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Abstract  

Integration of microbial electrosynthesis (MES) with renewable energy supply has been proposed as 

a novel approach for energy storage and CO2 transformation into fuels and chemicals. However, the 

efficiency of renewable energy conversion into biochemicals is yet to be improved in MES. In this 

study, molybdenum-doped bismuth vanadate was deposited on fluorine-doped tin oxide glass 

(FTO/BiVO4/Mo) to serve as MES photoanode for efficient solar energy harvesting and reduction of 

overpotential for oxygen evolution reaction (OER). By applying a fixed bias of 3V to MES systems 

under 0.5 sun illumination, a more negative cathode potential (–0.72 ± 0.03 V vs. SHE versus –0.38 ± 

0.03 V vs. SHE in the dark) was achieved owing to the reduced OER overpotential at FTO/BiVO4/Mo 

photoanode, which led to a 25% increase in current density and 46-fold increase in acetate production 

rate. Higher electron recovery (~ 62%) and excellent stability (7 days) were also observed in MES 

reactors with sun illumination on FTO/BiVO4/Mo photoanode. Based on acetate production and 

energy input from simulated sunlight, 0.97 ± 0.19% solar energy was theoretically converted into 

acetate, which is one of the highest conversion efficiencies ever reported in hybrid MES systems. 

These results demonstrate that integrating FTO/BiVO4/Mo photoanode with MES systems could 

significantly enhance the solar-to-biochemical conversion efficiency by lowering the energy 

requirement for initiating the anodic OER and maintaining the negative cathode potential, which 

enables MES technology to be economically more viable for renewable energy storage and CO2 

valorization. 

 

Keywords: FTO/BiVO4/Mo photoanode, Microbial electrosynthesis, CO2 reduction, Oxygen 

evolution reaction, Solar-to-chemical conversion  
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1. Introduction 

With increasing consumption of fossil fuels, the annual anthropogenic CO2 emission has increased 

from 14.1 gigaton in 1971 to 38.2 gigaton in 2014 [1]. To combat global warming, several strategies 

have been proposed to mitigate CO2 emissions, including the utilization of renewable energy and the 

development of carbon capture and utilization (CCU) techniques [2, 3]. Meanwhile, the dramatic boost 

of installed renewable power, such as solar panels (600 GW worldwide in 2019) [4], has intermittently 

produced surplus energy as a result of daily or seasonal variations in solar intensity [5, 6]. Utilizing 

the surplus renewable energy for on-site CO2 recycling into liquid chemicals and fuels, that could be 

easily stored and transported, has been regarded as a novel approach to solve the issues of both 

renewable energy storage and CO2 valorization [7, 8]. Microbial electrosynthesis (MES) has recently 

emerged as a promising technology to produce valuable chemicals through bioelectrochemical CO2 

reduction using renewable energy sources and microbial catalysts at the cathode [9, 10]. Currently 

acetate is the most common biochemical generated from CO2 in MES. High concentration of acetate 

(> 10 g/L), achievable in MES through electrode modification [11] and reactor configuration 

optimization [12], could easily serve as a precursor for the generation of more valuable commodities, 

such as longer chain carboxylates, biofuels and bioplastics [13, 14]. The wide range of biochemicals 

and biofuels generated in MES thus represents another approach for chemical synthesis and CO2 

valorization, and could potentially meet the diverse requirements from different industries at low costs 

if it is coupled with renewable energy [2] . 

The first proof-of-concept of MES for both CO2 reduction and renewable energy storage was 

demonstrated in 2010 with a potentiostat powered by solar panels [15]. Solar energy was successfully 

converted into acetate and small amounts of 2-oxobutyrate in MES with a faradaic efficiency (FE) of 

over 85%. Apart from solar panels, photoanodes with well-defined TiO2 nanostructures have been 
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developed to improve photoabsorption and reduce the anodic overpotential for oxygen evolution 

reaction (OER) in MES [16, 17], which requires high energy input because of its kinetically sluggish 

reaction pathway [18, 19]. However, the large bandgap (3.2 eV) of TiO2 photocatalyst limits its light 

absorption to ultraviolet, which is only about 4% of the total sunlight [19, 20] and restrains the further 

enhancement of solar-to-chemical conversion efficiency. For example, a solar-to-acetate conversion 

efficiency of <0.38%, which is not sufficient for practical application of MES, was reported using 

TiO2 photoanode [17]. To improve the efficiency of solar conversion (0.62%) in MES, complex 

modifications to TiO2 photoanode, such as CdS decoration through successive ionic layer adsorption 

and reaction, have been applied to narrow the bandgap [21]. However, the long-term stability of MES 

systems, which is an important criteria for industrial applications, has never been tested with TiO2-

based photoanodes for a batch duration of more than 80 hours [16, 17, 21]. Therefore, simple strategies 

to develop efficient photoanodes with narrow bandgaps and long-term stability are highly needed to 

further enhance the solar conversion efficiencies and improve the practicality of MES.  

Another challenge faced by photo-assisted MES systems for real applications is the daily variations 

in solar intensity [22]. Normally, the cathode potential is carefully tuned and maintained with a 

potentiostat in MES studies [9, 23], to initiate hydrogen evolution reaction (HER) for stable microbial 

growth and CO2 reduction. However, to avoid the insufficient control of the cathode potential using a 

potentiostat in large-scale systems [24], photo-assisted MES systems have recently been operated with 

an applied bias using a DC power supply [25] or even without an electrical bias [16, 21] for CO2 

capture and renewable energy storage. As sun illumination has been reported to significantly alter the 

overpotential for anodic water splitting in a photoelectrochemcial cell [19], the potential fluctuations 

in the anode and cathode are expected to be dramatic with the light on-off switch in photo-assisted 

MES systems. Nevertheless, no systematic study has been conducted so far, to explore the potential 
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fluctuations and the inter relationship between the anode potential for OER and the cathode potential 

for microbe-catalyzed CO2 reduction during light on-off switch in photo-assisted MES reactors.  

To fill the aforementioned knowledge gaps, a one-step synthesis of narrow-bandgap photoanode, 

made of bismuth vanadate with n-type Mo doping on fluorine-doped tin oxide glass (FTO/BiVO4/Mo), 

was developed for photo-assisted MES systems to achieve long-term stability and enhanced solar-to-

biochemical conversion efficiency. A theoretical solar-to-acetate conversion efficiency up to 0.97% 

could be sustained for a batch duration as long as 7 days, both of which were among the best 

performances ever reported for photo-assisted MES. Moreover, to test the feasibility of photo-assisted 

MES in real applications, the effects of light on-off switch on the dynamic change and inter 

relationship of anode/cathode potentials were studied at an applied bias of 3V.  

 

2. Experimental 

2.1 Fabrication of FTO/BiVO4/Mo photoanode 

BiVO4-based photoanode was synthesized as previously reported [19]. Three precursor solutions 

were separately prepared by dissolving bismuth(III) nitrate pentahydrate (Bi(NO3)3·5H2O, purity ≥ 

98%) in glacial acetic acid (0.2 M), vanadyl acetylacetonate (VO(acac)2, purity ≥ 98%) in 

acetylacetone (0.03 M) and molybdenyl acetylacetonate (MoO2(acac)2, purity ≥ 98% ) in 

acetylacetone (0.01 M). The three precursors were then mixed with a stoichiometric ratio of Bi/V/Mo 

= 100:97:3. Specifically, 15 ml of Bi(NO3)3·5H2O (0.2 M), 97 ml of VO(acac)2 (0.03 M) and 9 ml of 

MoO2(acac)2 (0.01 M) were well-mixed to prepare the final precursor for spin-coating.  

The FTO glass was cleaned through a series of sonication (20 min each) in 3 wt% sodium dodecyl 

sulfate (SDS), followed by DI water, acetone and finally ethanol. The clean FTO glass was blown dry 

with nitrogen, followed by final cleaning in a plasma cleaner (Harrick Plasma, Ithaca NY, USA) for 2 
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min. Precursor solution (300 μL) was dropped on the clean FTO substrate (5.0 cm × 5.0 cm) and spin-

coated (CHEMAT Technology, KW-4A, Northridge, CA) at 1500 rpm for 20 s. The coated FTO glass 

was immediately transferred for a multi-step heating process (100 oC for 2 min and 350 oC for 5 min), 

followed by ambient-air cooling for 5 min. After 10 cycles of spin-coating, the samples were annealed 

in a muffle furnace at pre-crystallization temperature (500 ℃) for 1 h with a heating ramp of 0.5 ℃/min 

(Scheme 1). The prepared sample is denoted as FTO/BiVO4/Mo photoanode. 

 

Scheme 1 Preparation of FTO/BiVO4/Mo photoanode through spin-coating/annealing and its 

application in MES for solar harvesting with monitoring of cathode potential. 

 

2.2 Characterization of photoanode 

To characterize the sample crystallinity, X-ray diffraction (XRD, Bruker D8 advance 

diffractometer, USA, Cu Kα radiation, λ = 1.5418 Å) was applied at a scan rate of 1o/min starting from 

15o to 70o. The diffuse reflectance UV-Vis absorption and transmittance spectra (UV2550, Shimadzu, 

Japan) of the sample was recorded with fine BaSO4 powders and air as a reference. Tauc plot was 
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utilized to analyze the direct transition and optical bandgap of BiVO4/Mo composite, which was 

determined by the following Tauc equation [26]:  

(𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 −  𝐸𝑔)      (1) 

where α is the measured absorption coefficient, hv is the light energy, n = 2 for direct bandgap 

materials (BiVO4), A is a constant and Eg is the optical bandgap energy.  

X-ray photoelectron spectroscopy (XPS) was collected by an Axis Ultra instrument with a 

monochromatic Al Kα X-ray source (Kratos Analytical) under ultrahigh vacuum (<10-8 torr) to identify 

the surface elements of FTO/BiVO4/Mo photoanode. The carbon 1s peak was calibrated at 285 eV 

and used as an internal standard to compensate for any charging effects.  

2.3 Photoelectrochemical analyses 

The photoelectrochemical (PEC) performance of the prepared FTO/BiVO4/Mo photoanode was 

evaluated using a three-electrode configuration (Auto-lab, PGSTAT302N, Metrohom, Netherlands) 

for the linear sweep voltammograms (LSV), where FTO/BiVO4/Mo photoanode served as the working 

electrode with Pt mesh as the counter electrode and Ag/AgCl as the reference electrode. The scan rate 

was 10 mV/s and the supporting electrolyte used in PEC performance tests was 0.1 M phosphate (KPi) 

buffer solution (pH 7). Prior to PEC measurement, the electrolyte was purged with N2 for 45 min to 

remove dissolved O2. Light source was provided by a solar simulator (Oriel® Sol1A Class ABB Solar 

simulators, Newport, USA) to simulate air-mass 1.5 global (AM1.5) illumination (100 mW/cm2), 

which was calibrated with a Si diode (Model 818, Newport, USA). The photoanode potential against 

Ag/AgCl was converted to reversible hydrogen electrode (RHE) using Nernst equation as follows: 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 × 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝜊    (2) 

where 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝜊 = 0.197𝑉 at 25 ℃. 
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Incident photon-to-current efficiency (IPCE) was also measured in this study. The light from a 300 

W Xe lamp (Model 73404, Newport, USA) was focused onto the photoanode through the 

monochromator (Model 74125, Newport, USA) [19]. The photocurrent induced by the monochromatic 

light was consistently measured at 1.23 V vs RHE in DSMZ 879 medium described below and the 

IPCE was determined using the following equation: 

IPCE = 
1240

𝜆
×

𝐽𝑝ℎ

𝐼𝑙
× 100%       (3) 

where λ is the wavelength of the monochromatic light, Jph is the photocurrent density induced by 

the specific monochromatic light and Il  is the intensity of the monochromatic light. 

2.4 MES reactor construction, operation and analyses 

Dual-chamber MES reactors were constructed with FTO/BiVO4/Mo (2 cm  3 cm) as the 

photoanode and ceramic hollow tube wrapped with Ni foam (CHT/Ni foam, 45 ppi, projected surface 

area: 30 cm2) as the MES cathode. Ag/AgCl was used as the reference electrode in the cathode 

chamber. The anode and cathode chambers (made of transparent glass, 275 ml each) were separated 

by a Nafion 117 membrane (Scheme 1). Initially the solar intensity was set at 100 mW/cm2, but due 

to the high temperature (30 °C) and humid environment in the dark room, the light bulb could not 

sustain long-time operation of the MES reactors at this solar intensity. Thus, the solar intensity was 

set at 50 mW/cm2 during the whole MES experiment unless otherwise mentioned. Back-illumination 

onto the FTO/BiVO4/Mo photoanode was selected during the whole experimental period to achieve 

higher photocurrent production as previously reported [27]. A Si diode was utilized to measure the 

light intensity of simulated sunlight through the reactor glass. 

Before starting the long-period (7 days) durability tests in MES reactors, the impact of sun 

illumination and biocathode on the onset potential for OER and current enhancement was 

characterized with LSV. For the impact of sun illumination, FTO/BiVO4/Mo photoanode, serving as 
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working electrode (vs. CHT/Ni foam biocathode, two-electrode mode), was swept from 0 to 5 V at a 

scan rate of 10 mV/s with or without 50 mW/cm2 sun illumination. To confirm whether biocatalysts 

on MES cathode surface could enhance current density, the same scan range of applied bias was also 

swept with abiotic or biotic cathode as counter electrode, respectively. Besides, the chopped-light 

amperometric j-t analysis was conducted to verify the short-term photoelectric stability of 

FTO/BiVO4/Mo photoanode, at an applied bias of 3 V vs. CHT/Ni foam cathodes (abiotic or biotic, 

respectively) with a light on/off switch of 30 mins.  

To test the long-term stability of FTO/BiVO4/Mo photoanode and the dynamic fluctuation of 

cathode potentials in MES, duplicate MES reactors with a batch duration of 7 days were operated at 

different conditions. An applied bias of 3V (VMP3, Bio-Logic Science Instruments) was set between 

the MES anode and cathode, with the cathode potential vs. Ag/AgCl being recorded every 5 min 

(PicoLog ADC-24, Pico Technology). Before starting the MES experiments with CHT/Ni foam 

biocathode, abiotic experiment was conducted with the FTO/BiVO4/Mo photoanode under sun 

illumination (50 mW/cm2). The abiotic CHT/Ni foam cathode was then replaced by the CHT/Ni foam 

biocathode with mature biofilm and operated under the same conditions to investigate the effect 

induced by MES biocathode on current density. The CHT/Ni foam biocathode, dominated by 

homoacetogens belonging to the genus Acetobacterium, was enriched for more than 300 days in 

another MES reactor in our lab with anaerobic sludge [28] as inoculum, before being utilized for 

microbial photoelectrosynthesis experiment in this study. DSMZ 879 media, omitting yeast extract, 

Na-resazurin, D-Fructose, L-Cysteine, and Na2S, was used as MES electrolyte (anode and cathode) 

and purged with N2 gas before the experiment. 2.5 mM 2-bromoethanosulfonate (BES) was added to 

the cathode solution to inhibit methanogenesis. The biotic MES reactors were finally operated in the 

dark to check the effects of sun illumination on photocurrent and cathode potential enhancement. 
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During the whole experiment, the cathode chamber was covered by aluminum sheet to avoid the 

disturbance of solar illumination from MES anode chamber. The current density in this study was 

normalized to the anode surface area, and the anode and cathode potentials were reported versus 

standard hydrogen electrode (SHE) for consistency.  

To further confirm the long-term stability of the BiVO4/Mo thin layer for anodic water splitting in 

MES, the surface morphology and element composition of FTO/BiVO4/Mo photoanode were 

characterized with SEM (Quanta 600, FEI) equipped with an Energy-dispersive X-ray spectroscopy 

(EDS) detector before and after biotic MES operation under 50 mW/cm2 sun illumination. The surface 

morphology of the CHT/Ni foam cathodes after MES operation was also characterized with SEM, to 

determine the elemental composition of the biocathode [9]. The gas produced by the CHT/Ni foam 

cathode was collected by a gasbag connected to the reactor headspace and the gas content was 

measured using a gas chromatograph (SRI Instruments) [29]. Liquid samples were collected 3 times 

per week and analyzed for acetate production by GC-MS-FID (7890A, Agilent Technologies), which 

was normalized to the cathode surface area for comparison purposes. 

3. Results and discussion 

3.1 Surface morphology of FTO/BiVO4/Mo photoanode 

The FTO/BiVO4/Mo photoanode was prepared by spin-coating precursor solutions onto the FTO 

glass (Scheme 1). The BiVO4/Mo composite had a thickness of ~375.5 nm (Fig. 1B) and was 

uniformly distributed across the FTO surface (Fig. 1A). The granular structure of BiVO4/Mo 

nanoparticles (Fig. 1A) after annealing exhibited sufficient roughness, which could potentially lead to 

more electrochemical active sites on the photoelectrode surface [30]. The XRD spectrum of 

FTO/BiVO4/Mo (Fig. 1D) exhibited high crystallinity of BiVO4 with monoclinic structure (Joint 

Committee on Powder Diffraction Standards, JCPDS 14-0688) [19]. However, no characteristic peaks 
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of Mo/MoO2/MoO3 were detected in the XRD patterns perhaps due to the low Mo loading amount in 

BiVO4/Mo composite [31]. The existence of molybdenum atoms in the synthesized BiVO4/Mo 

nanostructures was confirmed through EDS (Fig. 1C) and XPS analysis (Fig. S1, Supporting 

Information). The 0.35 wt% Mo element detected by EDS analysis (Fig. 1C) is sufficient to achieve 

efficient photoelectrochemical activities [31, 32]. The splitting signals of Bi 4f7/2 (158.7 eV) and Bi 

4f5/2 (164.0 eV) (Fig. S1B) are characteristics of Bi3+ [19]. Similarly, the peaks at 523.8 eV (V 2p1/2) 

and 516.3 eV (V 2p3/2) correspond to surface V5+ element (Fig. S1C) [19]. The splitting signals of Mo 

3d at 231.7 eV (Mo 3d5/2) and 234.8 eV (Mo 3d3/2) represent Mo5+ oxidation state of Mo2O5 (Fig. S1D) 

[33, 34]. 

 
 

Figure 1 SEM images of (A) surface morphology and (B) cross-section of FTO/BiVO4/Mo 

photoanode. (C) EDS analysis of FTO/BiVO4/Mo photoanode. (D) XRD spectrum of surface elements 

of FTO/BiVO4/Mo photoanode. 
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3.2 Solar harvesting by FTO/BiVO4/Mo photoanode for efficient oxygen evolution reaction  

Upon confirming the successful formation of BiVO4/Mo composite, efforts were then made to 

investigate the performance of FTO/BiVO4/Mo versus bare FTO electrode toward light absorption 

and transmittance. The light absorption wavelength range for FTO/BiVO4/Mo electrode was far wider 

(up to 490 nm) than bare FTO glass (up to 350 nm) (Fig. 2A). The transmittance spectrum of 

FTO/BiVO4/Mo was lower than FTO (Fig. 2B), indicating better light trapping property of BiVO4/Mo 

composite. The optical bandgap of FTO/BiVO4/Mo photoanode, which could be obtained in a Tauc 

plot (inset in Fig. 2A) derived from the UV-Vis absorption data, was estimated to reach 2.62 eV. 

Compared to what has been reported for TiO2-based photocatalyst, the FTO/BiVO4/Mo photoanode 

exhibited better performance in terms of wavelength range (490 nm vs. ~ 400 nm) of light absorption 

and band gap (2.62 eV vs. 3.2 eV) [16, 20]. Thus, the FTO/BiVO4/Mo photoanode is believed to be 

capable of inducing higher solar harvesting efficiency in photoelectrochemical and MES systems. 

 
 

Figure 2 Solar absorption (A) and transmittance (B) spectrum of FTO/BiVO4/Mo photoanode and 

bare FTO glass, respectively, in a wavelength range of 300 – 700 nm. The inset in Figure 2A represent 

the Tauc plot of FTO/BiVO4/Mo based on its absorption spectrum. 

 

The photoelectron production from FTO/BiVO4/Mo was demonstrated to be highly efficient, with 

relatively high IPCE (>20%) up to 460 nm (Fig. 3A) compared to TiO2 nanomaterials [35-37]. Liu et 
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al. [36] and Sopha et al. [37] both developed TiO2 photocatalyst for photoelectrochemical analysis, 

and the IPCE for TiO2 nano structures fell sharply below 10% when the light wavelength reached 400 

nm, which was mainly restrained by the intrinsic wide bandgap of TiO2 material. The wider 

wavelength range for photoelectron generation from the FTO/BiVO4/Mo photoanode, however, could 

be largely attributed to its narrow band gap (2.62 eV) for electron excitation from the valence band to 

the conduction band [31] and it is in a good agreement with the obtained optical bandgap features 

during the UV-Vis spectrum analysis (Fig. 2A).  

 
 

Figure 3 (A) Incident photon-to-current efficiency (IPCE) of FTO/BiVO4/Mo electrode measured at 

1.23 V versus RHE in 0.1 M phosphate buffer solution. (B) LSV curves of FTO/BiVO4/Mo electrode 

in 0.1 M potassium phosphate (KPi) buffer with a scan rate of 10 mV/s in the dark or under 1 sun 

illumination (100 mW/cm2). The green dashed line represents the thermodynamic potential (1.23V vs. 

SHE) for OER at standard conditions. All the current density is normalized to the anode surface area. 

 

The LSV curve for FTO/BiVO4/Mo photoanode in the dark showed a negligible current density 

(<0.01 mA/cm2) with the anode potential scanned from 0 to 1.4 V vs. RHE (Fig. 3B). Furthermore, no 

obvious onset potential for OER was observed without sun illumination, possibly due to insufficient 

photoelectron production and low interfacial hole-to-oxygen transfer kinetics. In contrast, the LSV 

curve for FTO/BiVO4/Mo photoanode under 1 sun illumination (100 mW/cm2) exhibited almost 

immediate photocurrent response to the anode potential sweeping. The photocurrent density reached 
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0.49 mA/cm2 at 1.23 V vs. RHE, with an OER onset potential as low as ~ 0.07 V vs. RHE. The onset 

potential of OER here was much lower than what has been reported by Zhang et al. [38] (~ 0.3 V vs. 

RHE) and Grandcolas et al. [39] (~ 0.45 V vs. RHE) with FTO/TiO2 photoelectrode, confirming the 

high capability of efficient water splitting by FTO/BiVO4/Mo photoanode under sun illumination and 

excellent hole-to-oxygen transfer kinetics. 

3.3 Performance and stability of microbial electrosynthesis cells with FTO/BiVO4/Mo 

photoanode 

Two sets of LSV (two-electrode mode to imitate DC power supply) tests were conducted to 

validate the positive effects of sun illumination and biocathode on OER performance and current 

improvement in MES system. To test the effect of sun illumination on the OER reaction, 

FTO/BiVO4/Mo photoanode (biased from 0 to 5 V vs. CHT/Ni foam biocathode) under 0.5 sun 

illumination (50 mW/cm2) or in the dark was conducted in MES reactors. More efficient OER was 

observed for FTO/BiVO4/Mo photoanode under sun illumination (Fig. 4A), which lowers the voltage 

requirement to initiate water splitting (onset potential for photo-assisted OER at 0.6 V compared to 

~1.7 V in the dark; red vs. black curve inset in Fig. 4A). The lower onset potential for OER could 

probably be attributed to the efficient hole-to-oxygen transfer kinetics and the generation of 

photoelectrons from FTO/BiVO4/Mo photoanode under sun illumination. Also, the photocurrent 

generated at 5 V reached 3.4 mA/cm2, representing 26% higher current production than MES reactors 

operated in the dark (2.7 mA/cm2). This observation agrees with the results illustrated in Fig. 3B and 

previous studies on Mo-doped BiVO4 photoanode for solar-assisted water splitting [27, 32].  

To identify whether MES biocathode plays a role in lowering the onset potential for OER, abiotic 

CHT/Ni foam cathode was replaced by CHT/Ni foam biocathode for LSV test. However, no obvious 

change in OER onset potential was observed (red vs. green curve in Fig. 4A). This confirms that sun 
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illumination and FTO/BiVO4/Mo photoanode were the key factors for lowering the onset potential of 

OER. However, the abiotic CHT/Ni foam cathode generated much lower current density at 5 V 

compared to the corresponding CHT/Ni foam biocathode (2.4 vs. 3.4 mA/cm2 under sun illumination 

and 2.3 vs. 2.7 mA/cm2 in dark environment, respectively). The higher current density induced by 

MES biocathode compared to abiotic cathode has been also reported in previous studies, using 

common anode materials with metal/non-metal electrocatalysts for OER [40, 41]. The higher current 

production in biotic reactors could be related to the enhanced HER induced by metallic nanoparticles 

on biocathode [42], which could be partially confirmed by the EDS analyses of the higher deposition 

of metals (such as iron and cobalt) on MES biocathode (Fig. S2D) compared to abiotic cathode (Fig. 

S3B). Further, the enhanced current might also result from the improved catalytic HER property by 

microbes, which could efficiently uptake electrons from CHT/Ni foam cathode [40, 42].  

   
 

Figure 4 (A) Photocurrent density versus applied bias curves in biotic and abiotic MES systems 

with FTO/BiVO4/Mo and FTO electrodes, respectively, under 0.5 sun illumination (50 mW/cm2). 

External bias (10 mV/s step) was applied between different cathodes and photoanodes. Abiotic 

cathode shares the same CHT/Ni foam electrode as biotic cathode but without microbial inoculation. 

The inset represents an enlarged current density-applied bias plot with a bias range from 0 to 3 V. (B) 

Comparison of photocurrent densities of biotic or abiotic MES systems with two different anodes upon 

on-off 0.5 sun illumination. 
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To investigate the short-term stability and light response of the FTO/BiVO4/Mo photoanode, the 

j-t curves of MES with 0.5 sun illumination (50 mW/cm2) were plotted with 30-min on-off switch (Fig. 

4B). At an applied bias of 3 V, obvious photocurrent production was observed once the 

FTO/BiVO4/Mo photoanode was exposed to sun illumination. The photocurrent then dramatically 

declined and was maintained at ~0.65 mA/cm2 with CHT/Ni foam biocathode. The FTO/BiVO4/Mo 

photoanode with abiotic CHT/Ni foam cathode displayed a similar pattern of light response but 

generated a much lower photocurrent (~0.25 mA/cm2). When sun illumination was turned off, the 

current generation by FTO/BiVO4/Mo with CHT/Ni foam biocathode dropped to ~0.15–0.2 mA/cm2 

at an applied bias of 3 V, which was close to the current production of FTO electrode with abiotic 

CHT/Ni foam cathode. After 5 repeating cycles of on-off sun illumination, the FTO/BiVO4/Mo 

photoanodes with biotic or abiotic cathode exhibited steady current profiles and demonstrated a 

repeated response to illumination without much decay.  

Long-term (7 days) stability test and dynamic changes of cathode potential under sun illumination 

(50 mW/cm2) or in the dark were also conducted to evaluate the feasibility of applying 

FTO/BiVO4/Mo photoanode in MES systems for future on-site CO2 capture (Fig. 5). The current 

density (j–t), as well as the photo-induced potential change of biotic or abiotic cathode (V–t), was 

monitored every 5 mins at a fixed bias of 3 V (Fig. 5A). Similar to the j–t test with chopped light (Fig. 

4B), the photocurrent density of FTO/BiVO4/Mo photoanode displayed a sharp drop in the first hour 

due to the capacitance change [43]. The current then stabilized at 0.6–0.65 mA/cm2 using CHT/Ni 

foam biocathode, which represents a ~25% decline from the initial current ~0.8 mA/cm2 and was close 

to the value observed in the short-period j–t curve (Fig. 4B). An average cathode potential of –0.72 ± 

0.03 V vs. SHE was obtained for CHT/Ni foam biocathode to drive the microbe-catalyzed CO2 

reduction to acetate by homoacetogens, and 6.42 ± 1.21 mM acetate was generated after one week of 
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operation under sun illumination (Fig. 5B, Table 1). When the acetate production was normalized to 

the surface area of CHT/Ni foam biocathode, an average acetate production rate of 6.9 ± 1.3 g/m2/day 

could be achieved, leading to a FE of 62 ± 12%. The FE in the current study is slightly lower compared 

to a previous study on photo-assisted MES reactor (86 ± 9%) with photoanode and high-surface-area 

photocathode modified with Si nanowire arrays [44]. This is mainly due to the utilization of mixed 

culture inoculum in the current study, compared to a pure culture of Sporomusa ovata in that study 

[44]. However, at the same applied bias (3V) and similar cathode potential (~ –0.65 V vs. SHE), the 

acetate production (5.7 g/m2/day) by S. ovata biofilm on graphite disk cathode (65 cm2) in another 

study [24] was around 21% lower than what was obtained in the current study. This solar-assisted 

acetate production with FTO/BiVO4/Mo photoanode was also higher than that (6.7 g/m2/day with S. 

ovata and 6 g/m2/day with A. woodii, respectively) from MES reactors equipped with platinized Ti 

mesh anode at a cathode potential of –0.7 V vs. SHE [45]. Apart from acetate, a small amount of 

methane (Fig. S4), as well as H2S (data not shown), was also detected despite the addition of BES to 

inhibit methanogenesis. These two gases produced in MES cathode chamber, together with metal ions 

deposited on the cathode surface (Fig. S2D), could potentially serve as electron sinks, which lowered 

the overall FE for acetate production. However, no H2 gas was detected at the headspace of cathode 

chamber, probably because it was consumed by chemolithoautotrophs for CO2 reduction [46].  

The steady photocurrent production lasted for 7 days without any decay, displaying excellent 

chemical stability of FTO/BiVO4/Mo photoanode for MES. The batch duration of chronoamperometry 

analysis (168 hours) in this study to examine the performance of BiVO4/Mo photocatalyst was much 

longer compared to the stability test of other OER catalysts in an electrochemical setup (< 24 hours) 

[18, 19, 47]. It is also worthwhile to mention that photo-assisted MES systems were usually operated 

for less than 80 hours per batch to test the stability of the photocatalyst on MES anode [16, 17, 21], 
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which was much shorter than our study (168 hours). Though the anolyte pH shifted from 7 to 4 after 

7 days of MES operation under sun illumination, the SEM images and EDS analysis of 

FTO/BiVO4/Mo photoanode after 7 days of batch operation in MES (Fig. S5) indicated little change 

in the wt% of elements (Bi: 4.50 vs. 4.63, V: 4.21 vs. 4.17, Mo: 0.35 vs. 0.35) except a little deposition 

of potassium salt. The persistence of Bi, V, Mo elements on photoanode surface after 7 days of 

operation in MES was also confirmed with XPS analysis (Fig. S1).  

  
Figure 5 (A) Long-term stability test of current production and cathode potential in MES. 7-day 

photocurrent density and cathode potential (V vs. SHE) of MES with abiotic/biotic CHT/Ni foam 

cathodes as a function of time at 3 V bias under 0.5 sun illumination. (B) Acetate production in 

biotic/abiotic MES systems versus time. No product was detected in abiotic MES reactors with 

FTO/BiVO4/Mo photoanode under solar illumination. 

 

Table 1 Average current density and acetate production rate from CO2 in MES. 

Biocathode 

Avg. current 

density 

(mA/cm2) 

Cathode 

potential (V 

vs. SHE) 

Acetate 

production (mM)a 
FE (%)b 

Solar-to-acetate 

efficiency (%) 

0.5 sun 

illumination 
0.61 ± 0.02 –0.72 ± 0.03 6.42 ± 1.21 62 ± 12 0.97 ± 0.19% 

No sunlight 0.49 ± 0.04 –0.38 ± 0.03 0.14 ± 0.05 1.7 ± 0.6    N/A 
 

a Each value is the mean and standard deviation of duplicate MES reactors. Acetate production is 

calculated based on the cumulative acetate concentration from GC-MS-FID after 7 days. bFaradaic 

efficiency is calculated based on the equation: 𝐹𝐸 =
𝑄𝑎𝑐𝑒𝑡𝑎𝑡𝑒

𝑄𝑡𝑜𝑡𝑎𝑙
 (where Qacetate is the coulomb required 
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for the acetate production (measured by GC-MS-FID) in one batch, and Qtotal is the total coulomb 

produced by the current in the corresponding batch). 

 

When light illumination was off using biotic cathode, the current density experienced a 20% 

decline to 0.49 ± 0.04 mA/cm2 (Fig. 5A). This was expected since the photoelectrons and current 

increment induced by sun illumination were absent in the dark environment. However, the cathode 

potential significantly decreased, averaging at –0.38 ± 0.03 V vs SHE, with the same MES 

configuration (Fig. 5A, Table 1). As mentioned above, the anodic water splitting in the dark required 

an anode potential higher than 1.4 V vs. RHE to trigger the OER in abiotic MES reactor (Fig. 3B). A 

larger portion of the applied voltage (3 V) was thus believed to be biased at MES anode for efficient 

OER, resulting in 37.0% reduction in cathode potential. A similar observation was obtained by Lu et 

al. [43] in a microbial electrochemical cell and Jeremiasse et al. [48] in a microbial electrolysis cell 

for H2 production. Lu et al. [43] discovered that the cathode potential for efficient HER could be 

significantly reduced with solar illumination on GaInP2-TiO2-MoSx and GaInP2-PtRu photocathode, 

respectively. However, the counter electrode potential in their study declined after the light 

illumination was switched off, to compensate for higher cathodic potential requirement for HER, 

which matches our observation of cathode potential decrease to compensate for the potential 

requirement for OER at the anode.  

To clearly depict the anode potential shift with light on-off switch, the detailed voltage 

contributions (vs. SHE) to the applied bias (Ecell = 3 V) from the FTO/BiVO4/Mo photoanode, CHT/Ni 

foam biocathode, and internal resistance and pH gradient (ΔpH) across the Nafion membrane [49] are 

schematically summarized in Fig. 6. For FTO/BiVO4/Mo photoanode under 0.5 sun illumination (Fig. 

6A), the internal resistance (137.3 Ω) of the biotic MES reactor was obtained from the slope of the 

corresponding LSV curve (red line in Fig. 4A), which leads to a voltage contribution of 0.51 V vs. 

SHE at an average current density of 0.61 mA/cm2. A pH difference of 4 between the bulk anolyte 
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and catholyte can lead to a voltage drop of 0.24 V vs. SHE according to Nernst equation (E= 0.0592 

× ΔpH). Thus, the total voltage contribution across the Nafion membrane (𝐸𝑛𝑎𝑓𝑖𝑜𝑛) is 0.75 V vs. SHE 

with sun illumination on FTO/BiVO4/Mo photoanode, as shown in Fig. 6A. The actual anode potential 

was calculated by subtracting the measured cathode potential (–0.72 V vs. SHE) and voltage drop 

(0.75 V vs. SHE) across Nafion membrane from the applied bias (3 V). The anodic overpotential (η𝑂𝐸𝑅) 

for water splitting at pH 4 was calculated using the equation: 

η𝑂𝐸𝑅 = 𝐸𝑐𝑒𝑙𝑙 − [(𝐸𝐶𝑜𝐴
° + η𝐶𝑜𝐴) + 𝐸𝑛𝑎𝑓𝑖𝑜𝑛 + 𝐸𝑂𝐸𝑅

° ]                  (4) 

where 𝐸𝐶𝑜𝐴
°  and η𝐶𝑜𝐴  are the theoretical potential (–0.33 V vs. SHE) and overpotential, 

respectively, for the cathodic CO2 conversion to acetate (CoA) at pH 8 in this study. The cathodic 

overpotential (η𝐶𝑜𝐴) was calculated by subtracting the theoretical potential (–0.33 V vs. SHE, Fig. 7) 

from the measured cathode potential (–0.72 V vs. SHE under sun illumination or –0.38 V vs. SHE in 

the dark). 𝐸𝑂𝐸𝑅
°  is the theoretical potential (𝐸𝑂𝐸𝑅

° = 0.99V vs. SHE, Fig. 7) for anodic water splitting. 

 

Figure 6 Voltage contributions (vs. SHE) to the applied bias (Ecell = 3 V) for MES reactors with 

biocathode and FTO/BiVO4/Mo photoanode under (A) sun illumination to achieve an average current 

density of 0.61 mA/cm2, and (B) in the dark environment to achieve an average current density of 0.49 

mA/cm2. 𝐸𝐶𝑜𝐴
°  and η𝐶𝑜𝐴 are the theoretical potential (–0.33 V vs. SHE) and overpotential, respectively, 

for the cathodic CO2 conversion to acetate (CoA) at pH 8 in this study; 𝐸𝑛𝑎𝑓𝑖𝑜𝑛 is voltage drop induced 
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by internal resistance and pH gradient (ΔpH) across the Nafion membrane; η𝑂𝐸𝑅  is the anodic 

overpotential for water splitting at pH 4; and 𝐸𝑂𝐸𝑅
°  is the theoretical potential for anodic water splitting. 

 

From Fig. 6, it is quite obvious that the overpotential requirement for anodic OER became much 

higher (0.94 V vs SHE) in the dark, which significantly decreased the average cathode potential (–0.38 

V vs. SHE) available for acetate production from CO2. Thus, only a very small amount of acetate 

production (0.14 ± 0.05 mM) was observed after 7 days of MES operation without sun illumination 

on FTO/BiVO4/Mo photoanode (Fig. 5B). This is probably because CO2 reduction to acetate is 

thermodynamically feasible at a cathode potential as negative as –0.28 V vs. SHE [50], and acetate 

generation from CO2 in MES has been reported at –0.4 V vs. SHE [9, 10, 51]. The FE calculated for 

the acetate production in biotic MES reactor without sun illumination was 1.7 ± 0.6%, which is a huge 

decline from 62 ± 12% for MES under sun illumination. Part of this loss in electrons could be attributed 

to the possible metal or sulfate reduction at the biocathode surface, which was clearly detected by EDS 

(Fig. S2D). The rest of the electrons, however, are probably used to sustain the growth of microbes on 

MES biocathode during operation in the dark [52, 53], thus contributing to the dense biofilm uniformly 

distributed on the inner and outer surface of the nickel foam (Fig. S2A, B and C). The persistence of 

cathodic biofilm, as well as BiVO4/Mo photocatalyst, during a batch period of 7 days with minor 

electron supply partially demonstrates the applicability and sustainability of photo-assisted MES 

systems for the storage of renewable energy with intermittent supply [5, 6].   

As for the abiotic MES control operated under sun illumination, no acetate or methane was 

detected. The abiotic current density (~ 0.3 mA/cm2) under sun illumination was also lower than the 

biotic current density in the dark (Fig. 4A & 5A) at an applied bias of 3V, which resulted from the 

active electron uptake by microbes from biocathode in biotic MES reactor [54, 55]. Due to the highly 

porous structure and larger surface area (30 cm2 vs 6 cm2 FTO/BiVO4/Mo anode), the CHT/Ni foam 

cathode may accommodate more biocatalysts (microbes) for various cathodic reactions (Fig. S2) and 
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thus play a more important role in current enhancement compared to BiVO4/Mo photocatalyst under 

sun illumination in the abiotic test. Considering the high potential requirement for HER at neutral pH 

(–0.41 V vs. SHE), the detectable current density under low cathode potential (<–0.20 V vs. SHE) in 

the abiotic MES under sun illumination indicated possible electron uptake by other cathodic reactions 

(e.g. the reduction of oxygen molecules diffused from anode [56], sulfate or metal reduction [2, 41]). 

The reduction of metal or oxygen is feasible at more positive cathode potentials (<-0.2 mV vs. SHE). 

In fact, the deposition of Fe, Co and Se was discovered on biotic (Fig. S2D) and abiotic (Fig. S3B) 

cathode surface.  

Overall, by using DC power supply, the photo-assisted MES is expected to have anode/cathode 

potential fluctuations due to light on-off switch, which in turn would affect the performance of MES 

reactors. Utilizing FTO/BiVO4/Mo photoanode in MES with solar illumination, however, will 

significantly reduce voltage requirement for initiating efficient anodic water splitting, and thus sustain 

sufficiently high cathodic potential for microbial electrosynthesis from CO2 with long-term stability, 

suggesting the potential application of photo-assisted MES systems for CO2 capture and renewable 

energy storage in real-field conditions.      

3.4 Enhanced efficiency of renewable energy storage by MES with FTO/BiVO4/Mo photoanode 

Solar-to-acetate conversion efficiency was quantified in the biotic MES using Nernst equation as 

described in Fig. 7, and taking into consideration the final acetate concentration, pH value in anodic 

and cathodic chamber and CO2 partial pressure in the gasbag connected to the CHT/Ni foam 

biocathode. The theoretical redox potentials calculated for OER at the anode under sun illumination 

and CO2 reduction to acetate at the cathode were +0.99 V and –0.33 V vs. SHE, respectively, leading 

to a minimum cell voltage (1.32 V) to power MES reactors. The Gibbs free energy (ΔG) for acetate 

production (6.42 ± 1.21 mM) from biotic MES under sun illumination was 1799 ± 339 J. Since 0.14 
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± 0.05 mM acetate could be generated in the dark, the total solar energy utilized for acetate production 

was 1760 ± 339 J. The total solar energy input was 181.44 kJ at 50 mW/cm2 for 7 days, resulting in a 

solar-to-acetate conversion efficiency of 0.97 ± 0.19%, which was among the highest ever reported in 

microbial photoelectrosynthesis [21]. As CO2 conversion to acetate is mainly a H2-mediated process 

[41, 57, 58], a theoretical cathode potential of –0.33 V vs. SHE might not be sufficient for H2-mediated 

CO2 conversion to acetate. Thus, the solar-to-acetate conversion efficiency was also calculated using 

the actual anode and cathode potentials to reflect the actual energy consumption.  

 
 

Figure 7 Nernst equation used for estimating the half redox potential at the surface of FTO/BiVO4/Mo 

photoanode and CHT/Ni foam biocathode, respectively. The solar-to-acetate conversion efficiency 

was obtained by dividing the calculated Gibbs free energy for acetate production in MES by the total 

solar illumination (181.44 kJ) at 6 cm2 FTO/BiVO4/Mo for 7 days. 

 

As can be seen from Fig. 6, the anodic overpotential (ηOER) for water splitting under sun 

illumination was 0.54 V vs SHE, which is acceptable for water splitting at MES anode with large 

surface area (compared to 3 mm glassy carbon disc electrode commonly used for electrochemical OER 

tests) [18]. Based on the actual anode (1.53 V vs. SHE) and cathode (–0.72 V vs. SHE) potentials in 
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MES under 0.5 sun illumination, the actual Gibbs energy calculated for the photo-assisted acetate 

formation was 3.0 ± 0.64 kJ, representing an actual solar-to-acetate conversion efficiency of 1.65 ± 

0.35%. This energy conversion efficiency, which could be further improved if we minimize the energy 

loss due to the light reflection from the anode chamber (44.27 kJ as shown in Fig. 7), is 70% higher 

than the theoretical value and the highest ever reported so far for photo-assisted MES systems 

equipped with photoanodes [16, 17, 21]. Compared to global natural photosynthesis (0.2%) [59], more 

efficient solar energy storage and CO2 valorization could be achieved with an excellent product 

selectivity via photo-assisted MES technology.  

The significantly higher solar-to acetate conversion efficiency of photo-assisted MES system in 

the current study could be attributed to the narrow bandgap of BiVO4/Mo photoanode (2.6 eV) vs. 

TiO2 photoanode (3.2 eV) [16]. The limited absorption of sunlight, induced by the large bandgap of 

TiO2 nanowire arrays, generally leads to higher energy demand for initiating anodic OER and thus 

reduces the overall solar-to-acetate conversion efficiency (0.38%), as reported by Liu et al. [17]. 

Several strategies have been thus developed or proposed to further enhance the solar-to-biochemical 

conversion efficiency in photo-assisted MES systems. One strategy is to narrow the bandgap and 

enhance the solar harvesting capability of MES photoanode through photocatalyst modifications, such 

as co-catalyst coating (e.g. NiCoO2 [19]) and heterojunction formation [21]. As a good example, Xiao 

et al. [21] improved the solar-to-methane conversion efficiency from 0.1% to 1.28% by developing 

heterojunction structures with Cu2ZnSnS4/CdS deposition on TiO2 photoanode, which resulted in its 

narrow bandgap and easy electron-hole separation. Apart from enhancing solar harvesting property of 

MES photoanode, the overall performance of photo-assisted MES can be further enhanced by: (1) 

utilizing photovoltaic devices as the power supply [60]; (2) optimizing MES configuration to minimize 

pH fluctuations [49] and internal resistance [24] between the anode and cathode chambers; and (3) 
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tuning MES operation conditions [9, 40, 46] and selecting more efficient chemolithoautotrophs [2] to 

improve bioproduct formation.  

 

4. Conclusions 

This study developed a highly efficient and sustainable microbial photoelectrosynthesis system to 

simultaneously capture CO2 and store renewable energy. An applied bias was set between MES 

photoanode and cathode to imitate and study the fluctuations of electrode potential in real-field 

applications. Owing to the narrow band gap of BiVO4/Mo composite, a wider range of solar spectrum 

could be absorbed, leading to enhanced production of photocurrent, significant decline of anodic 

overpotential for OER and improved cathode potential for CO2 reduction under sun illumination. A 

theoretical solar-to-acetate conversion efficiency up to 0.97 ± 0.19% was realized, and its performance 

was sustained for 7 days with no obvious decrease, both of which are among the highest ever reported 

for this type of hybrid MES system. The coupling of renewable energy (solar energy) and MES in this 

study could potentially overcome a major energy barrier faced by MES systems, which require high 

energy input for OER, CO2 reduction and chemolithoautotrophic growth, and opens an opportunity 

for the development of sustainable artificial photosynthesis of low-cost carbon-based compounds 

(such as volatile fatty acids) and biofuels.  
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Figure S1 (A) Large scan XPS spectrum of BiVO4/Mo photoanode before and after 7 days of 

operation in MES, and the corresponding comparison of (B) Bi 4f spectra, (C) V 2p spectra and (D) 

Mo 3d spectra, respectively. 
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Figure S2 SEM images of biofilm formation on the outer surface (A, B) and inner surface (C) of the 

CHT/Ni foam cathode showing a well-colonized biofilm suggesting that Ni-foam cathode architecture 

supported bacterial proliferation and growth. (D) EDS analysis of elements on the surface of biofilm-

covered CHT/Ni foam cathode after 7 days of MES operation.  
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Figure S3 (A) SEM images of surface morphology and (B) EDS analysis of surface elements of 

CHT/Ni foam cathode after 7 days of operation in abiotic MES.  
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Figure S4 Methane production in biotic/abiotic MES systems over time. No product was detected in 

abiotic MES reactors with FTO/BiVO4/Mo photoanode under solar illumination. 
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Figure S5 (A) (B) SEM images of surface morphology and (C) EDS analysis of surface elements of 

FTO/BiVO4/Mo photoanode after 7 days of operation in MES. The white particles correspond to salts 

deposited from the anolyte after 7 days of operation in MES. 

 

 

 

 

 

 


