was previously classified as a strict anaerobe, can survive 305 

at low O2 concentration due to the expression of these oxidative stress enzymes (superoxide 306 

dismutase, superoxide reductase, rubredoxins, A-type flavodoxins).52 Desulfovibrio species can also 307 

grow when exposed to O2 by expressing oxidative stress enzymes,53 and anaerobic homoacetogenic 308 

bacteria isolated from terminate guts can reduce O2 to provide favourable conditions for their 309 

growth.54 The genome of S. ovata also shows the presence of superoxide dismutase, rubredoxins and 310 

flavodoxins, which suggests the ability of surviving at least under low O2 concentrations.55 The pH 311 

of the reaction medium did not change considerably after 15 h photosynthetic reaction (pH 7.2). 312 

As CO2 with concentrations of 5-20% is available from coal-fired power plants and many 313 

industrial processes,56 CO2 concentration in the purged gas was adjusted from 5 to 20% to investigate 314 

its effect on the photosynthetic activity of the S. ovata|sheet hybrid system (Figure 4b). The product 315 

generation rates and the selectivity of CH3COO– did not dramatically change over this CO2 316 

concentration range, suggesting that the hybrid system can effectively produce CH3COO– from CO2 317 

with relatively low concentrations. 318 

 319 
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 320 

Figure 4 | Viability of the S. ovata|sheet hybrids. a, Products accumulation for 3 runs of 15 hours, 321 

with the reloading of Cr2O3 on the S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo hybrid and 322 

replenishing the reactant medium with a fresh solution and 80%N2/20%CO2 purging every 15 hours. 323 

The sample areas were ~2.2 cm2. Error bars correspond to the standard deviation (n = 3 independent 324 

samples). The bars show the mean values and the black vertical lines indicate the standard deviation. 325 

The open circles represent the individual data points. b, Dependence of the photosynthetic activity of 326 

the S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo hybrid system on the CO2 concentration 327 

in the headspace. Error bars correspond to the standard deviation (n = 2 independent samples). The 328 

bars show the mean values and the black vertical lines indicate the standard deviation. The open 329 

circles represent the individual data points. The reactions were carried out in a reaction medium 330 

purged with 80%N2:20%CO2 (pH 7.0) under ambient conditions (298 K, 1 atm) and 1 sun 331 

illumination (AM 1.5G, 100 mW cm‒2).  332 

 333 

Power generation from solar-produced acetate 334 

Acetate can be used as a raw material for producing numerous chemicals, including polyvinyl 335 

acetate, cellulose acetate, metal acetates, vinyl acetate monomer, volatile organic esters, and alkanes 336 

used in making food-grade vinegar, plastics, photographic products, paints, and pharmaceuticals.57 337 
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Additionally, it can be used as fuel in microbial fuel cells that integrate electroactive bacteria into 338 

electrodes for chemical-to-electricity conversion upon demand.40,58,59 339 

To demonstrate accumulation of meaningful quantities and in situ utilisation of acetate from our 340 

biohybrid system, we directly used the reaction medium obtained from the 15 h artificial 341 

photosynthetic reaction over the S. ovata|sheet (contained ~9 mM CH3COO–; without removing S. 342 

ovata cells) as feedstock for a bioelectrochemical anode of a microbial fuel cell (Figure 5a). The 343 

bioelectrochemical system consisted of a previously reported porous inverse opal-ITO electrode (IO-344 

ITO, porosity: ~10 µm)40 inoculated with G. sulfurreducens (Supplementary Fig. 17). G. 345 

sulfurreducens is an electric bacterium that can grow using CH3COO– as the electron donor and uses 346 

the electrode as the electron acceptor.58,59 A control experiment in the absence of acetate demonstrates 347 

that G. sulfurreducens is incapable of generating current (Supplementary Fig. 18). At a potential of 348 

0.1 V vs. standard hydrogen electrode (SHE), G. sulfurreducens started to produce current by 349 

metabolizing CH3COO– into CO2 with a maximum current density of 3.08 ± 0.12 mA cm–2 and a 350 

Faradaic efficiency of 88.2 ± 6.6% for CH3COO– oxidation, which is comparable with the reported 351 

benchmark performance (3 mA cm–2) for microbial electrogenesis.40 Thus, the CH3COO– generated 352 

by the S. ovata|sheet hybrids can directly serve as a fuel in a microbial fuel cell to produce electricity 353 

upon demand without the removal of S. ovata and the extraction and purification of yielded acetate. 354 

This demonstration serves as an illustration for a closed carbon cycle, where solar energy is stored by 355 

converting CO2 into acetate and released back to CO2 when producing renewable electricity. 356 
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 357 

Figure 5 | G. sulfurreducens|IO-ITO electrode producing electricity. a, Schematic diagram 358 

showing that the sunlight-driven S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo hybrid 359 

provides a biohybrid electrochemical system with CH3COO– to realise the current generation and 360 

close the carbon cycle. IO-ITO represents porous inverse opal-ITO electrode. b, Current production 361 

by G. sulfurreducens|IO-ITO electrode at 0.1 V vs. SHE with CH3COO– (ca. 9 mM; pH 7.2, 303 K), 362 

which was produced in 15 h by the S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo hybrid 363 

system under simulated sunlight irradiation (AM 1.5G, 100 mW cm‒2). Error bars correspond to the 364 

standard deviation (n = 3 independent samples). The red circles indicate the mean values and the light 365 

red area represents the standard deviation. 366 

 367 

 368 

Conclusions 369 

We have established a strategy to combine the high selectivity of a biological catalyst for clean 370 

CO2-to-C2 conversion with the light-harvesting and water-splitting ability of semiconductors without 371 

the need for organic additives or external bias voltage. The efficient bio-abiotic hybrid prototype (S. 372 

ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo photocatalyst sheet) produced multi-carbon 373 

liquid fuel (CH3COO–) and O2 in a 1:2 stoichiometric ratio from CO2 and H2O using sunlight as the 374 

sole energy input, achieving an STA of 0.70 ± 0.04%. The efficient CO2 fixation over 45 hours and 375 
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stability benefited from the high viability of S. ovata. Additionally, the obtained CH3COO– can be 376 

fed into a biohybrid fuel cell to generate electricity and thereby closes the carbon cycle. The presented 377 

bio-abiotic system is comprised of scalable components (photocatalyst sheet and bacteria) and the 378 

materials and device preparation is readily accessible and relatively cost-effective without the 379 

requirement for vacuum processes. The hybrids operated under ambient conditions (298 K, 1 atm) 380 

with relatively low CO2 concentrations (5-20%), thereby representing a promising strategy towards a 381 

practical application of artificial photosynthesis.  382 

The water splitting activity of the present Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo 383 

photocatalyst sheet is limited by the short absorption edge wavelengths of SrTiO3:La,Rh and 384 

BiVO4:Mo (~520 nm). The efficiency can be improved by replacing the photocatalyst with narrower 385 

bandgap energies. Additionally, genetic engineering would allow for the modification of the electron 386 

uptake pathway in acetogenic bacteria in order to increase CO2 conversion while also redirecting the 387 

electron flux to medium-chain fatty acids (e.g., butyric acid) and other higher value products instead 388 

of the natural product acetate.7,60 Furthermore, designing a flow reactor can avoid product inhibition 389 

to bacteria which can lead to better performance. For example, the current design is compatible with 390 

large area photocatalyst sheet reactors (up to 100 m2),61 where products can be readily extracted from 391 

the reaction chamber. The assembly of bacteria on the sheet is straightforward and allows for a large 392 

degree of versatility by combining various bacteria and semiconductors to produce a diverse range of 393 

solar fuels and chemicals in the future. 394 

 395 

 396 

Methods 397 

Culturing of S. ovata 398 
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The strain S. ovata was purchased from DSMZ-German Collection of Microorganisms and Cell 399 

Cultures GmbH (DSM No.: 2662). S. ovata cells were grown using betaine as the electron donor in 400 

the DSMZ-recommended growth medium (DSMZ 311) with casitone, Na-resazurin solution, and 401 

Na2S were omitted (Supplementary Table 2). The medium was purged with a mixture of 20%CO2 402 

and 80%N2 for 1 hour prior to the inoculation. To investigate the oxygen tolerance of S. ovata, the S. 403 

ovata was grown in a micro-aerobic condition containing 4% O2 (N2:CO2:O2 = 76:20:4). The 404 

inoculated serum vials were kept in a shaking incubator (Incu-Shake MIDI SciQuip; 303 K, 180 rpm) 405 

for 6 days. The growth of S. ovata was monitored by measuring CH3COO– concentration 406 

(Supplementary Fig. 16) using 1H NMR (Bruker 400 MHz) and trimethylsilylpropanoic acid (TSP) 407 

as the internal standard in D2O as well as optical density at 600 nm using a UV-Vis spectrometer 408 

(Varian Cary 50, Agilent Technologies). 409 

 410 

Culturing of G. sulfurreducens 411 

G. sulfurreducens PCA (ATCC 51573) was purchased from DSMZ-German Collection of 412 

Microorganisms and Cell Cultures GmbH (DSM No.: 12127). G. sulfurreducens cells were grown 413 

with sodium acetate (20 mM, Sigma-Aldrich, anhydrous, for molecular biology, ≥99%) as the 414 

electron donor and sodium fumarate dibasic (50 mM, Sigma-Aldrich, ≥99%) as the electron acceptor 415 

in the DSMZ-recommended growth medium (DSMZ 826) (Supplementary Table 5). The medium 416 

was purged with 20%CO2/80%N2 for 1 hour before the inoculation. The inoculated serum vials were 417 

kept in a shaking incubator (303 K, 180 rpm) for 6 days. The concentration of bacterial suspension 418 

was determined by measuring optical density at 600 nm using the UV–vis spectrometer. 419 

 420 

Preparation of SrTiO3:La,Rh|ITO|BiVO4:Mo photocatalyst sheets 421 
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A two-step solid-state reaction was used to synthesise SrTiO3:La,Rh (La/(La + Sr) = Rh/(Rh + 422 

Ti) = 4 mol%) according to a previously reported procedure.19 SrCO3 (Alfa Aesar, 99.99%) and rutile 423 

TiO2 (Sigma-Aldrich, ≥99.98%) powders (Sr/Ti = 1.05) were mixed in a mortar, followed by 424 

calcination in an alumina crucible at 1473 K for 10 h. Subsequently, La2O3 (Fisher Scientific, 99.99%) 425 

and Rh2O3 (Wako Pure Chemical, 98.0‒102.0%) were added into the resulting SrTiO3 and heated at 426 

1373 K for 6 h. 427 

BiVO4:Mo (Mo/V = 0.05 mol%) was synthesised through aqueous processes.19 A layered Mo-428 

doped K3V5O14 was first obtained by calcining the mixture of K2CO3 (Breckland Scientific, 99.5%), 429 

V2O5 (Fisher Scientific, 99.6%), and MoO3 (Mo/V = 0.05 mol%, BDH Chemicals, 99.5%) in air at 430 

723 K for 5 h. Stoichiometric Bi(NO3)3·5H2O (Sigma-Aldrich, 98%) was added to 100 mL distilled 431 

water to form a suspension of BiONO3. The resulting Mo-doped K3V5O14 was added to the BiONO3 432 

suspension and stirred mildly at 343 K for 10 h. The obtained powder was collected by filtration, 433 

washed with distilled water, and then dried overnight in air before use. 434 

SrTiO3:La,Rh|ITO|BiVO4:Mo photocatalyst sheets were prepared by a drop-casting method. A 435 

mixture of SrTiO3:La,Rh, BiVO4:Mo powders (2.5 mg each), and ITO nanoparticles (Sigma-Aldrich, 436 

average size 30 nm; 1.2 mg) was suspended in isopropanol (Sigma-Aldrich, ≥99.5%, 0.25 mL) by 437 

ultrasonication for 30 min and then drop-cast on a glass substrate (ca. 1.5 cm × 1.5 cm). The obtained 438 

sheet was dried in air at room temperature. The SrTiO3:La,Rh|ITO|BiVO4:Mo sheet was obtained 439 

after annealing in air at 573 K for 30 min. 440 

 441 

Cocatalyst loading on the photocatalyst sheet 442 

The photocatalyst sheets were modified with nanoparticulate Ru species by photodeposition.19 443 

The photodeposition reactions were conducted in a closed system with side illumination from a 150 444 

W Xe lamp (Newport Oriel 6255; λ > 200 nm) with an infrared water filter. The photocatalyst sheet 445 
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samples (~2.2 cm2) were attached to a steel rod and inserted into the reaction cell. In the initial step, 446 

Ru species were photodeposited on the photocatalyst sheets from RuCl3 (Acros Organics, 35‒40% 447 

ruthenium) dissolved in distilled water (35 ml). Subsequently, the reactant was changed to an aqueous 448 

K2CrO4 solution (Sigma-Aldrich, ≥99 %) and a thin Cr2O3 layer was coated on metallic Ru 449 

nanoparticles on the surface of SrTiO3:La,Rh by photodeposition.19,39 The amounts of RuCl3 and 450 

K2CrO4 were 0.3 and 0.15 µmol for a photocatalyst sheet sample 2.2 cm2 in size. Before performing 451 

the photodeposition reaction, the reactant in the cell was purged for 30 min with N2 containing 2% 452 

CH4 as an internal standard for gas chromatography measurements. The pH of the reactant after N2 453 

purging was 6.9. The photodeposition was monitored by measuring produced amounts of H2 and O2. 454 

The photodeposition was finished when the gas evolution rates became steady, typically 10 and 6 455 

hours for Ru and Cr2O3 deposition, respectively. 456 

For the experiments without loading of Cr2O3/Ru as H2 evolution cocatalyst on the photocatalyst 457 

sheet, RuO2 (1 wt%) was loaded on BiVO4:Mo particles in advance of the sheet preparation by an 458 

impregnation method.32 BiVO4:Mo powder (0.1–0.2 g) was put in an evaporating dish. After adding 459 

an aqueous solution containing a given amount of RuCl3, the evaporating dish was placed in a water 460 

bath. The powder was collected and calcined in air at 623 K for 1 h when the solution was evaporated 461 

to dryness. 462 

 463 

Fabrication of photoelectrodes 464 

The IO-ITO electrode was prepared by a previously reported co-assembly method.40 Initially, 465 

ITO nanoparticles (Sigma-Aldrich, average size < 50 nm; 20 mg) were added into a mixture of 466 

methanol and water (11:1 v:v; 125 μL) and sonicated for 3 h. Polystyrene (PS) latex (Polysciences 467 

Inc.; 10 µm, 0.75 mL, 2.5 wt% in water) was centrifuged at 10,000 rpm for 3 min to remove the 468 

supernatant. The ITO nanoparticles dispersion was mixed with the PS beads and sonicated for 30 min 469 
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in ice water (< 277 K) to obtain a uniform mixture. The PS-ITO mixture (15 µL) was drop-casted 470 

onto an ITO glass slide (Visiontek System Ltd.; 1 cm × 2.5 cm × 0.11 cm, 12 Ω cm−2) with a pre-471 

defined area of 0.25 cm2, and kept drying in air for 30 min. The IO-ITO electrodes were obtained by 472 

annealing the glass slides at 773 K in air for 20 min at a ramping rate of 1 K min−1 from room 473 

temperature. The thickness of the IO-ITO scaffold was ~60 µm (Supplementary Fig. 17b). Copper 474 

wires were embedded in indium at the bottom of the sample to establish electrical contact. The copper 475 

wire and indium were encapsulated with epoxy (Araldite, Rapid 5-Minute Epoxy). 476 

 477 

Characterisation 478 

The diffuse-reflectance spectra were obtained using an ultraviolet-visible-near-infrared 479 

spectrometer (Varian Cary 50 Bio). A TESCAN MIRA3 FEG-SEM instrument with an Oxford 480 

Instruments Aztec Energy X-maxN 80 system was used to collect the SEM and SEM-EDX element 481 

mapping images at an acceleration voltage of 5 and 15 kV, respectively. X-ray diffraction patterns of 482 

the samples were measured with a PANalytical Empyrean Series 2 instrument using Cu Kα source 483 

operated at 40 kV and 40 mA. ICP-OES measurements were carried out on a Thermo Scientific iCAP 484 

7400 ICP-OES DUO spectrometer. Analyte solutions for ICP-OES were obtained by digesting the 485 

sheets in aqueous HNO3 (>68%) for one day and dilution to 2% vol/vol with Milli-Q water. 486 

 487 

Protein quantification  488 

The protein concentrations were quantified with the Bio-Rad protein assay (Bio-Rad Protein 489 

Assay Kit #5000002) as previously reported.62 Bacteria attached on the photocatalyst sheet were 490 

dipped in a sodium dodecyl solution (5 mL, 10 wt%) solution at 372 K for 15 min to extract proteins 491 

from the sample. The solution was centrifuged (14,000 rpm, 10 min) to remove the impurities. The 492 

supernatant was then collected to quantify the protein by the Bio-Rad protein assay utilising the 493 
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principle of protein-dye binding. 5 mL of the diluted dye reagent, which was incubated at 298 K for 494 

10 min, was added in a clean vial containing the protein solution (100 μL). The absorbance of the 495 

solution at 600 nm was measured using the UV–vis spectrometer. Bovine serum albumin was used 496 

as the protein standard to make the correlation curve and the protein concentration was calculated 497 

from the standard curve. 498 

 499 

Photocatalytic reactions 500 

The photocatalytic reactions were performed in a closed system with side illumination from 501 

Newport Oriel 67005 solar light simulators (150 W, 100 mW cm−2 across the solar spectrum, AM 1.5 502 

G, λ > 200 nm) with infrared water filter, which were calibrated using a certified Newport 1916-R 503 

optical power meter. The photocatalyst sheet samples (ca. 2.2 cm2) were attached to a steel rod and 504 

inserted into the reaction cell containing an S. ovata medium (DSMZ 311) without betaine, Na-505 

resazurin solution, casitone, L-cysteine, yeast extract, and Na2S (Supplementary Table 2) (12 mL) 506 

unless otherwise noted. Before conducting the CO2RR, the reactant in the cell was purged for 40 min 507 

with the mixture of N2 and CO2 (N2:CO2 = 80:20), unless otherwise noted. The betaine-grown S. 508 

ovata cells were then injected into the reactor (final optical density at 600 nm: 0.6) and purged with 509 

the same gas mixture for another 20 minutes. The pH of the medium after purging was 7.0. 510 

The sheet and bacteria separated system (Figure 2b) employed the photocatalyst sheet in a 511 

separate compartment from S. ovata with the headspace connecting the two chambers. The two 512 

chambers contained the same reaction medium purged with the mixture of N2 and CO2 (N2:CO2 = 513 

80:20), as mentioned above. 514 

In the 45-h photosynthetic reaction, Cr2O3 was reloaded every 15 h. The photocatalyst sheet was 515 

taken out of the reaction medium after the first run and put in a fresh reaction medium added with 516 

0.15 µmol K2CrO4. The photodeposition was carried out for 3 h under a 150 W Xe lamp irradiation. 517 
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The photocatalyst sheet was then inserted in another new reaction medium to start the second run. 518 

The reactant was purged for 40 min with the mixture of N2 and CO2 (N2:CO2 = 80:20). The S. ovata 519 

cells obtained from the reaction medium in the first run by centrifugation were then injected into the 520 

reactor and purged with the same gas mixture for another 20 minutes. Subsequently, the reaction was 521 

restarted by exposing to the simulated sunlight illumination (AM 1.5G, 100 mW cm−2). 522 

The water-splitting reaction using the Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo 523 

photocatalyst sheet in the absence of S. ovata was carried out in the same reaction medium purging 524 

with N2 containing 2% CH4 as an internal standard for gas chromatography measurements. 525 

In the colloidal systems for photocatalytic CO2RR over S. ovata|RuO2-BiVO4:Mo, RuO2-526 

BiVO4:Mo powder (2 mg) was dispersed in an S. ovata medium (2 mL) in Pyrex glass photoreactor 527 

vials capped with rubber septa. The samples were purged with a mixture of N2 and CO2 (N2:CO2 = 528 

80:20) for 40 min. After injecting the betaine-grown S. ovata cells, the reactor was purged with the 529 

same gas mixture for another 20 min. For the H2 evolution reaction over SrTiO3:La,Rh in the presence 530 

of CH3COO–, SrTiO3:La,Rh powder (2 mg) was added to an aqueous solution of CH3COONa (18 531 

mM, 2 mL). After briefly vortexing, the samples were purged with N2 containing 2% CH4 as an 532 

internal standard at ambient pressure for 40 min. The above reactions were carried out under 533 

simulated sunlight irradiation (AM 1.5G, 100 mW cm−2). 534 

 535 

Products quantification 536 

Concentrations of CH3COO– were measured by 1H NMR spectroscopy (Bruker 400 MHz) with 537 

trimethylsilylpropanoic acid (TSP) as the internal standard in D2O. Spectra were processed using the 538 

Bruker TopSpin Software. A Shimadzu GC-2010 Plus gas chromatograph equipped with a barrier 539 

discharge ionisation detector was used to quantify H2. The GC-2010 Plus was equipped with Hayesep 540 

D (2 m * 1/8’’ OD * 2 mm ID, 80/100 mesh, Analytical Columns) pre-column and a RT-Molsieve 541 
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5A (30 m * 0.53 mm ID, Restek) main column. Aliquots (50 μL) of the headspace gas were collected 542 

from the sealed cell using a gastight syringe (Hamilton, GASTIGHT 1710) for gas chromatography 543 

analysis. The O2 quantification was performed in a glovebox (O2 concentration < 3 ppm) using a 544 

NeoFox-GT fluorometer and Fospor-R fluorescence oxygen sensor probe from Ocean Optics. The 545 

analytical errors are <5% for quantifying H2 and <10% for O2. 546 

 547 

Isotopic labelling 548 

The photosynthetic reaction over S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo hybrid 549 

system was performed in a reaction medium containing 47 mM NaH13CO3 (Sigma-Aldrich, 98 atom% 550 

13C, 99% (CP)) with the mixture of N2 and 13CO2 (Sigma-Aldrich, 99.0 atom % 13C, 99% (CP); 551 

N2:13CO2 = 80:20) as the headspace gas. The amounts of CH3COO– produced in 5 and 15 h were 552 

analysed by 1H NMR and 13C NMR spectroscopy conducted on a Bruker 400 MHz spectrometer. 553 

 554 

Quantum yield measurements 555 

The AQY of the photosynthetic reaction was calculated using 556 

AQY = (16R/I) × 100%                                                                       (6) 557 

Where R and I denote the CH3COO– production rate and the photon flux of monochromatic light, 558 

respectively. To form one acetate molecule, eight electrons in SrTiO3:La,Rh must be consumed in the 559 

CO2RR. Meanwhile, eight electrons in BiVO4:Mo must be combined with the holes in SrTiO3:La,Rh. 560 

Sixteen electrons are therefore required to produce one acetate molecule. The AQYs were determined 561 

using a LOT MSH-300 monochromator. Thorlabs PM100D power meter and Thorlabs S302C 562 

thermal power sensor were used to measure power at different wavelengths. The wavelength λ with 563 

a full width at half maximum of 15 nm was varied between 390 and 540 nm in 30 nm steps. 564 

 565 
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Solar-to-acetate (STA) conversion efficiency 566 

The STA is given as  567 

STA (%) = (R(CH3COO–) ×∆Gr) / (P × S) × 100                                                                                          (7) 568 

where R(CH3COO–), ∆Gr, P, and S indicate the rate of CH3COO– formation during the photosynthetic 569 

reaction, the energy intensity of the AM 1.5G solar irradiation (100 mW cm−2) and the irradiated 570 

sample area, respectively. 571 

 572 

Microbial electrogenesis  573 

The CH3COO– (~9 mM; 15 mL) produced by S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-574 

BiVO4:Mo hybrid system via a 15 h photosynthetic reaction was used as feedstock and electrolyte to 575 

generate electricity using G. sulfurreducens as the model electric bacterium. The microbial 576 

electrogenesis on G. sulfurreducens|IO-ITO electrode (0.25 cm2) was performed in a three-electrode 577 

configuration using a Ag/AgCl reference electrode (in saturated NaCl aqueous solution, Basi MW-578 

2030) and a platinum mesh counter electrode. The solution obtained from the photosynthetic reaction 579 

was purged with a mixture of N2 and CO2 (N2:CO2 = 80:20) for 40 minutes. The freshly grown G. 580 

sulfurreducens was inoculated into the reactor (final optical density at 600 nm: 0.6) and purged for 581 

another 20 minutes. The reactor was kept at constant temperature (303 K) and stirring (200 rpm). The 582 

working electrode was poised with a potential of 0.1 V vs SHE using a potentiostat (MultiEmStat3+). 583 

 584 

Statistics and Reproducibility 585 

The mean values and standard deviations of data sets are calculated using the AVERAGE and 586 

STDEV.S function of Microsoft Excel (Microsoft 365), respectively. Regarding the SEM and SEM-587 

EDX element mapping images, two to five distinct locations with similar morphologies were captured 588 

for each sample and representative images are shown. 589 
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All source data that support the findings of this study are available from the University of Cambridge 592 
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