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Abstract 

Microbial electrosynthesis is a bioprocess where microbes reduce CO2 into multicarbon chemicals 
with electrons derived from the cathode of a bioelectrochemical reactor. Developing a highly 

productive microbial electrosynthesis reactor requires excellent electrical connection between the 
electrochemical setup, the cathode, and the microbes. Copper is a highly conductive cathode 
material widely employed in electrochemical apparatuses. However, the antimicrobial properties of 

copper limit its usage for bioelectrochemistry. Here, biocompatible reduced graphene oxide coated 
on copper foam is synthesized as a cathode material for the microbial electrosynthesis of acetate 

from CO2. Dense and electroactive Sporomusa ovata biofilms form on the surface of reduced 
graphene oxide-coated copper foam electrodes while only scattered and damaged cells cover 
uncoated copper electrodes. Besides the formation of metabolically-active biofilms, acetate 

production rate from CO2 is 21.3 and 43.5-fold higher with this novel composite cathode compared 
with an uncoated copper foam cathode and a reversed cathode made of reduced graphene oxide 

foam coated with copper, respectively. The results demonstrate that reduced graphene oxide can be 
employed as a biocompatible and conductive buffer between microbes and bactericidal electrode 
materials with excellent electrochemical property to enable highly performant microbial 

electrosynthesis. 
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1.Introduction 

Microbial electrosynthesis (MES) is an emerging biotechnology, where electrons coming from the 
cathode of a bioelectrochemical reactor are used by a microbial catalyst for the reduction of CO2 

into multicarbon compounds or methane [1,2]. In MES, electrons and protons driving biological 
reduction reactions at the cathode are coming from chemical or biological oxidation reactions 
occurring at the anode [3-5]. The electricity required to drive MES processes can be generated from 

multiple renewable energy sources including wind turbine and sunlight [6,7]. Under these 
circumstances, MES is a technology developed for the storage of electricity from intermittent 

energy sources into the chemical bonds of easy-to-store molecules [8]. 
 
In recent years, research efforts have been carried out to increase the productivity of MES systems 

for potential scaling up. Microbial catalysts, growth medium, and cathodes are all components of 
MES reactors that have been studied and optimized [9-18]. Electron transfer from the cathode to 

microbes is at the core of MES and multiple strategies have pursued the development of novel 
electrode materials and spatial arrangements to improve it. The utilization of cathodes with better 
electrical conductivity, larger surface area, higher catalytic activity, low charge-transfer resistance, 

and good biocompatibility have led to the development of MES reactors with enhanced current 
density and CO2 reduction rates [19,20]. For instance, modifying carbonaceous cathodes with 

biopolymers, carbon nanotubes, gold, palladium or nickel improved MES performance because of 
increased surface area-to-volume ratio, superior catalytic properties and stronger electrostatic 
interactions with microbes [15,21,22]. 

 
Copper, which has high electrical conductivity and a relatively low price, could be an interesting 

alternative for the fabrication of high-performance MES cathodes. In bioelectrochemical systems 
aiming at the generation of an electrical current from the microbial oxidation of organic carbon 
molecules, copper anode has been shown to have comparable performance to benchmark graphite 

anode [23]. For this application, fabrication of copper anode could reduce the system cost because 
the higher conductivity of copper allows the utilization of smaller electrodes for the same 

productivity. In many MES systems, electrons transferred from the cathode to the microbes are 
reported to be shuttled via H2 [24,25]. Cathodes made of metallic copper, copper alloys or 
comprising copper oxides have been used for the electrochemical or photoelectrochemical evolution 

of H2 [26,27]. However, copper surfaces are known to inhibit microbial cell growth, which could be 
incompatible with MES applications [28,29]. 

 
Reduced graphene oxide (rGO) is a honeycombed one-atom-thick carbon material with many of the 
qualities required for the development of high-performance electrodes for bioelectrochemical 

applications such as biocompatibility, high electrical conductivity and low production cost [30-33]. 
In the case of MES, composite non-metallic carbonaceous cathodes comprising rGO or its 

derivative have been shown to increase significantly acetate production rates and current density 
[19,20]. Because of its large specific surface area and superior electron mobility, graphene-based 
materials have also been used in the fabrication of cathode for the photoelectrochemical or 

electrochemical H2 evolution [34-37]. Furthermore, when graphene-based materials were combined 
with copper-based materials for the fabrication of inexpensive electrochemical electrodes, a 

synergistic effect improving H2 evolution was observed [38,39]. 
 
During MES, electron transfer rate from the cathode to the microbe can be an important bottleneck 

restraining productivity. One of the purposes of this study was to develop a MES system where the 
flux of reducing equivalents under the form of H2 would be sufficient to drive the biological 
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reduction of CO2 without being a limitation. To achieve this goal, we investigated the performance 

and bioelectrochemical behavior of Sporomusa ovata-driven MES reactors equipped with cathodes 
poised at low potential and made of the four following materials: copper foam, rGO foam, copper 

foam coated with rGO (rGO-CuF) and rGO foam electroplated with copper (epCu-rGO). Biofilm 
formation at the surface of the different cathodes was also studied via confocal laser microscopy 
(CLSM) and scanning electron microscopy (SEM). 

 
2. Materials and Methods 

2.1. The microbial catalyst Sporomusa ovata DSM 2662 

Wild-type S. ovata DSM-2662 was acquired from the Deutsche Sammlung Mikroorganismen und 
Zellkulturen (DSMZ) [40]. Bacterial cultures were routinely maintained anaerobically in 311 

medium with 40 mM betaine as carbon source and electron donor under N2:CO2 (80:20). For 
autotrophic cultivation with H2 as the electron source, no betaine was added to 311 medium and the 

atmosphere was H2:CO2 (80:20) or N2:CO2:H2 (83:10:7) [41]. Casitone, sodium sulfide, yeast 
extract, and resazurin were omitted from 311 medium under all growth conditions. Cysteine was 
also omitted from 311 medium for MES experiments. 

 
2.2. Synthesis of graphene oxide 

Graphene oxide (GO) was prepared via a modified version of the Hummers’ method [42]. 0.5 g of 
graphite (325 mesh, Alfa Aesar) was loaded into a round bottom flask. 24 ml concentrated H2SO4 
(95-98%, Sigma-Aldrich) was added, and the reaction mixture was cooled on ice with stirring. After 

10 minutes, 3 g of KMnO4 was added in small portions over 30 minutes and the reaction was 
maintained on ice for an additional 1.5 hour. The mixture was then transferred to an oil bath heated 

to 35 °C and incubated for 16 hours. 80 ml Milli-Q water was added slowly into the reaction 
mixture and the temperature was subsequently raised to 90 °C for 15 minutes. The reaction mixture 
was allowed to cool down to room temperature and 100 ml Milli-Q water was added followed by 8 

ml H2O2 (33%, Sigma-Aldrich). The obtained GO was then washed five times with Milli-Q water 
by centrifugation [43]. GO flake exfoliation was obtained subsequently using bath sonication for 30 

minutes. Large aggregates were removed and further refining to mono- and few-layer GO was 
achieved by 5 times of centrifugation at 620 x g. Finally, the GO solution was centrifuged two times 
at 9800 x g for 20 minutes to remove oxidative debris. 

 

2.3. Coating of copper foam with reduced graphene oxide 

Handling of the copper foam (Goodfellow, USA) was performed under a nitrogen atmosphere to 
avoid extensive copper oxidation. Initially, the copper foam scaffold was washed in isopropanol, 
ethanol and Milli-Q water for 15 minutes, respectively, prior to GO coating. Coating of the copper 

foam was carried out at 120 °C in a round bottom flask under a continuous flow of nitrogen. A 0.5 
mg ml-1 GO solution was dropped on both sides of the copper foam, and the GO solution was 

allowed to dry. This step was repeated three times until full coverage of the copper foam was 
achieved. GO was subsequently reduced to rGO with 60 ml ascorbic acid solution (0.5 mg ml-1) for 
2 hours. Finally, the rGO-CuF electrode was washed extensively with Milli-Q water to remove 

residual ascorbic acid and loosely-bound rGO flakes. 
 

2.4. Fabrication of reduced graphene oxide foam 

2 ml of 30 mg ml-1 GO solution in Milli-Q water was poured into a cylindrical mold and freeze-
dried overnight. The resulting GO foam was heated at a heating rate of 1 °C min-1 until reaching 

300 °C where it was maintained for 10 minutes. After heating, the GO foam was soaked in ascorbic 
acid for reduction and then washed extensively with Milli-Q water. 
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2.5. Fabrication of reduced oxide graphene foam electroplated with copper 

rGO foam was coated with copper by electroplating. The electroplating apparatus comprises a 

copper plate anode separated by five centimeters from the rGO foam substrate, which served as the 
cathode in this setup. The electrolyte consists of 50g l-1 CuSO4·5H2O into a 150g l-1 H2SO4 solution. 
For electroplating, the voltage was set at 1 volt for 10 minutes. The obtained epCu-rGO foam was 

washed with Milli-Q water until complete removal of residual acid and loosely-bound copper 
before being dried in a vacuum drying box. 

 

2.6. Microbial electrosynthesis and cyclic voltammetry 

The four different cathodes were tested in triplicate for MES experiments in dual chambered, three-

electrode bioelectrochemical reactors. The MES experiments were conducted at 25 °C with S. ovata 
DSM-2662 for the reduction of CO2 into acetate as previously described [14,44]. Copper foam, rGO 

foam, rGO-CuF or epCu-rGO cathodes and graphite stick anode (36 cm2) were immersed in 250 ml 
311 medium in two chambers separated by a Nafion 115 ion-exchange membrane (Ion Power, Inc., 
New Castle, DE, USA). An Ag/AgCl electrode model ET072 (eDAQ, Denmark) was used as a 

reference electrode and the cathode was poised at a potential of –990 mV versus standard hydrogen 
electrode (SHE) with a CH Instrument potentiostat (CH Instruments, Inc, USA). S. ovata cultures of 

100 ml grown on H2:CO2 at an optical density (545 nm) of ca. 0.1 were used to inoculate the 
cathode chamber. S. ovata cultures were established in the MES cathode chamber by bubbling with 
N2:CO2:H2 and by swapping the medium two times. Each medium swap was performed after the 

cultures reached an OD545 of ca. 0.1. After the second medium swap, the gas mix was switched to 
N2:CO2 at which point data start being collected. The abiotic anode compartment was also bubbled 

with N2:CO2 during the MES experiment. During the cyclic voltammetry (CV) experiments, the 
tested electrodes were scanned at a rate of 1 mV s-1 in a potential window of 0 to -1300 mV versus 
Ag/AgCl. Further electrochemical analyses of the data generated during MES and CV experiments 

were done with the EC-Lab® software v.10.40 (BioLogic, France). Instability in the current density 
reported here was likely caused by experimental variation. 

 
2.7. Gas chromatography and High-pressure liquid chromatography 

For H2 detection, gas samples from the headspace of MES reactors were collected in N2-flushed 

serum bottles and concentration was measured by gas chromatography with a Trace 1300 gas 
chromatograph (ThermoFisher Scientific, Denmark). Argon was used as a carrier gas with a HP-

PLOT Molesieve column (Agilent) and H2 was detected with a thermal conductivity detector 
(TCD). The oven temperature of the gas chromatograph was maintained at 130 °C. High-pressure 
liquid chromatography (HPLC) was used for the quantification of acetate. The HPLC apparatus was 

equipped with an HPX-87H anion exchange column (Bio-Rad Laboratories Inc., California, USA) 
set at a temperature of 30 °C. 5 mM H2SO4 was the mobile phase at a flow rate of 0.6 ml min-1. 

Acetate was detected with a refractive index (RI) detector and data were analyzed with the 
Chromeleon software (ThermoFisher Scientific). As described previously [2,14,22,44], acetate 
production rate and current density were normalized to the geometric surface area of copper foam 

or rGO-CuF cathodes, which were rectangular prisms, according to equation 1: 
 

A = 2(wl +hl + hw) (1)  
 
The geometric surface area of copper foam and rGO-CuF (A) was 5.2 cm2 with a width (w) of 0.2 

cm, a length (l) of 2 cm and a height (h) of 1 cm. The geometric surface area of the rGO foam and 
epCu-rGO, which had a cylindric shape, was calculated according to equation 2: 
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A = 2r2 + 2rh (2) 
 

The geometric surface area of rGO foam and epCu-rGO (A) was 8.12 cm2 with a radius (r) of 0.55 
cm and a height (h) of 1.8 cm. 

 

2.8. Scanning electron microscopy and confocal laser scanning microscopy 

For SEM images, abiotic cathode and biocathode samples from electrochemical reactors were 

collected at the end of MES experiments after ten days of operation and fixed with 0.1M buffer 
solution at pH 7.0 containing 2.5% glutaraldehyde for 5 hours at room temperature. Cathode 

samples were then washed with the buffer solution without glutaraldehyde before being immersed 
successively in acetonitrile and ethanol as described previously [22]. Cathodes were dried under 
nitrogen and images were taken with a Quanta 200 FEG scanning electron microscope (FEI) at an 

accelerating voltage of 10 V under high vacuum condition.  
 

For CLSM images, biocathodes were taken from the MES reactor after ten days and stained with 
the LIVE/DEAD® BacLight™ Bacterial Viability Kit (Thermo Fisher Scientific) as described 
previously [20]. With this kit, cells staining in red have a compromised membrane and are 

considered dead or dying whereas cells staining in green have an intact membrane and are 
considered alive. CLSM images were taken with a Zeiss LSM 5 Pascal microscope, and the images 

were analyzed with the ZEN imaging software (Zeiss, Germany). 
 

2.9. Analytical methods 

Energy-dispersive X-ray spectroscopy (EDS) data were collected with an Oxford IE250 energy-
dispersive X-ray spectrometer (Oxford Instruments, UK). Raman spectra of the four cathodes were 

obtained with a DXR confocal Raman microscope (Thermo Fisher Scientific) at an excitation 
wavelength of 455 nm with 5 mW of laser power. The Brunauer–Emmett–Teller (BET) method was 
used as previously described to determine the specific surface area of cathodes [45]. Inductively 

coupled plasma-optical emission spectrometry (ICP-OES) used to measure Cu2+ in electrolytes was 
conducted with an iCAP 7400 ICP-OES analyzer (Thermo Fisher Scientific).  

 

3. Results and discussion 

3.1. Cathodes characterization 

Four cathode materials were investigated in this study: commercially-available copper foam, rGO 
foam, epCu-rGO and rGO-CuF. The latter was fabricated by coating copper foam with GO before 

proceeding to its reduction with ascorbic acid (Fig 1A-B). SEM images of the rGO-CuF cathode 
showed a three-dimensional globular structure (Fig. 1C-E). After the coating process, a crumpled 
paper-like film made of rGO was covering the copper foam surface (Fig. 1D-F). Raman 

spectroscopy was employed to confirm the successful modification of the copper foam substrate 
with rGO (Fig. S1). Before modification, the copper foam material exhibited two Raman peaks 

between 500 and 700 cm-1, which are characteristic of copper oxides found at the surface of 
metallic copper [46]. After modification, only a single weaker peak at ca. 620 cm-1 remained in this 
region of the Raman spectrum. More importantly, Raman peaks D (1360 cm-1), G (1570 cm-1) and 

2D (2700 cm-1) that are characteristic of rGO were present on the Raman spectrum, confirming the 
successful coating of the copper foam [47]. Besides changing the cathode surface structure, coating 

rGO on the copper foam substrate resulted in a 161-fold increase of the specific surface area to 1.13 
m2 g-1. 
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The epCu-rGO cathode was synthesized by electroplating of copper on the rGO foam (Fig. 2A-B). 

Both the rGO foam and the epCu-rGO cathodes had the characteristic crumpled paper-like structure 
of rGO (Fig. 2C-D-E-F). EDS showed the presence of copper on the surface of the epCu-rGO 

cathode (Fig. 2F inset). The presence of the D, G and 2D peaks on the Raman spectrum confirmed 
the successful synthesis of rGO foam (Fig. S2). The epCu-rGO cathode had less intense D and G 
peaks and no 2D peak. A large peak between 500 and 700 cm-1 was observed due to the presence of 

copper at the surface of the epCu-rGO cathode. The rGO foam and the epCu-rGO cathodes had a 
specific surface area of 0.60 m2 g-1 and 14.64 m2 g-1, respectively. 

 
3.2. Microbial electrosynthesis with the copper foam cathode 

A MES system equipped with a copper foam cathode poised at -990 mV vs. SHE and S. ovata 

DSM-2662 as the microbial catalyst had an acetate production rate of 79.6 ± 24.4 mmol m-2 d-1 and 
a current density of -7.1 ± 2.5 A m-2 (Fig. 3, Table 1). As expected, the abiotic MES system 

equipped with a copper foam cathode did not generate any acetate while H2 accumulated in the 
headspace of the reactor at a rate of 995.0 ± 63.4 mmol m-2 d-1. In the copper foam-MES reactor 
populated with S. ovata, H2 accumulated in the gas phase at a higher rate of 2500.9 ± 461.4 mmol 

m-2 d-1. Assuming that in the MES system described here most of the electrons used for the 
biological reduction of CO2 into acetate are transferred to the microbe from the cathode under the 

form of H2, the electrosynthesis of one mole of acetate requires four moles of H2 according to 
equation 3. 
 

4H2 + 2CO2 → CH3COOH + 2H2O (3) 

 
This means that to maintain the acetate production rate observed with the copper foam-MES 
system, bioelectrochemically-evolved H2 needs to be oxidized at a rate of 318.4 mmol m-2 d-1. 

Actual accumulation of H2 in the gas phase was 7.9 fold faster than the calculated H2 oxidation rate, 
which is probably the main reason behind the low coulombic efficiency of only 10.0 ± 6.5 % of the 

electrons from the cathode used for the biological synthesis of acetate from CO2. Furthermore, 
results presented here suggest that the presence of bacterial cells accelerated H2 evolution reaction 
(HER) by the copper foam cathode. This phenomenon has been observed before with other types of 

cathode materials and it has been proposed that the microbial deposition of redox enzymes or 
biometals on the MES cathode had a beneficial effect on HER [25,48,49]. Reduction of H2 

concentration near the cathode surface due to quick biological oxidation could also be a factor 
stimulating HER [50]. 
 

3.3. Microbial electrosynthesis with the rGO-CuF cathode 

When copper foam was coated with rGO and used as the cathode for S. ovata-driven MES, acetate 
production rates, as well as current density were significantly increased to 1697.6 ± 298.1 mmol m-2 

d-1 and -21.6 ± 2.1 A m-2, respectively (Fig. 4, Table 1). The acetate production rate per m2 of 
electrode surface observed with this composite cathode is comparable with one of the high-

performance cathodes previously developed for MES. Jourdin et al. reported an acetate production 
rate of 11407 mmol m-2 d-1 with a MES system populated with a mixed community and equipped 
with a reticulated vitreous carbon (RVC) cathode coated with multiwalled carbon nanotubes 

(MWCN) [15]. This outstanding result was normalized to the projected area or footprint of the base 
of the electrode that was 1.36 cm2

 [13,15,51,52]. If the RVC-MWCN cathode surface area is instead 

calculated based on the geometric surface, the acetate production rate becomes 1983.8 mmol m-2 d-

1. This is comparable to the results presented here since the geometric surface area of the RVC-
MWCN cathode was ca. 7.82 cm2 when including the six faces of the rectangular prism. The 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 
 

specific surface area was not used for normalization here because bacterial cells are too large to 

interact everywhere on the cathode surface when there are small pores present. 
 

One important characteristic of the rGO-CuF cathode compared to RVC-MWCN is its lower cost of 
fabrication. For instance, RVC with a porosity between 10 to 100 pores per inch has a price tag of 
1292 USD per m2 [53]. MWCNT price is 55 USD per gram [54]. In comparison, copper foam price 

is 130 USD per m2 [55]. Graphene usually has a low-price tag since it is fabricated from graphite. 
For example, Xie et al reported that the capital cost of a pure 2 mm-thick graphene sponge electrode 

was 4 USD per m2 [56]. The electrode developed by this group was fabricated with 2 grams of 
graphene per m2. 
 

Coulombic efficiency in the MES system with the rGO-CuF cathode was 70.2 ± 14.1 % (Table 1). 
In a similar way as the copper foam cathode, a large quantity of H2 was not oxidized by the 

microbial catalyst and accumulated in the gas phase of the MES reactor. This was the main reason 
that a fraction of the electrons from the cathode has not been used for the biological reduction of 
CO2 into acetate. Still, coulombic efficiency with the rGO-CuF cathode was significantly better 

than the one observed with the copper foam cathode. 
 

H2 accumulation rate in the gas phase of the abiotic rGO-CuF MES reactor was 2161.6 ± 223.5 
mmol m-2 d-1, which is 2.2 fold higher than with the abiotic copper foam MES reactor. Besides the 
intrinsic properties of rGO, the larger specific area of the rGO-CuF cathode compared to uncoated 

copper foam cathode, which increases the quantity of cathode-electrolyte junctions, probably 
explains the faster HER observed. 

 
In the S. ovata-driven rGO-CuF MES system, H2 must be oxidized at a rate of 6790.4 mmol m-2 d-1 
to sustain the observed acetate production rate. Adding this H2 oxidation rate to the detected H2 

accumulation rate in the gas phase resulted in an overall HER of 9389.6 mmol m-2 d-1. This was 4.3 
fold higher than what was observed in the abiotic rGO-CuF MES system. As with the copper foam 

cathode, the presence of biomass could accelerate HER. 
 
Investigating the bioelectrochemical behavior of the S. ovata-driven rGO-CuF MES system with 

cyclic voltammetry showed a higher cathodic current response than the abiotic controls as well as 
the S. ovata copper foam MES system (Fig. S3). This result was consistent with the higher current 

density and the faster HER observed with the MES reactor equipped with the rGO-CuF composite 
cathode. Furthermore, the abiotic rGO-CuF MES system exhibited a higher cathodic current 
response than the abiotic copper foam MES system, a result also consistent with the observed 

current densities, HER rates as well as with the increased specific surface area. 
 

3.4. Performance of the rGO foam and epCu-rGO cathodes 

Two other cathodes made of rGO foam and of epCu-rGO were tested in the MES system. When 
compared with rGO-CuF, the rGO foam had an acetate production rate and a current density 7.6 and 

8.3 times lower, respectively (Table 1, Fig. 5). The coulombic efficiency was 76.4 ± 18.6 %. The 
core of the rGO-CuF is made of copper, which has an electrical conductivity three orders of 

magnitude higher than rGO [57]. This is probably the main reason why rGO-CuF, which combined 
highly conductive copper covered with a layer of biocompatible rGO, is more performant for MES 
than pure rGO foam. Another possible reason for the higher MES performance of the rGO-CuF 

cathode is that its specific surface area is 1.9 times higher than the pure rGO foam cathode, which is 
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likely to augment the number of active sites for microbe-cathode interactions and the rate of 

reducing equivalents exchange. 
 

The epCu-rGO cathode was much less significantly performant than the rGO-CuF cathode for MES 
with an acetate production rate and a current density 43.5 and 5.0 times lower, respectively (Table 
1, Fig. 6). The coulombic efficiency for acetate production with the epCu-rGO cathode was only 8.1 

± 4.1%. Most of the electrons derived from the cathode accumulated as H2 in the gas phase of the 
MES reactor. The poor MES performance of epCu-rGO could be attributed to direct contact 

between microbes and the bactericidal copper. Cyclic voltammetry of the rGO foam and epCu-rGO 
cathodes confirmed the superiority for MES of the rGO-CuF cathode, which had a higher cathodic 
current response (Fig. S3-S4).  

 
Total HER including electrons ending up into acetate for both the rGO foam and the epCu-rGO 

cathodes was accelerated by the presence of biomass (Table 1). Under sterile conditions, rGO foam 
was the less performant cathode for HER, while the epCu-rGO cathode evolved H2 at a rate 
comparable to copper foam but 2.1 times lower than rGO-CuF. Slower HER by epCu-rGO, which 

had a 13-fold higher specific surface area than rGO-CuF, may be related to the lower conductivity 
of the rGO foam core compared to the copper foam core. 

 
3.5. Cell viability at the surface of the cathodes 

The low acetate production rate and coulombic efficiency observed with both the copper foam and 

the epCu-rGO can be explained by direct exposure of bacterial cells to copper, which is widely 
considered as antimicrobial with an oligodynamic effect [23,29]. SEM images taken after 10 days 

of operation of MES reactors showed the presence of S. ovata cells attached at the surface of the 
copper foam and the epCu-rGO cathodes (Fig. 3C-D, Fig. 6C-D). CLSM images of the copper foam 
and epCu-rGO biocathodes revealed that a large fraction of S. ovata cells stained in red, which 

indicated that they had a compromised membrane and were either dead or dying (Fig. 7A-B). In this 
study, the inhibiting impact of copper on S. ovata was evident under the MES operational 

conditions tested here.  
 
SEM images of rGO foam and rGO-CuF biocathodes showed the presence of S. ovata cells on the 

rGO surface (Fig. 4C-D, Fig. 5C-D). The biocompatibility of rGO was evident since almost all the 
S. ovata cells stained in green on both cathodes, suggesting that most cells were alive with intact 

membranes (Fig. 7C-D). This was expected since Aryal et al. have shown previously that the 
acetogen S. ovata remained viable on rGO [10,20].    
 

CLSM results indicated that coating copper with rGO mitigated the toxic effects of copper on 
microbes. To confirm this observation, the presence of deleterious copper ions (Cu2+) in the 

electrolytes of an abiotic MES system equipped with a rGO-CuF cathode was measured over a 
period of 10 days by ICP-OES (Fig. S5). Cu2+ ions concentration was negligible from day 0 to day 
10. In comparison, ca. 0.8 mg l-1 Cu2+ was detected in the electrolytes at day 0 when the MES 

reactor was equipped with an epCu-rGO cathode. Interestingly, Cu2+ ion became barely detectable 
after day 3 within this MES system. These results indicated that there was no copper leakage in the 

proximity of living cells with the rGO-CuF cathode during the MES experiment. The significant 
diminution of Cu2+ ion concentration after day 0 in the electrolyte of the epCu-rGO cathode could 
be attributed to the reduction of Cu2+ ions to elemental copper on the cathode surface. 
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4. Conclusion  

Here, a MES reactor with a rGO-CuF cathode was developed to provide a non-limiting flux of 
reducing equivalents for microbial CO2 reduction. Copper is a highly conductive and inexpensive 

material, and using it to fabricate electrodes could reduce the cost of bioelectrochemical 
applications. As expected, the cathodes with a copper surface are unsuitable for MES due to its 
antimicrobial properties. However, when biocompatible rGO was coated on copper cathode, acetate 

production rate was increased to a level comparable to highly-performant MES reactors. This 
indicates that rGO-CuF cathodes have features that are beneficial for MES and for other 

bioelectrochemical applications. 
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Figure legends 

Figure 1. (A) Copper foam and (B) rGO-CuF cathode. SEM images at (C) low- and (E) high-
magnification of copper foam cathode, and (D) low- and (F) high-magnification of rGO-CuF foam 

cathode.  
 
Figure 2. A) rGO foam and (B) epCu-rGO cathode. SEM images at (C) low- and (E) high-

magnification of rGO foam cathode, and (D) low- and (F) high-magnification of epCu-rGO 
cathode. Panel F inset is EDS map of copper distribution on epCu-rGO cathode. 

 
Figure 3. MES with copper foam cathode. (A) Acetate production ( ), current density j ( ), 
and electron transferred ( ) during S. ovata-driven MES. Electron transferred curve corresponds 

to the acetate production in mmol m-2 if all the electrons transferred were converted to acetate. 
Acetate production curve in mmol m-2  corresponds to the real progression of acetate concentration 

in the MES reactor detected by HPLC. (B) Current density with an abiotic copper foam cathode. No 
acetate was produced with the abiotic copper foam cathode. SEM images at (C) low- and (D) high-
magnification of a copper foam cathode after 10 days of S. ovata-driven MES. Acetate production 

and electron transferred curves are the mean and standard deviation of three replicates. Current 
density curve shown is from a representative example of three replicate. d=day. 

 
Figure 4. MES with rGO-CuF cathode. (A) Acetate production ( ), current density j ( ), and 
electron transferred ( ) during S. ovata-driven MES. Electron transferred curve corresponds to 

the acetate production in mmol m-2 if all the electrons transferred were converted to acetate. Acetate 
production curve in mmol m-2  corresponds to the real progression of acetate concentration in the 

MES reactor detected by HPLC. (B) Current density with an abiotic rGO-CuF cathode. No acetate 
was produced with the abiotic rGO-CuF cathode. SEM images at (C) low- and (D) high-
magnification of a rGO-CuF cathode after 10 days of S. ovata-driven MES. Acetate production and 

electron transferred curves are the mean and standard deviation of three replicates. Current density 
curve shown is from a representative example of three replicate. d=day. 

 
Figure 5. MES with rGO foam cathode. (A) Acetate production ( ), current density j ( ), 
and electron transferred ( ) during S. ovata-driven MES. Electron transferred curve corresponds 

to the acetate production in mmol m-2 if all the electrons transferred were converted to acetate. 
Acetate production curve in mmol m-2  corresponds to the real progression of acetate concentration 

in the MES reactor detected by HPLC. (B) Current density with an abiotic rGO foam cathode. No 
acetate was produced with the abiotic rGO foam cathode. SEM images at (C) low- and (D) high-
magnification of a rGO foam cathode after 10 days of S. ovata-driven MES. Acetate production and 

electron transferred curves are the mean and standard deviation of three replicates. Current density 
curve shown is from a representative example of three replicate. d=day. 

 
Figure 6. MES with epCu-rGO cathode. (A) Acetate production ( ), current density j ( ), 
and electron transferred ( ) during S. ovata-driven MES. Electron transferred curve corresponds 

to the acetate production in mmol m-2 if all the electrons transferred were converted to acetate. 
Acetate production curve in mmol m-2  corresponds to the real progression of acetate concentration 

in the MES reactor detected by HPLC. (B) Current density with an abiotic epCu-rGO cathode. No 
acetate was produced with the abiotic epCu-rGO cathode. SEM images at (C) low- and (D) high-
magnification of an epCu-rGO cathode after 10 days of S. ovata-driven MES. Acetate production 

and electron transferred curves are the mean and standard deviation of three replicates. Current 
density curve shown is from a representative example of three replicate. d=day. 
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Figure 7. CLSM images of (A) a copper foam biocathode, (B) an epCu-rGO biocathode, (C) a rGO 
foam biocathode and (D) a rGO-CuF biocathode from S. ovata-driven MES reactors. Results shown 

are from a representative example of three replicate. 
 
 

Table 1. MES performance with copper foam, rGO-CuF, rGO foam and epCu-rGO cathodes.
a
     

Cathode Microbial 

catalyst
b
 

Acetate 

production rate 

(mmol m
-2 

d
-1

)
c
 

Average 

Current 

density 

(A m
-2

)
c
 

Coulombic 

efficiency 

for acetate 

(% )
c
 

Hydrogen 

accumulation 

rate 

(mmol m
-2

 d
-1

)
c,d

 

Copper foam Sterile N.D.
e
 -2.3 ± 1.1 N.A.

f
 995.0 ± 63.4 

Copper foam  S. ovata 79.6 ± 24.4 -7.1 ± 2.5 10.0 ± 6.5 2500.9 ± 461.4 

rGO-CuF Sterile N.D. -4.6 ± 0.0 N.A. 2161.6 ± 223.5 

rGO-CuF S. ovata 1697.6 ± 298.1 -21.6 ± 2.1 70.2 ± 14.1 2599.2 ± 800.7 

rGO foam Sterile N.D. -1.1 ± 0.3 N.A. 493.4 ± 134.6 

rGO foam S. ovata 222.4 ± 33.1 -2.6 ± 0.5 76.4 ± 18.6 301.1 ± 77.8 

epCu-rGO Sterile N.D. -2.3 ± 0.6 N.A. 1031.6 ± 269.1 

epCu-rGO S. ovata 39.0 ± 19.6 -4.3 ± 0.0 8.1 ± 4.1 1517.1 ± 340.1 
a 
Cathode potential set at -990 mV vs SHE. 

b 
S. ovata is the wild type strain DSM-2662. 

c 
Each value is the mean and standard deviation of three replicates. 

d 
H2 accumulation rate in the gas phase of the MES reactor. 

e 
Not detected. 

f 
Not applicable. 
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Graphical abstract 

 

Highlights 

 A cathode made of copper foam coated with reduced graphene oxide was fabricated. 

 The novel cathode had outstanding performance for the MES of acetate from CO2. 

 MES with the composite cathode had an acetate production rate of 1697.6 mmol m-2 d-1.  

 Biofilm on the composite cathode after 2 weeks of MES was still electroactive. 

 Cathodes with a copper surface were antibacterial with low MES activity. 
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